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Transient evolution of shear-banding wormlike micellar solutions
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Abstract

A series of experiments were performed to further investigate the phenomenon of shear-banding in surfactant solutions. Many surfactant solutions,
through their unique amphiphilic chemistry, form long wormlike micelle structures which behave like living polymers. These wormlike micelles
have interesting viscoelastic properties and have been the subject of a number of recent studies. These water-based surfactant systems are widely
used in many commercial and industrial applications; however, many aspects of their complex flow behavior are still not fully understood. In
this study, a Couette cell was designed to allow for high-resolution optical access in a simple shear flow of a surfactant system comprised of
cetylpyridinium chloride and sodium salicylate in aqueous sodium chloride. Beyond a critical stress, this system is found to enter a non-linear
regime in which there is a plateau in the shear stress with increasing shear rate. Within this plateau, the fluid forms distinct bands of varying shear
rate. The goal of this study was to obtain high spatial and temporal resolution particle-image velocimetry and flow-induced birefringence results in
both steady and transient-startup flows. As a consequence of the high resolution, steady PIV results suggest the existence of multiple-shear bands.
In the transient PIV experiments, we observe a propagating damped elastic wave, as well as fluctuations in the shear-band evolution on timescales
of less than one relaxation time. Pointwise FIB gap profiles show a diffuse birefringent region prior to the onset of shear-banding in the velocity
profiles. These results provide insight on the flow behavior, as well as a full set of experimental data which will drive development of constitutive

models capable of predicting shear-banding.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Wormlike micelle solutions

Surfactants are used in a variety of applications that ben-
efit from their unique viscoelastic properties, including many
household and cosmetic products, industrial viscosity modifiers,
emulsifiers, encapsulants, and lubricants. In addition to these
more common and recognizable products, scientists have been
researching the use of viscoelastic surfactant technology for use
as polymer-free aqueous fracturing fluids in oilfield applications
including drilling and reservoir stimulation [1]. Surfactants have
many interesting properties as a result of their unique chemical
structure. The basic surfactant molecule is amphiphilic, whereby
it possesses both hydrophilic (water-loving) and hydrophobic or
lyophilic (water-fearing or oil-loving) groups that are chemi-
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cally bonded together. Typical lyophilic groups are slender but
relatively short hydrocarbon chains with a length of 8-20 car-
bon atoms and are often referred to as the surfactant ‘tail’. The
hydrophilic group, in contrast, is short and bulky and therefore
referred to as the ‘head’ [2]. Depending on the exact chemical
makeup of the molecule, surfactants can also have a positive,
negative, or neutral charge; cationic, anionic, and nonionic,
respectively. When placed in water at a high enough concen-
tration known as the critical micellar concentration (CMC),
surfactant molecules will self-assemble into large aggregates
known as micelles in such a way that the tails become closely
packed together in order to minimize their exposure to water.
Based on several factors including the type of solvent, surfac-
tant concentration, and ionic strength, micelles can take the form
of spheres, cylinders or even more complex and highly ordered
aggregates such as vesicles and bilayers. A schematic diagram
of typical surfactant micelle morphologies is included in Fig. 1.

Cylindrical micelles can grow into very long wormlike
micelles with increasing surfactant concentration. Because of
their long flexible structure, these worms can tangle around each
other and form a complex network, much like polymer chains.
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Fig. 1. Schematic diagram of self-assembled surfactant micelle morphologies.

However, unlike polymers that have covalently bonded hydro-
carbon backbones, a wormlike micelle is only held together by
relatively weak physical attractions/repulsions which break and
reform with time. The dynamics of this ongoing and reversible
breakup and reformation process is a strong function of surfac-
tant and salt concentration, salinity, temperature, and flow. For
this reason, wormlike micelles are commonly referred to as liv-
ing or equilibrium polymers [3]. This continuous breaking and
reforming gives networks of wormlike micelles an additional
mechanism for relaxing from a stressed state back to a ran-
dom walk equilibrium conformation. In an entangled network,
both individual polymer chains and wormlike micelles can move
past each other through reptation driven by Brownian motion.
In addition to reptation, and unlike polymer chains, wormlike
micelles can move past confinement points by breaking [4]. The
reptation and breakup relaxation mechanisms have characteris-
tic time scales of Aep and Ay, respectively. Entangled wormlike
micelle solutions display an additional interesting property in the
fast-breaking limit where the breakup time is much shorter than
the reptation time, Arep < Arep [5]. In this regime, typical of small
amplitude oscillatory shear flows, where deformation is linear
and the scission of micelles is reversible, wormlike micelles are
nearly ideal Maxwell fluids with a single relaxation time, Ap.
Cates showed this single relaxation time is the geometric mean
of the reptation and breakup times, Ay = (krepkbr)l/z [6].

The rheological behavior of wormlike micellar solutions is
very similar to that of viscoelastic polymer solutions [4]. How-
ever, the ability of these micelle solutions to break, reform, and
modify their morphology in response to a flow can lead to some
very interesting phenomena when they are placed in various
non-linear flow conditions. In some viscometric flows, shear-
thickening behavior followed by the onset of a flow instability
has been observed [7]. New and different flow instabilities have
also been observed in the strong extensional flow following the
wake of a falling sphere [8]. In transient uniaxial extension using
a filament stretching rheometer, wormlike micelle solutions
exhibit significant strain-hardening similar to many polymer
solutions. Unlike polymers, however, which undergo eventual
failure via elastocapillary thinning, the wormlike micelle solu-
tions fail through a dramatic rupture attributed to the scission
of micelles that is found to be independent of extension rate [9].
In other shear flows, wormlike micelle solutions form banded
structures of differing surfactant morphologies having vastly
different rheological properties [2,10]. This class of behavior
has been attributed to shear-induced structure formation,
shear-induced phase change from isotropic to nematic phase, as

well as shear-induced gelation and mixing. This shear-banding
behavior will be discussed in detail in the following section.

1.2. Shear-banding in wormlike micelle solutions

The unusual dynamics of surfactant wormlike micelles have
been studied in shear flows of varying geometry for many years.
In a steady shear flow at low shear rates, wormlike micelles
behave like a Newtonian fluid with a constant viscosity indepen-
dent of shear rate. As the shear rate is increased, the viscosity
begins to shear thin. Above a characteristic shear rate, the shear
stress becomes nearly constant and independent of the imposed
bulk shear rate [11]. This plateau in shear stress can extend over
multiple decades in shear rate before hitting a high shear rate
branch and once again increasing monotonically with shear rate.
Within this stress plateau, and given proper flow conditions, dis-
tinct bands of fluid at different local shear rates can develop. The
relative proportions of these physical bands are the subject of
much recent research. Fundamentally, it is clear that the high
and low shear-rate bands at a constant stress form in response
to the need to preserve an average rate of strain across the
flow profile [10]. Shear-bands have been observed using several
predominantly optical methods including flow-induced birefrin-
gence (FIB) [12-14], particle-image velocimetry (PIV) [15-17],
light and small-angle neutron scattering (SANS) [7,18,19], and
nuclear magnetic resonance (NMR) imaging [10,20].

