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We report on an experimental study of the shear-banding phenomenon in the concentrated wormlike micellar
system CTAB at 20 wt. % in D2O. Time-resolved velocity profiles are recorded using ultrasonic velocimetry
simultaneously to global rheological data. Our results confirm the studies performed previously by Fischer and
Callaghan �Phys. Rev. E 64, 011501 �2001��. Time averaged velocity profiles display an unsheared “nematic
gel.” In the range of applied shear rate, the flow field exhibits very fast temporal fluctuations. Suspicions for the
presence of three-dimensional flow are evidenced and possible causes for a three-dimensional instability are
discussed together with the coupling of wall slip to bulk dynamic.
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I. INTRODUCTION

The coupling between the flow and the microstructure of
complex fluids is known to induce inhomogeneous flows
characterized by the coexistence of bands of different struc-
tures and viscosities. This shear-banding phenomenon has
been observed in various soft materials such as lyotropic
lamellar phases �1�, hexagonal phases �2�, colloidal crystals
�3�, copolymer solutions �4�, and wormlike micelles �5–8�.
Wormlike micellar solutions constitute model systems to
study this behavior and have received considerable attention
during the last decade. They result from the self-assembly of
surfactant molecules into long cylindrical aggregates that
form a viscoelastic entangled network in the semidilute re-
gime.

Under shear several experimental studies involving neu-
tron scattering �9� and flow birefringence �10� support the
picture of a localized alignment of wormlike micelles into a
highly sheared band of low viscosity, that coexists with a
weakly oriented, entangled solution of much higher viscosity
�see Ref. �5� for a recent review�. The rheological signature
of shear banding is a very strongly shear-thinning behavior
above some critical shear rate �̇1, which shows up on the
flow curve as a stress plateau at a well-defined shear stress
�� between �̇1 and a second critical shear rate �̇2��̇1. In-
creasing the applied shear rate �̇ induces the growth of the
high-shear band of viscosity �2=�� / �̇2 within the low-shear
band of viscosity �1=�� / �̇1. In the absence of wall slip, the
continuity of the velocity across the interface between the
bands leads to the so-called lever rule, that relates the pro-
portion of each band to the shear rate �̇= �1−�2��̇1+�2�̇2,
where �2 is the proportion of the highly sheared material.
The nucleation of a highly sheared band and its growth fol-

lowing the lever rule have been recently evidenced by local
velocity measurements using dynamic light scattering �6�
and particle tracking velocimetry �7� in the much studied
cetylpyridinium chloride-sodium salicylate system in the se-
midilute regime �11�.

Such a shear-banding scenario, hereafter referred to as the
“classical shear-banding scenario,” had been predicted theo-
retically by Cates and co-workers �12,13� through an exten-
sion of the Doi and Edwards model �14� including the break-
age and the recombination processes typical of wormlike
micelles. More recent theoretical approaches have helped to
clarify the stress selection mechanisms along the stress pla-
teau �15–18�. However, using a nuclear magnetic resonance
�NMR� setup that allows one to record simultaneously the
velocity field and the local structure of a sample under shear,
Callaghan and co-workers have questioned the classical
shear-banding scenario �19,20�. Indeed the data in Refs.
�19,20�, recorded in the cetyltrimethyl ammonium bromide
�CTAB� in deuterated water �D2O� system close to the ther-
modynamic isotropic-to-nematic �IN� transition, show the
nucleation of an unsheared highly viscous region of nematic
order in the stress plateau region instead of a low-viscosity
aligned phase. This shear-induced structure was called a
nematic gel by the authors. This study also pointed out the
existence of temporal fluctuations of the flow field, which
was confirmed later on using NMR in other concentrated
micellar systems �21,22�. Unfortunately the local flow be-
havior of the sample could not be correlated to the rheologi-
cal data since a metallic stress sensor cannot be placed into
the NMR magnet. Finally birefringence experiments have
also unveiled complex transients and temporal fluctuations
incompatible with the classical, steady shear-banding sce-
nario �23–25�.

In a previous work �26� we reported significant progress
in the development of time-resolved velocity measurements
under shear: by applying a high-frequency ultrasonic veloci-
metry technique to the CTAB-D2O system, we showed that,
at a given position along the stress plateau and at a tempera-
ture of 44 °C, this particular micellar system undergoes both
very slow relaxations �over �6 h�, which makes it hard to
precisely define a steady state, and “fast” fluctuations �over
�50 s� correlated to wall slip dynamics. The present paper is
devoted to a more comprehensive study of these “fast” dy-
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namics. We compare our results to those of Ref. �20� and find
a perfect agreement between the two studies. Focusing on
the fast dynamics of the flow and on apparent negative slip,
we present an alternative explanation to the scenario pro-
posed by Callaghan and co-workers. In particular our data set
recorded at a temperature of 41 °C strongly suggests the
presence of three-dimensional unsteady flows in the stress
plateau region. Our study is completed by structural mea-
surements using small angle x-ray scattering �SAXS� under
shear.

The article is organized as follows. The experimental set-
ups for ultrasonic velocimetry and SAXS measurements are
described in Sec. II together with the micellar system under
study. Section III presents experimental results obtained at a
temperature T=32 °C, i.e., in the thermodynamic nematic
phase of our sample. Section IV deals with the experiments
performed in the isotropic phase at T=41 °C. Finally the
discussion of Sec. V provides a comparison of our results to
those of Ref. �20�, addresses the possible origins of three-
dimensional flow dynamics, and raises the question of the
influence of wall slip on the bulk dynamics.

II. EXPERIMENTAL SECTION

A. Velocimetry setup

Our rheoultrasonic setup allows the recording of velocity
profiles across the gap of a Couette cell simultaneously to
rheological data. This setup has been described at length in
Ref. �27� and only its main characteristics are recalled here.
It is composed of a stress-controlled rheometer �TA Instru-
ments AR1000N� equipped with a Couette cell made of
Plexiglas �gap e=1 mm, inner radius R1=24 mm, and height
H=30 mm�. The whole cell is surrounded by water whose
temperature is kept constant to within ±0.1 °C. To prevent
evaporation, the cell is closed by a PVC lid that rests on the
stator. On the rotor side, the lid plunges into a small cylin-
drical water reservoir machined on the top part of the rotor,
which both acts as a solvent trap and ensures watertightness.
The rheometer imposes a constant torque � on the axis of the
Couette cell which induces a stress � in the fluid. The rota-
tion speed 	 of the Couette cell from which the shear rate �̇
can be deduced is continuously recorded. A computer-
controlled feedback loop on the applied torque � can be used
to apply a constant shear rate without any significant tempo-
ral fluctuations �
�̇ / �̇�0.01% �.

Let us note � and �̇ the shear stress and the shear rate
indicated by the rheometer. The relationships between �� , �̇�
and �� ,	� read

� =
R1

2 + R2
2

4�HR1
2R2

2� , �1�

�̇ =
R1

2 + R2
2

R2
2 − R1

2	 . �2�

Such definitions ensure that �� , �̇� correspond to the average
values of the local stress ��x� and shear rate �̇�x� in the case
of a Newtonian fluid �x denotes the radial position in the gap

of the Couette cell�. It is very important not to confuse the
averaged quantities �� , �̇�, hereafter referred to as the engi-
neering quantities, with the local quantities ���x� , �̇�x��.
Moreover, the shear rate �̇ given by the rheometer may differ
from the true shear rate �̇true in the sample due to the pres-
ence of wall slip or heterogeneous flows. In the following,
the nature �engineering, local, or true� of the variables will be
specified whenever confusion is possible.

A piezopolymer transducer of central frequency f
=36 MHz generating focused ultrasonic pulses is immersed
in water in front of the stator as sketched in Fig. 1. A small
rectangular window of minimal thickness 0.5 mm milled in
the stator allows one to limit the attenuation of the ultrasonic
signal due to Plexiglas. Once inside the fluid, ultrasonic
pulses get scattered by small latex spheres suspended in the
micellar system �see Sec. II C below�. Ultrasonic echoes
backscattered toward the transducer are sampled at
500 MHz, stored on a high-speed PCI digitizer �Acqiris
DP235�, and transferred to the host computer for postpro-
cessing.

Under the assumption of single scattering, the signal re-
ceived at time t can be interpreted as interferences coming
from scatterers located at position y=c0t /2, where c0 is the
sound speed in the fluid and y the distance from the trans-
ducer along the ultrasonic beam �see Fig. 1�. When the
sample is submitted to a shear flow, the backscattered signals
move along with the scatterers. Two successive pulses sepa-
rated by a time lag T lead to two similar backscattered sig-
nals that are shifted in time. One can relate the time shift

t�t� between two echoes received at time t to the displace-
ment of the scatterers 
y�y�=c0
t�t� /2 at position y. The
velocity profile vy�y� �i.e., the y component of the velocity
vector v� is then simply given by vy�y�=
y�y� /T. A cross-
correlation algorithm is used to estimate the time shift 
t as a
function of t, and the sound speed c0 is measured indepen-
dently �see Ref. �27� for more details�. In order to get a
nonzero projection of the velocity along the acoustic axis,
ultrasonic pulses enter the gap with an angle ��15° as
shown in Fig. 1. In addition, a careful choice of this angle
allows one to minimize the reflections at the water-Plexiglas
and Plexiglas-sample interfaces.