In a given flow, as the shear rate increases to some maximum
or critical level, i, the fluid may relax down to and maintain
the shear stress plateau by forming bands which can coexist at
different shear rates. In this manner, the majority of the shear rate
can be taken up by a smaller fraction of the fluid. The average
of the local shear rates in the bands must be that of the applied
bulk shear rate, where the proportions are described by a simple
lever rule [10,20]:
Yy =1y + a2y, wherea +ar = 1. (1)
A mechanical rheometer can only measure stress and the average
shear rate across the entire sample. For this reason, rheometry
results are observed as the plateau seen in Fig. 2, followed by
a transition to the upper shear branch once the shear rate in the
sample is high enough [20].

There is a great deal of research aimed at elucidating the size
distribution and nature of the shear-bands which are formed in
flows of wormlike micelles. Eq. (1) does not give any insight
about the size of the bands or even how many bands may
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Fig. 2. Schematic representation of a flow curve exhibiting plateau behavior
indicative of shear-banding.

exist within the plateau region, it simply constrains the volume
fraction in each band. Some numerical calculations seem to
suggest two or even three bands can exist, but the size and
precise location of these bands is still undetermined [20]. The
early theory of Doi and Edwards [21] predicts nonmonotonic
behavior in polymers that become aligned along the flow direc-
tion at high shear rates and can no longer generate a shear stress.
Cates [3] later extended their work to wormlike micelles by
incorporating breakup dynamics and a time-evolving spectrum
of micelle lengths. The Cates constitutive model results in a
good prediction of the observed shear stress in cetylpyridinium
chloride/sodium salicylate (CPyCl/NaSal) systems [22] and
produces a nonmonotonic flow curve, shown in Fig. 2 as a solid
line. While the Cates model furthers our physical understanding
of what is seen in mechanical rheometers, because it is an
integral model, it is only tractable in simple flow calculations.
Thus, there is a direct need for a differential constitutive model
that can not only predict the bulk mechanical measurements, but
also identify the number, position and strength of the resulting
shear-bands.

While the plateau (dashed line in Fig. 2) is most common,
some experiments show a hysteretic behavior in controlled stress
situations. Top-jumping occurs when the flow curve jumps to
the high shear branch directly from jj; in an increasing stress
experiment, and bottom-jumping when the same flow curve is
followed down below the plateau, then jumps to the low shear
rate branch. Extended from the Cates model, theoretical work
with a nonmonotonic constitutive relation confirms the existence
of banded flow, but with indefinitely narrow width [23]. This
is an unphysical result; however, it can be avoided by adding
terms to account for inhomogeneous states within the flow. This
result gives a high and low shear-band state and suggests that
the banded flow is a partial result of different phases or mor-
phologies within the fluid [23]. More recent numerical work
has been performed using the framework of the two-fluid model
[24-26]. This approach eliminates the need for adding terms
in an ad hoc manner to the Cates model and provides a direct
coupling between stress and composition [12]. Full 2D and 3D

simulation results have been reported in this collected body of
work and have provided a framework for the existence of the
shear-banding instability in wormlike micellar solutions. The
results also suggest that the constitutive instability is coupled
with a phase transition [12]. However, there exist relatively few
experimental studies which can provide data to validate these
results.

The nonmonotonic shear-banding behavior has been
attributed to the formation of different phases in the fluid
by many researchers. Cappelaere et al. [27] used both shear-
and stress-controlled rheology, along with flow birefringence
and SANS to show that a concentrated wormlike system of
cetyltrimethylammonium bromide (CTAB) undergoes a first-
order isotropic to nematic phase transition induced by shear.
In their study, the rheology confirms the stress plateau, flow
birefringence allows visualization of the distinct high and low
shear-bands, and SANS can provide information about the
phase. The work of Berret et al. [18,28,29], using highly concen-
trated solutions of CPyCl/NaSal in an aqueous sodium chloride
(NaCl) solution, provides a great deal of evidence on a phase
transition in the wormlike system. The first-order isotropic to
nematic transition is accounted for by a simple nucleation and
one-dimensional growth model. Physically, this mechanism pro-
poses that different phases of micelles are present within the high
and low shear-bands. In steady experiments, the CPyCl/NaSal
solutions of Berret et al. in fact show two phases which are stable,
but have differing viscosity, orientation, and order parameters
[28]. Transient rheology has further shown that the flow mech-
anisms for shear-banding are very complex [14]. Observations
have shown that there is a first mechanism that occurs on the
scale of a single relaxation time, A1, where the micelles behave
like a conventional elastic polymer, with a stress overshoot and
damped oscillations at higher strain rates. A second mechanism
occurs over much longer time scales and manifests itself as a
longtime sigmoidal relaxation with a transition from homoge-
neous to inhomogeneous flow; a phase transition from isotropic
to nematic [11].

In more dilute solutions of wormlike micelles, the isotropic
and nematic phase transitions are very distant on the phase dia-
gram, and a shear-induced phase transition is unlikely [19].
However, results using a two-fluid model show that flow-induced
phase separation can, in fact, occur in semi-dilute micellar solu-
tions that are far from the phase transition [12]. The two phases
of fluid can have vastly different properties, including moduli
and relaxation times, which play an important role in dynami-
cal phase behavior. A large dynamic contrast between the two
phases can account for a large shift in the equilibrium phase
boundary [12]. Essentially, there exists a different phase dia-
gram for a dynamic flow scenario than that for the system at
rest.

The stress plateau and shear-band are indicative of behavior
seen in less concentrated CPyCl/NaSal systems, primarily the
Rehage and Hoffman model 100 mM/60 mM system in water
[4,10,15,30-33]. It is therefore less clear whether flow-induced
phase separation is in fact the driving force for shear-banding
[12], or simply another feature. Some evidence of longer
timescale effects has been seen in these less dilute systems as
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well. Long-time transient rheology shows that in terms of shear
stress, the relaxation of a metastable state to a true steady state
occurs on a scale much longer than a single Maxwell relax-
ation time for the fluid. While this behavior is similar to what
was reported previously [29], where the results are attributed
to nucleation and growth of a shear-induced nematic phase, it
is unlikely that the same is true for solutions at lower weight
fractions. Still, regardless of whether the high shear-band has
nematic order, which it most likely does, the issue remains
whether the banding instability is caused by a flow-induced per-
turbation to the phase transition, or is a purely mechanical flow
instability [34]. We concede that the distinction between these
viewpoints is not altogether concrete.

Another viewpoint from recent studies suggests that the
CPyCl/NaSal systems do not truly exhibit the phenomenon
known as shear-induced phase separation (SIPS) [19]. Ithas been
shown with some certainty that this particular class of worm-
like micellar systems experience shear-banding with a highly
aligned nematic-like state in the high shear-band [14,16]. In con-
trast, however, SANS measurements of other micellar systems
have proposed a more accurate SIPS in which a striated sys-
tem of micron-sized bands of highly branched and concentrated
micelles coexist with a nearly isotropic brine phase [19].

As part of a collaboration to explore new constitutive models
that will accurately predict and model shear-banding in worm-
like micellar systems [35,36], the goal of our research is to build
on the work of the aforementioned scientists by collecting high
resolution temporal and spatial data of shear-band development.
Our experiments focus on providing data to fit and match with
new theory. This manuscript will detail the efforts in visualizing
the shear-bands through velocity profile and flow-induced
birefringence measurements having dramatically improved
spatial and temporal resolution from the studies currently in the
literature. With respect to the previous work, shear-bands are
often small and several methods such as NMR do not have the
spatial resolution to capture dynamics in developing bands; in
some cases it is rare to capture more than one data point in a high
shear-band. Furthermore, with characteristic time scales on the
order of 1s or less, increased temporal resolution may also elu-
cidate the subtleties of how the shear-bands develop, grow, and
behave over time in various flow conditions. Both steady and
transient flow experiments are used to explore the shear-banding
behavior.

The outline of this paper is as follows. In Section 2 we will
describe our Couette shear cell and implementation of particle-
image velocimetry and modulated flow birefringence, as well as
provide details on the test fluid system. In the results section, we
will discuss our collective results, including velocity profiles and
birefringence, both steady and transient. Finally, we conclude
with some remarks on the shear-banding mechanism.

2. Experimental
2.1. Working material

The material chosen for this study is the system made up of
the cationic surfactant cetylpyridinium chloride (CPyCl), where

the surfactant ion is cetylpyridinium (CPy+), and the strongly
binding salicylate counterion (Sal—) from sodium salicylate
(NaSal). This system is well studied and known to form elon-
gated wormlike micelles. The classic system of CPyCl/NaSal
at a concentration ratio of [100 mM/60 mM] was found to be
optimal through a series of experiments varying the counterion
concentration [4]. In the interest of varying the surfactant con-
centration to observe various effects, the ratio R=[CPy]/[Sal]
was chosen and kept constant at R=2, based on a similar
approach in a viscoelastic study of another common surfactant
[37]. The decision to use less NaSal is based on the structure
which is formed. Sal— is a large ion and positions itself between
CPy+ surfactant ions in the micellar structure. Optimal spacing
and long slender wormlike structure is achieved in this specific
case for R > 1. This ratio, however, creates an electrostatic imbal-
ance so the system is dissolved in a somewhat concentrated salt
solution (aqueous NaCl, 100 mM). The dissociated salt provides
constant electrostatic screening for the non-equimolar CPy/Sal
system while surfactant concentration is varied and thereby
enhances the entanglements and viscoelasticity. This electro-
static screening effect is further supported by the observation that
the CMC for CPyCl in aqueous NaCl, CMCcpy,Nac1 =0.12 mM,
is almost a full order of magnitude lower than that of
water,CMCcpy H,0 = 0.90mM [12]. Furthermore, the linear
and monotonic viscosity behavior of CPyCl/NaSal in the
semi-dilute regime has also been well characterized with a
transition from dilute to semi-dilute at [CPy] =18 mM [38].

CPyCl and NaSal were obtained in dry form from Fisher Sci-
entific and solutions were mixed by molarity. Measured amounts
were dissolved in the aqueous NaCl solution, on a hot plate
with a magnetic stirring bar. During mixing, a moderately ele-
vated temperature of 40-50 °C was applied to reduce viscosity
and aid in uniform mixing. After the solutions were fully dis-
solved, approximately 20-30 min, they were allowed to stand
at room temperature for at least 24 h before any experiments
were performed to allow air bubbles introduced during mixing
to rise out. Dynamic small-amplitude oscillatory shear (SAOS)
and controlled ramps of both steady shear-rate and shear-stress
were performed for a wide range of surfactant concentrations
at a constant molar ratio of R=2 to confirm that the linear
viscoelasticity of our samples were inline with previous stud-
ies. Additionally, the concentration of salt (NaCl) was varied
to confirm the appropriate degree of electrostatic screening. It
was determined that 100 mM NaCl was sufficient, as there was
no detectable difference in the rheology with higher concen-
tration NaCl for the more concentrated surfactants used in this
study. It should be noted that too much excess salt can affect the
rheological behavior by inducing crosslinking of the wormlike
micelles [39]. Based on historical results as well as a practical
compromise between viscoelastic behavior and practical/usable
viscosity (this relates to the loading of the test cell and will
be discussed more in the following section) the model system
was identified as 100 mM/50 mM CPyCl/NaSal dissolved in an
aqueous solution of 100 mM NaCl. Additionally, 50 and 200 mM
CPyCl with the same molar ratio of R = 2 and in the same aqueous
salt were selected to probe above and below the model 100 mM
system.
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Fig. 3. Dynamic SAOS rheology of CPyCl/NaSal [R=2] solutions in 0.1 M
NaCl at T=20°C. The data include: storage modulus, G’ (filled symbols), and
loss modulus, G” (open symbols), for 50/25mM (M), 100/50 mM (@), and
200/100 mM (), with lines representing multi-mode Maxwell fits to the data.

Rheology experiments were performed using a stress-
controlled rheometer (TA instruments, AR2000) with a 6 cm/2°
cone-and-plate geometry at 20 °C. The results of the dynamic
and steady rheology are shown in Figs. 3 and 4, respectively.
The linear viscoelasticity data in Fig. 3 were fit using a discrete
multi-mode Maxwell spectrum. While many wormlike systems
can be modeled with a simple one-mode Maxwell model, a sat-
isfactory fit to the dynamics in this case was obtained using two
modes. The primary mode corresponds to the crossover in G’ and
G” and is the reported Maxwell relaxation time, Ay, for this sys-
tem. The much higher frequency mode describes the upturn in
G” resulting from Rouse-like high frequency breathing modes of
the chain within its tube of confinements. The two modes corre-
spond loosely to the dual nature of stress relaxation in wormlike
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Fig. 4. Steady-shear rheology of CPyCl/NaSal [R =2] solutions in 0.1 M NaCl

at T=20°C. The data include viscosity for various concentrations: 50/25 mM
(M), 100/50 mM (@), and 200/100 mM (A).

Table 1
Properties of CPyCl/NaSal solutions at 7=20°C

CPyCl/NaSal (mM)

50/25 100/50 200/100
Zero-shear viscosity, no (Pas) 2.84 31.5 196
Plateau modulus, Gy (Pa) 4.2 27 104
Maxwell relaxation time, Ay (s) 0.77 1.44 1.69
Micelle breakup time, Ap (S) 0.05 0.04 0.01
Density, p (kg/m?) 1030 1045 1090
Mesh size, &y, = (kT/Go)'? (nm) 423 22.7 14.5
Elastic wave speed, C=(Go/p)"? (m/s) 0.064 0.161 0.309
Critical Weissenberg#, Wicit = VeritAMm 3.4 2.0 1.6

micelles. The crossover frequency of the slower mode is the
reciprocal of what is often reported as the single-mode Maxwell
relaxation time. The higher frequency mode from this fit corre-
sponds to amuch smaller timescale and is also in good agreement
with the breakup time of the wormlike micelles, Ay, as estimated
by using the observed deviation from Maxwellian behavior on
a Cole-Cole plot [40] and reported in Table 1.

Steady-shear rheology was performed in a controlled shear
rate experiment. In Fig. 4, constant-viscosity Newtonian behav-
ioris seen at low shear rates, followed by a shear thinning regime
with a slope of approximately 1 oc 1. This corresponds with
a plateau in the shear stress, and will be discussed in a following
section. Additional parameters that are extracted from the rhe-
ology are listed in Table 1. They include the plateau modulus,
Gy, and the zero-shear rate viscosity, 19. Density was measured
for all three fluids, and is slightly higher than that of water, as
expected. Using these parameters, the theoretical mesh size or
the correlation length of the entangled network, ¢, = (kT/Go)l/ 3
[21,41], can be calculated and gives an estimate for the prox-
imity of entanglements and density of the mesh. The elastic
wave speed, C= (Go/p)”z, is also calculated based on the sys-
tem’s density and elastic plateau modulus. The significance of
the elastic wave speed will be discussed in a later section as it
pertains to the velocity profile development.

2.2. Test apparatus: design and construction

It was necessary to design a flow cell with clear optical access
for the velocity profile and flow-induced birefringence measure-
ments. In order to achieve high spatial resolution, a physically
large device was used to maximize the number of measurements
that could be taken within the flow. A Couette flow cell with a
rotating inner cylinder was selected for its ability to produce
a simple shear flow continuously for a fixed volume of fluid,
relative ease of construction, and ability to allow for visualiza-
tion through the gap between the two cylinders. Similar devices
have been used in previous studies [12,42]. A schematic of our
specifically designed Couette cell is shown in Fig. 5.

Both cylinders were fabricated from acrylic, with the bob
having a radius of Rjpper=76 mm and a gap to the cup of
Lgap =6 mm. The maximum sample height when filled to the
top of the cup is Hgample =125 mm. In this simple design, the
angular velocity is provided by a brushless dc servo-motor
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Fig. 5. Schematic diagram of custom built Couette cell with optical access for
PIV and birefringence measurements. The diagram is shown with PIV compo-
nents (camera and laser light sheet) in place.

(ElectroCraft 3622) which is controlled by supplying a ref-
erence voltage through a potentiometer (Helipot) via a servo
amplifier (AMC BE12A6E) and optical encoder (Servo Systems
SSC DAL1S5). Speed reduction of the servo-motor was neces-
sary to achieve steady operation at low shear rates. This was
accomplished with a 1000:1 ratio gear-head (Carson 23EP),
with vibrations being absorbed by a helical-beam flex-coupling
(McMaster Carr) between the gear-head output and the cylinder
input shaft. The end-result is a fully rate-controlled Couette cell.
The system was calibrated by timing a number of rotations of
the Couette at a given potentiometer setting.

At 8% of the inner Couette cell radius, the gap is on the large
side for acceptable curvature effects. This results in a maximum
variation in shear rate of 14% across the gap. With such a large
gap, one must consider the stability of the flow within the cylin-
drical geometry. Taylor vortices can form at large rotation rates,
resulting in rows of circumferential toroidal vortices within the
fluid gap. The critical value for this instability is given by the
Taylor number [43]:

2
Taci = rinnerLgaprZp ~ 1700. 2)

ne
Solving for the critical angular velocity of the spinning bob based
on our geometry and using a conservative or worst-case estimate
for viscosity of 7 ~ 1072 Pas yields a result of wo=37.5 rpm.
Our motor and 1000:1 gear-head combination reaches a maxi-
mum speed of wmax = 6.4 rpm. In addition to the inertial Taylor
instability, analogous elastically driven instabilities may occur
in viscoelastic fluids. For an Oldroyd-B fluid, the critical Weis-
senberg number is defined as [44]:

Lea 1/2
Wicrit = 5.9(‘”) =21, (3)

Finner

where the solution is found by substituting the geometric dimen-
sions of our Couette cell. If we once again calculate a worst-case
estimate by using the longest relaxation time for the 200 mM
solution of Ay~ 1.6s and a highest possible shear rate of
Vmax = 9 s~ we find that the largest Weissenberg number we
can probe, Wi = yi = 14, is less than the critical value in Eq.
(3). Therefore, the flow in our geometry will remain fully stable
for all of the test fluids and shear rates used in our experiments.

Velocity profiles of the fluid flow inside the gap of the Couette
cell are obtained using particle-image velocimetry. To imple-
ment this method, a series of images from a high-speed video
of the flow are correlated by a PIV analysis routine which has
been previously used successfully in our research group [8,45].
The fluids were seeded with 0.050 wt% of neutrally-buoyant,
silvered hollow glass spheres with an average size of 50 pm
(Potters Industries Inc. Sphericel 110P8). These spheres are illu-
minated by an argon-ion laser (A =515 nm, National Laser Com-
pany) which is passed via fiber optics through a cylindrical lens
(Oz Optics) to form a thin light sheet (<1 mm) which is oriented
parallel to the plane of flow in the Couette gap; this is illustrated
in Fig. 5. The plane of the light sheet was positioned at an inter-
mediate height within the Couette cell to avoid end-effects from
both the bottom of the Couette cell and the free surface on the top
of the fluid sample. This illuminated plane was then imaged with
a video zoom-microscope lens (Edmund VZM 450i) attached to
a high-speed video camera (Phantom v4.2) which was used to
capture video at rates up to 400 frames per second. The camera
and lens were positioned beneath the glass viewing window in
the base of the Couette cell looking up. Video was then converted
and analyzed with the PIV correlation routine.

A final resolution of 60 velocity vectors across the 6 mm gap
resulted in a spatial resolution of 100 wm per vector. This is
equivalent to 1.6% of the gap width. Furthermore, use of the
high-speed digital video camera subsequently resulted in a very
high temporal resolution of 2.5 ms. This is less than 1% of the
average Maxwell relaxation times, Ay, and also significantly
smaller than the breakup times, Ay, of all surfactant systems
selected for this study. We will present interesting transient flow
results based on this temporal resolution in the sections that
follow.

Constitutive equations describe the relationship between
deformation history and stress in fluid elements [2]. Since
most constitutive models differ by the way in which stress is
calculated from the deformation history and flow kinematics,
measurements of the stress fields within fluid flows are critical in
evaluating the models [46]. Flow-induced birefringence allows
non-invasive measurements to be made of the average polymer
or micelle conformation field in a given geometry with a clear
optical path through the device and flow. Optical rheometry
measurements are possible in polymeric solutions and wormlike
micelles as a direct result of the anisotropy in the index of
refraction of the micelle solutions. The index of refraction is dif-
ferent tangent and normal to the polymer backbone or wormlike
micelle chain making it possible to measure the orientation and
deformation state of the polymers and micelles. In the absence
of micelle deformation, there is an equal likelihood of passing
normal and tangent to a micelle chain in its random-walk
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configuration. Upon the inception of flow, the wormlike micelle
is deformed and birefringent. It should be noted that as a
line-of-sight technique, these measurements are much easier to
interpret and deconvolute when the stress tensor does not vary
along the light path. In our experiment, the light will travel down
the height of the Couette cell, Hgample, and measure the micelle
deformation in the rf-plane. The resulting optical observables
are the difference in the principal value of the refractive index, or
the birefringence, An’, and the orientation angle of the principal
optical axis with respect to the axis along which deformation
is imposed (the shear direction), x [47]. The stress-optical rule
relates these observables to stress tensor components:

An'sin2y = 2C1yy, 4)
An'cos2x = C(t11 — ™2). 5)

Here, C is the stress-optical coefficient. It has been observed
that the stress-optical law does not hold for large deformations
present in the shear stress plateau region which is a characteristic
of shear-banding [12]. For this reason, C was calculated using
data at low shear rates, prior to the onset of shear banding and
was found to be consistent and applicable for all concentrations.
In most optical techniques, birefringence is calculated from
measurement of the observable retardation, §, or the phase
difference induced between parallel and perpendicular linear
polarization components [46,47]:

_ 277(An/)Hsample
B A

8 (6)
Here, A is the wavelength of light used and Hgample is the thick-
ness of the sample. Many flow birefringence studies have been
performed using Couette cell shear flows [12,14,27,28,42,46]
where Egs. (4) and (5) provide a measure of shear stress and
normal stress difference, respectively.

FIB measurements are performed using a polarization modu-
lation method with an optical train shown schematically in Fig. 6.
A laser diode with a wavelength of A = 633 nm s used as the light
source. Light first passes through a polarizer (Oriel) oriented at
90° with respect to the flow direction, a dual-crystal photoe-
lastic modulator (PEM, New Focus 20k) that is being driven
at 20 kHz, and a quarter-wave plate (Thorlabs WPMQO05m-633)
oriented at 0°. After passing through the sample, the light passes
through another quarter-wave plate oriented at 90°, and a polar-
izer at 45°. The intensity of the final signal is measured by a
photodetector (Thorlabs DET210). The measurables from the
photodetector are the dc component of the light intensity, Iy,
and the amplitude of oscillations of the principle frequency of
the PEM and its first harmonic, I, and I»,. The dc component
is measured with a pre-amplifier (Signal Recovery 5113) while
the oscillation components are measured with a lock-in amplifier
(Perkin-Elmer 7265). Analysis of the optical train using Mueller
calculus yields the following expressions for the ratios R,, and
Ry [46,47]:

12

= — =sindcos 2y, 7)
2J1(A)14c

Ry

laser diode

polarizer @ 90°

PEM @ -45°

QWP @ 0°

—( 1
<
—(—

ﬂ

O photodetector

Fig. 6. Schematic of the polarization modulation method optical train, mounted
on motor-powered translation stage, used for flow-induced birefringence mea-
surements, both pointwise and transient.

sample in

Couette gap

polarizer @ 45°

_ I 2w
2J2(A)lgc
where J1(A) and J,>(A) are Bessel functions of the first-kind and
the amplitude of the PEM oscillations are calibrated such that
Jo(A)=0. The values of Ji(A) and J>(A) are thereby fixed at

J1(A)=0.5191 and J»(A)=0.4317. From Eqs. (7) and (8), § and
x can be determined from:

§=sin""\/R2 + R}, 9)

1, (R
= —t —20 10
X =5 tan (Ru)> (10)

= —sindsin 2y, 8)

R2w

All the components of the optical train depicted in Fig. 6 were
mounted on a vertical rail attached to a linear positioning stage
(NRC 290TP). This rail was aligned with the Couette flow cell
and allowed for translation across the fluid gap. The resulting
pointwise FIB measurements are then used to observe devel-
opment and arrangement of the deformation field within the
shear-banded structure of wormlike micelles. In these measure-
ments, the spot size of the laser and the size of the photodetector
sensor limit the spatial resolution. The diameter of the laser beam
passing through the sample is approximately 0.5 mm, making it
possible to take roughly 12 independent birefringence measure-
ments across the gap with each measurement sampling about
8% of the gap.
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3. Results and discussion
3.1. Steady velocimetry

It is important to consider the underlying rheology for each
surfactant system in the given shear flow. The steady-shear rhe-
ology presented in Fig. 4 can be re-plotted in terms of shear
stress instead of viscosity. This produces the results shown in
Fig. 7, where the stress plateau indicative of shear-banding is
apparent for all three experimental solutions. This figure illus-
trates the operating range of our Couette cell and between all
three systems, 50-200 mM, captures the Newtonian regime, the
critical plateau value, and values well into the stress plateau. It
should also be noted that none of the experiments performed in
this study, either controlled shear-rate or stress, exhibited hys-
teretic top- or bottom-jumping effects. Furthermore, we are able
to capture the beginnings of the high-shear branch in the 100
and 200 mM CPyCl/NaSal solutions in shear rheology before
the fluid begins to foam and eject from the gap of the shear
rheometer.

The first sets of experimental results from the Couette cell
are steady velocity profiles for all surfactant concentrations at
increasing shear rates. The results shown in Fig. 8 were taken
after the flow was allowed to equilibrate for several minutes. It
should be noted that later transient experiments showed steady
shear-banded flow actually occurred in much less than several
minutes; the details will be discussed in the following sections.
Each velocity profile shown in Fig. 8 represents an average of
at least two distinct experiments, where each experiment con-
tributes several vector fields correlated from a short “snapshot”
in time of 0.125 s. In total, each final velocity profile is the aver-
age of at least 10 vector fields over multiple experiments. To
better validate the trends seen in later transient results, repre-
sentative error bars indicate the standard error among the vector
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Fig.7. Steady-shear rheology of CPyCl/NaSal [R = 2] solutions in 0.1 M NaCl at
T=20°C showing stress plateau behavior, indicative of shear-banding. The data
include shear stress for various concentrations: 50/25 mM (H), 100/50 mM (@),
and 200/100 mM (A); and dashed lines represent the range of the purpose-built
Couette cell used in visualization experiments.

fields with 95% certainty. Based on this averaging method, the
error bars illustrate the level of both repeatability and very short-
time fluctuations. These measurements emphasize that both the
position and strength of the multiple shear-bands seems to be
relatively steady with time and consistent from one experiment
to another. It is possible that excessive averaging could smooth
out some subtle features, especially if the Couette has slight
imperfections.

The PIV results in Fig. 8 are consistent with the shear rhe-
ology shown in Fig. 7. The 50 mM solution shows very little
shear-banding until the highest shear rate (y = 8 s~!). This shear
rate corresponds with the rate at which the shear rheology begins
to enter the stress plateau. The 100 mM system begins to show
banding at much lower rates. We observe a stacking of low shear-
rate branches above = 3s~! and an increase in the size of the
high shear rate band with increasing average shear rate. The
200 mM system is similar to the 100 mM but the onset of shear-
banding is found to occur at a lower shear rate of y = 1s~!.
Fig. 8 also highlights the benefits of our high spatial resolution
in that the varying size of the high-shear bands can be distin-
guished and observed to grow from less than 10% of the gap
width at high shear rates in the 50 mM to almost 50% in the
200 mM. An additional observation is the appearance of multi-
ple shear-bands in both the 100 and 200 mM results. Specifically,
in Fig. 8b for the 100 mM system, between position y/L =0 and
0.2, rather than one shear-band with a much higher slope than
that which is seen between y/L=0.2 and 0.8, we see evidence
of multiple bands with the highest slope nearest the inner mov-
ing wall at position y/L=0. To our knowledge, this is the first
observation of multiple shear-bands in the experimental litera-
ture for Couette geometry. Multiple bands have been observed
using NMR in a cone-and-plate rheometer [48], however, in this
geometry, the shear rate is constant across the gap making the
choice of location or number of shear-bands unclear. For com-
parison, Fig. 8d shows the theoretical results for the velocity
profiles in the flow between two concentric cylinders with radii
Rinner and Royter [43], which reduce to:

®Rinner

an

ve(r) =

1- ("‘/Router)2
1 - (Rinner/Router)2 7

where r is the radial position in the gap and w is the rotation rate
of the inner cylinder. These nearly linear theoretical velocity
profiles are the most similar to the 50 mM solution in Fig. 8a,
which is not yet fully in the shear-banding region at the imposed
shear rates. Closer comparison of the inner wall velocity to the
theory does suggest some amount of slip. While it is conceded
that PIV results very near the wall may be affected by a slight
depletion of both light and particles, the indication of slip is clear
and justifies some further investigation. It should be noted that
the largest slip is observed at shear rates where shear-banding is
clearly present. Within the shear-banding regime, the apparent
slip at the wall could be slip, it could be a very narrow highrate
shear-band below the resolution of our PIV, or it could be a
combination of both.

The theory was also used to fit the slope of the low shear-rate
bands to more accurately determine the critical shear rate, Vcrit,
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Fig. 8. Steady velocity profiles from PIV experiments showing shear-band development with increasing shear rate. The data for all cases (a)—(c) of varying
CPyCl/NaSal concentration, include y =1 s7H(@), 357! (A), 657! (O), and 8 s~! (<), as well as (d) the theoretical profiles for a stable Newtonian flow in the
given Couette geometry. Representative error bars for a 95% standard error have been shown every three data points. In all cases, the moving inner wall is at position

y/L=0.

for each of the three CPyCl concentrations. This critical shear
rate was then used to determine a critical Weissenberg number
for the onset of shear-banding, independent of temperature, for
each system; the results are included in Table 1.

In a shear-banding flow, the fluid in a given flow exists at
multiple shear rates. The velocity profile data was used to calcu-
late the local shear rate within the gap by taking the derivative of
the steady velocity using an averaged central difference method
[15]. Fig. 9 shows the local shear rate profile at y = 8s~! for
all three surfactant concentrations. In the lower shear-band,
between position y/L=0.5 and 1.0, the shear rate profiles are
nearly constant and are in good agreement with the critical shear
rate for each concentration found by fitting the low shear rate
band steady PIV data. While there is some amount of noise due
to the numerical derivative taken on a fairly small number of
points, in the high shear-band, the local shear rate results further
suggest the existence of multiple shear-bands. The 100 mM data
in particular goes from a highly stable low shear-band value of

approximately j(y) = 4s~! at y/L=0.2, to a high shear-band
value of y(y) = 48s~!, before going back down and up again.
Although this further suggests the existence of multiple shear-
bands near the moving inner boundary, it is possible that the
phenomenon very near the wall is in fact apparent slip. Further-
more, resolving PIV vectors at the inner wall is difficult, and in
the calculation of the shear rate profiles the effect is compounded
by the low resolution numerical derivative.

3.2. Transient velocimetry

The transient rheology of wormlike micelles has been
explored in several previous studies [11,28,34], all with simi-
lar results, so we will not present our results here. As expected
from a viscoelastic system, transient experiments for a given
shear state show an initial underdamped elastic overshoot as the
steady rate is instantaneously imposed followed by some longer
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time fluctuations. Utilizing a high-speed camera, the goal of
this study was to explore the underlying velocity profiles and
flow kinematics during the startup of a shear flow. The servo-
motor used in the Couette cell system was capable of producing
a nearly instantaneous startup, and was able to do so with little
initial vibration (jerkiness) of the motor.

Transient results for the 50 and 100 mM CPyCl systems are
shown in Figs. 10 and 11, respectively. Both sets of results are at
a shear rate of 7 = 8 s~! and are presented in stages of differing
development; the 50 mM exhibits two stages of development,
while the 100 mM has four clear stages. On very short time
scales, the startup impulse manifests itself in both systems in the
form of a propagating damped elastic wave. In Figs. 10aand 11a,
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this is observed as a quickly growing velocity profile. Atits max-
imum, the velocity profile is nearly plug-like and has a plateau
value close to the known wall velocity, vywa; = 50 mm/s. From
the elastic wave speed defined and calculated in Table 1 for each
fluid, we can calculate the time necessary for an elastic wave to
transverse the 6 mm gap. The result for the 50 and 100 mM is
roughly #=0.09 and 0.04 s, respectively. This calculated time is
in excellent agreement with the observed results for the propa-
gation time of the plug velocity profile in both systems. To our
knowledge, this result on such short time scales has not been
reported in any previous work.

In the next stage of velocity profile development, the elastic
wave is well damped and the plug-like profile falls onto the
nearly linear profile predicted by theory for a flow in the absence
of shear-banding. This occurs on the timescale of less than one
Maxwell relaxation time and is observed with both systems.
Once again, both systems show excellent agreement between
the relaxation times measured with shear rheology in Table 1
and the time at which the first nearly linear velocity profile is
observed in the transient experiment. In the case of the 50 mM
system, there is no further interesting development beyond the
time scale of one relaxation time because the shear band is very
small and isolated. From 7=0.3 s to 5 min, shown in Fig. 10b,
there is little fluctuation in the velocity profile outside of normal
noise associated with these experimental measurements. The
final profile is nearly linear with an indication of a very small
high shear-rate band close to the moving wall, which is captured
in the velocity profile at =7 s but missed in all the others. As
suggested in the previous section, this demonstrates how difficult
it is to capture the slip velocity at the wall.

The 100 mM system, however, shows some additional fea-
tures most likely due to the fact that at the imposed shear rates,
it is well within the shear-banding plateau region, unlike the
50mM. In Fig. 11b, after the collapse of the plug-like elastic
wave profile but before one Maxwell relaxation time, there is a
substantial amount of fluctuation around a nearly linear profile.
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Fig. 10. Transient velocity profiles from a startup experiment with 50/25 mM CPyCl/NaSal system. All data are for an imposed shear rate of 7 = 8 s~! and temporal
spacing is in seconds. Figures (a) and (b) show a two stage progression in the development of a steady velocity profile.
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Fig. 11. Transient velocity profiles from a startup experiment with 100/50 mM CPyCl/NaSal system. All data are for an imposed shear rate of = 8 s~! and temporal
spacing of profiles is in seconds. Figures a—d show a four-stage progression in the development of a shear-banded steady velocity profile.

The fluctuation is not monotonic, but is observed to fluctuate up
and down. This is perhaps indicative of some underdamped har-
monic in the system. After approximately ¢ =0.07 s, the velocity
profile begins a monotonic collapse from a nearly linear profile
towards the eventual shear-banded profile, as shown in Fig. 11c.
At about one relaxation time, Ay, 100mMm = 1.44 s, the profile is
already showing a bend between a low and high shear-band.
After three to four Maxwell times, at =35 s, the 100 mM system
appears fully banded and remains stable well beyond 5 min, as
shown in Fig. 11d. In this final stage, the small fluctuations can
be explained by slight imperfections in the Couette cell rather
than actual movement of the banded structure.

During the multi-stage development of the shear-banded
structure in the 100 mM system, the observed slip velocity
increases from vgjjp = 0 mm/s to almost vgjp = 20 mm/s atlong
times. It should be noted that a number of studies only observe
wall slip at some critical value corresponding to a primary stress
peak, and otherwise did not observe any slip at all in very simi-
lar micellar solutions [16]. Potential reasons for this discrepancy

include aggressive temporal averaging as well as lower spatial
resolution.

To better visualize the multiple stage development of the
startup flow in the 100 mM CPyCl wormlike surfactant system,
a contour map was constructed. In the contour map, both gap
position and velocity have been normalized. The full evolution
from =0 to 20 min is shown in Fig. 12 on a logarithmic time
scale to highlight the short time behavior. In this map, we see
the relatively smooth propagation of the damped elastic wave,
which peaks for a very short time, but with an 80% majority of
the gap nearly achieving the wall velocity. This quickly settles
down with some slight fluctuations that are seen throughout the
entirety of the transient experiment. When re-mapped on a linear
time scale in Fig. 13, the short time development is obscured, but
the stability of the banded profile is evident. The contour levels
are much closer to each other near the moving wall (position = 0)
and show little fluctuation on long time scales. This long-time
velocity profile observation of shear-band stability is in disagree-
ment with the full-field flow birefringence results of Lerouge et
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Fig. 12. A contour map of transient velocity profile development from a startup
experiment with 100/50 mM CPyCl/NaSal system. All data are for an imposed
shear rate of 7 = 8s~!. Contours represent the velocity, normalized by that of
the moving inner wall, vy, = 50 mm/s. This map is plotted on a log time scale
to emphasize the early damped elastic wave propagation.

al. [13] that show a large amount of fluctuation and anisotropy
on times scales of 100 s and more. It is noted however, that these
longtime fluctuations in the birefringence do not coincide with
transient stress measurements in a shear rheometer [13], which
appear to be stable after short-time development and fluctua-
tion, much like our velocity profiles. This discrepancy between
the stress-field as measured optically and the velocity profile
development will be addressed by our birefringence results in
the following section.

3.3. Steady pointwise birefringence profiles

While high-resolution velocimetry results provide a great
deal of insight into the development of a shear-banded flow,
knowledge of the underlying micelle deformation fields is essen-
tial to the formulation of constitutive models as well as a true
understanding of the shear-banding mechanism. To this end, we

gap position, /7. [-]
Normalized velocity [-]

0
0 200 400 600 800 1000 1200
time [s]

Fig. 13. Same contour map as in Fig. 12, plotted on a linear scale to show long
time stability of shear-banded structure within the gap.

acquired both steady and transient flow-induced birefringence
measurements in the same Couette cell that we performed the
PIV. Velocity profile results have suggested the shear-banded
structure in the wormlike system is stable at long times, there-
fore steady-flow birefringence profiles of the gap can be obtained
with relative ease. Startup of flow, however, presents a practi-
cal problem. Unlike PIV, quantitative FIB measurements are
pointwise rather than full-field. Full-field FIB measurements
are possible, and commonly used to show interesting transient
results [13]. These full-field FIB measurements are typically
images taken through crossed polarizers showing intensity vari-
ations within a flow field. These images are only qualitative
because they cannot account for changes of incident light
intensity for highly dichroic fluids such as wormlike micelle
solutions. The modulated FIB system used in our experiments
is insensitive to the degree of dichroism because it is a ratiomet-
ric technique that explicitly accounts for changes of the intensity
of incident light. Unfortunately, instantaneous gap profiles are
not possible because the FIB optical train, described earlier and
shown in Fig. 6, must be marched across the gap. Gap profiles at
equilibrium are easily achieved with excellent spatial resolution.
For transient startup results, quantitative FIB measurements are
therefore limited to a fixed point in the gap.

The FIB data show interesting results and correlation with
the velocity profiles. A full steady-flow characterization was
performed with the 50 mM system, and the results are shown in
Fig. 14. As expected for this concentration, both the extinction
angle and birefringence data show little evidence of shear-
banding at low shear rates. At 7 = 1 and 25! both profiles are
nearly flat across the gap, indicating that the wormlike micelles
are in a uniform state of orientation and deformation. The extinc-
tion angle in these cases is nearly uniform at, y =45°, which is
the expected orientation state in a shear flow. As the shear rate
increases to the level at which shear-banding should be evi-
dent in the 50 mM system, 7 = 8s~!, the extinction angle curve
shows a pronounced slope of increasing orientation towards the
inner rotating wall, at y/L=0. There is some pronounced noise
in this data, however, it is clear that near the inner rotating wall
in the region of the high shear-band, the worms seem to be more
oriented, where x =0° is fully aligned in the flow direction. Com-
parison of this steady FIB data to the steady PIV data results in
an interesting observation. At = 8s~!, the extinction angle
data for this system suggests that more than 40% of the gap
displays a shear-banding variation from a nearly constant orien-
tation. The respective PIV profile (see Fig. 8a), however, only
suggests a shear-band in the final 10% of the gap. This inconsis-
tency seems to suggest there is an orientation and deformation
threshold at which a change in the morphology corresponds to
a shear-band as visualized by PIV.

The data also appear to show that the shear-band as measured
by the birefringence is quite diffuse. This is in direct contrast to
the velocity profiles which show a very sharp transition from one
shear-band to the next. FIB data points included in this study (in
Figs. 14 and 15) are an average over a finite spatial increment
of several raw data points. The result minimizes noise and also
accurately represents the resolution as dictated by the width of
the laser beam as it passes through the sample in the Couette
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Fig. 14. Steady extinction angle (a) and birefringence data (b) across the Couette
cell gap in a fully developed steady flow of the 50/25 mM CPyCl/NaSal system.
The data include = 1s~! (H), 257! (), 457! (A), 657! (v), and 8s~! (4).

cell. We include this procedural detail to clarify that it is not a
moving averaging routine which causes the diffuse transition in
the shear-bands.

The birefringence data in Fig. 14b show similar behavior and
we see further evidence of an observable change in the micelle
deformation field prior to that of the velocity profile. At a shear
rate of 7 = 4s~! and above, the birefringence profile changes
from nearly constant across the gap, to somewhat dual-natured,
with a significantly higher level at the inner rotating wall.
According to the shear rheology (see Fig. 7), 7 = 4s~! is well
within the non-banding Newtonian regime for this concentration
system. This result suggests that there exists an underlying dif-
fuse band that the FIB measurements clearly show is both more
highly deformed and oriented than the bulk fluid. This birefrin-
gent band is a precursor to the eventual low and high shear-rate
bands at shear rates where velocity profiles show a uniform and
non-banding result (see Fig. 8a). It should be noted that the bire-
fringence profile, Ar/, is calculated from the retardation signal
using Eq. (6), which has a maximum numerical value of § = /2.

Fig. 15. Steady extinction angle (a) and birefringence data (b) across the Couette
cell gap in a fully developed steady flow of the 100/50 mM CPyCl/NaSal system.
The data include = 1 s~/ (l), 257! (), 457" (&), 657! (V), and 857! (4).

Unlike the extinction angle, which is a measure of orientation
and by symmetry conveys no difference beyond the range from
x =0 to 45°, the retardation signal goes through several orders.
In our experiment, the light has a relatively long path through
the birefringent sample and must be unwrapped through several
orders to give an accurate result. This experimental aspect makes
it more difficult to acquire FIB profile measurements across
the gap of the more concentrated and therefore more strongly
birefringent 100 and 200 mM CPyCl systems.

Fig. 15 shows the steady FIB gap profile results for the
100 mM system. Despite the extra analysis required to unwrap
this system, the results are quite good and in agreement with
the trends observed in the 50 mM system. The extinction angle
data is nearly constant at the expected shear flow orientation of
x=45° at low shear rates before showing a pronounced slope
towards x=0° at shear rates above y = 2s~!. As with the
50mM system, at the highest shear rate of y = 8s~!, the pro-
nounced slope in the extinction angle profile accounts for over
40% of the gap while the high shear-band in the velocity profile
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(see Fig. 8b) is seen in only 20% of the gap. This is further
evidence that the micelles become aligned over a broad diffuse
region and do not exhibit the sharp transition observed between
the high and low shear-rate bands. Additionally, the onset of
micelle deformation and alignment again occurs significantly
farther from the outer wall than the discontinuity observed in
the velocity profile. By comparing the size of the shear bands in
Fig. 8bto that of the trend in the extinction angle in Fig. 15a, there
is a reasonable correlation suggesting that x ~25° is a critical
value of orientation for the wormlike micelles above and below
which exist the low and high shear-rate bands, respectively. We
do not have a physical interpretation of this phenomenon. It is
our hope that comparison with constitutive models might shed
some light on this observation. The birefringence datain Fig. 15b
for the 100 mM system also exhibit the same trend of increasing
deformation in the micelles near the inner moving wall. Further-
more, at high shear rates the birefringence appears to approach
a plateau in the maximum value of An’=7.5 x 10~ rad in the
high shear-rate band. This value appears to be independent
of shear rate, suggesting that the deformation, orientation
and morphology of the micelles in the high shear-rate band
are independent of bulk shear rate. The FIB data from the
low shear-rate band is slightly more complicated. Because
of the diffusive nature of the shear-band, even though the
velocity profile is not disturbed, the micelles are still deformed
beyond the location of the shear-band observed in the velocity
profile.

If the birefringence is converted to a stress using the stress-
optical coefficient and Eq. (4), the resulting overall shear stress
levels are in very good agreement with the observed shear stress
from the bulk rheology shown in Fig. 7. As mentioned previ-
ously, however, using this calculation to produce a full shear
stress profile within the Couette gap would be misleading. It
is reassuring that the shear stress levels coincide between our
experiments, but the high shear rate data is, at best, an esti-
mated result based on the fact that the stress-optical law most
likely does not hold for shear-banded regions with large micelle
deformations [12].

3.4. Transient FIB

A representative transient FIB measurement is shown in
Fig. 16 for the 100 mM CPyCl system. In order to make a com-
parison with the steady gap profile experiments discussed in the
previous section, the optical train was positioned at two points
in the gap: near the inner rotating wall, y/L=0.10, to capture
the high shear-band and near the fixed outer wall, y/L =0.80, for
the low shear-band. At these two points, the birefringence sig-
nal was monitored during a startup experiment. An interesting
observation of the data of Fig. 16 is the existence of two distinct
levels of birefringence independent of shear rate, and coincid-
ing with the two points of measurement in the gap; a high level
near the rotating inner wall and a lower level near the outer wall.
Based on the shear rheology in Fig. 7, the 100 mM is within
the shear-banding plateau at all shear rates for the experiment in
Fig. 16. As expected, the results show that the wormlike micelles
near the inner wall are more highly deformed than those in the
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Fig. 16. Transient birefringence data for the 100/50 mM CPyCl/NaSal system.
The data include = 25~ (l), 4s~' (@), and 65! (A), with data for the outer
fixed wall (filled symbols) and inner rotating wall (open symbols).

outer portion of the gap. However, a more insightful result is
that this dual-state arrangement is independent of the imposed
shear-rate; all three shear rates eventually settle to the same bire-
fringence level based only on gap position. As a good verification
of our experimental results for the 100 mM CPyCl system, we
observe that the final birefringence in the transient experiments
(Fig. 16) agrees very well with the steady-flow gap profiles
(Fig. 15), where for both experiments An’y;1-0.10 > 8 X 1077
and An’/ yIL=0.80 == 6 X 1077, for the shear rates imposed. This
result is yet another visualization of the formation of distinct
high and low shear-bands. Furthermore, it strongly supports the
shear-banding plateau theory wherein the high and low shear-
rate bands vary in size and reorganize themselves in terms of
shear rate according to the lever rule, as described by Eq. (1),
but the stress levels are fixed. This observation is also consis-
tent with the steady-flow experiments where we see distinct and
uniform stress levels at each wall but the shear-band transition
is diffuse.

At low shear rates, the transient FIB measurements also col-
lapse on a single birefringence value. However, as the high
shear-rate band grows with increasing shear rate, an increase
in the birefringence can be observed well before the location
at which the high shear-rate band moves past the location of
the birefringence probe. This rise in the birefringence is due to
the nature of the shear-band which can be seen explicitly in the
spatially resolved FIB plots in Fig. 15b. Additionally, a close
inspection of the outer wall data taken at = 6s~! in Fig. 16
shows that the birefringence originally collapses to a value con-
sistent with the y = 2s~! and4 s~ ! experiments. Following this,
after about 7 s, it begins to grow again and obtains its final value
after 12-13 s. These timescales correspond to the timescale for
growth and formation of the shear-band observed in the transient
PIV measurements shown in Fig. 11.

The general shape of the birefringence history in all cases is
fairly typical for a viscoelastic system; there is an initial over-
shoot with a damped relaxation on a timescale that agrees with
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that seen in transient stress experiments [11,28,34]. The initial
overshoot becomes higher as shear rate increases, and is high-
est at the inner wall for each pair of birefringence sweeps. This
result is consistent with the higher deformation level at the mov-
ing wall, and may simply suggest more dramatic dynamics at
that point in the gap. In terms of timescale, the overshoot occurs
on the order of a Maxwell relaxation time, thereby correlating
with some early time dynamics observed in the velocity-profile
development. The higher shear rate sweeps in Fig. 16 also show
some relatively long time relaxation after the initial overshoot.
Aty =4and 6 s~! near the inner moving wall, the relaxation
to a steady deformation level takes approximately =35 s, or sev-
eral Maxwell times. This result is in good agreement with the
multi-stage transient velocity profile development in Fig. 11.
Our steady-flow FIB results can once again be used to better
interpret the dynamics seen in the transient experiment. For
Vy/L=0.80 = 6 s~!, there is a slight undershoot in the data as the
birefringence approaches a lower shear-rate value before jump-
ing back up to the expected level as the deformation ahead of
the diffuse shear band reaches it.

4. Conclusions

Surfactant micellar solutions, with their varying morphology
and unique ability to behave as living polymers, makes them
very interesting subjects in the study of viscoelastic systems.
The experiments performed in this study have provided a com-
prehensive and highly resolved visualization of shear-banding
and the underlying deformation and orientation. Gap profiles of
a Couette cell in a steady-shear flow provide insight about the
size and location of high and low shear-bands. High spatial res-
olution within these gap profiles has also allowed us to observe
multiple high shear-rate bands near the inner moving wall.
By comparing the velocity and birefringence profiles from the
steady-flow experiments, it is observed that the sharp transition
seen in PIV is preceded by a much larger and diffuse transition
in the birefringence or underlying deformation in the wormlike
micelles. We observe a critical orientation that coincides with
the transition from high to low shear-rate band levels. Whether
this value is indicative of a phase transition, as suggested by
several researchers as the underlying cause for shear-banding
is unclear, however, it is clear that there is a critical change
in arrangement and perhaps morphology that results in the
distinct shear bands seen in various visualizations, including
PIV profiles. Our transient experiments, which are resolved
at very short timescales, have demonstrated the existence of
a propagating damped elastic wave, as well as interesting
dynamics prior to the organization of shear-bands. Together,
the steady and transient results have helped to interpret the
evolution of shear-bands in terms of the visualized sharp band
formation and how it is connected with the underlying and much
more diffuse deformation and orientation of the micelles. This
final observation is very interesting and further investigation
including correlation with constitutive models is anticipated
to result in a greater understanding of the shear-banding
phenomenon.
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