Using the notations of Fig. 1, the projection vy of the
velocity vector v along the y axis in Couette geometry is the
sum of the projections of the radial component vr and of the
tangential component v� of v:

�

�

�

�

�

�

�

�

�

�

�

�

FIG. 1. Experimental setup for ultrasonic velocimetry under
shear in a Couette geometry. The notations are defined in the text.

BÉCU et al. PHYSICAL REVIEW E 76, 011503 �2007�

011503-2



vy = v� sin � + vr cos � . �3�

Assuming the flow field to be purely tangential �which re-
mains valid as long as no hydrodynamic or elastic instability
takes place nor any other three-dimensional flow�, one gets

v��x� =
vy�y�
sin �

� v�x� , �4�

where x is the radial position given by x=e−y cos �. The
determination of v�x� thus requires a precise determination
of the angle �, which is achieved through a calibration pro-
cedure using a Newtonian fluid �27�.

If the radial component vr is nonzero, the term vr cos �
comes into play in Eq. �3�, so that the definition of v�x� given
in Eq. �4� leads to

v�x� = v��x� +
vr�x�
tan �

. �5�

Therefore the interpretation of the experimental velocity pro-
files v�x� may become problematic whenever the flow is not
purely tangential. Note that this is also the case for other
techniques such as dynamic light scattering or NMR where
only a projection of the velocity vector is measured. With our
ultrasonic setup, tan ��0.25 so that the second term in Eq.
�5� actually amplifies the effect of the radial velocity by a
factor of about 4. This sensitivity to vr will help evidence
three-dimensional flows in the micellar system under study.
Finally, it should also be mentioned that our setup is insen-
sitive to any contribution of the vertical component vz of the
velocity vector �i.e., in the vorticity direction z� since its
projection along the acoustic axis is always zero.

To ensure a good statistical convergence, one velocity
profile is obtained by averaging v�x� over 50 series of 20
consecutive pulses. The spatial resolution of our experimen-
tal setup is of the order of 40 
m and the time needed to
record one velocity profile ranges between 0.02 and 2 s de-
pending on the applied shear rate �27�.

B. SAXS setup

The SAXS measurements were performed on the high
brilliance beamline ID2 at the European Synchrotron Radia-
tion Facility in Grenoble, France. The pinhole camera setup
and the procedure for data acquisition and analysis are de-
scribed elsewhere �28�. The beam size at the sample position
was about 0.1�0.1 mm. Two-dimensional SAXS patterns
are acquired using an image intensified charge-coupled de-
tector. The incident wavelength was �=0.099 nm and a
sample-to-detector distance of 6 m was used. This combina-
tion provided a scattering wave vector q in the range 0.1
�q�2 nm−1, where q= 	q	= �4� /��sin�� /2�, � being the
scattering angle. The total acquisition time for a SAXS pat-
tern was less than 1 s.

The sample was contained in a polycarbonate Searle-type
Couette cell of gap e=1 mm and inner diameter R1
=20 mm coupled to a stress-controlled rheometer �Haake
Roto-Visco RT20� �29�. An inner thermostated stage allows a
temperature control around the cell to within 0.05 °C. Mea-
surements are taken in radial configuration, i.e., with the

beam passing along the velocity gradient direction through
the center of the shear cell. The SAXS spectra thus encom-
pass structural information over the whole width of the gap.

Although the differences in the velocimetry and SAXS
setups �temperature control, cell geometry, rheological pro-
cedures� will not allow for a quantitative comparison of the
rheological measurements, SAXS data under shear provide
useful structural information that will help interpret the flow
behavior.

C. System under study

We focus on a salt free wormlike micelle solution made of
cetyltrimethyl ammonium bromide �CTAB� at 20 wt. % in
deuterated water �D2O� �19,20�. Since this solution is ini-
tially transparent to ultrasound, the system is seeded with
1 wt. % homemade latex spheres of diameter 5–10 
m in
order to provide good acoustic contrast. This low quantity of
scatterers allows us to obtain a measurable signal in the
single scattering regime without significantly affecting the
rheology of the sample. All the measurements presented here
�including SAXS measurements� were performed in the pres-
ence of latex spheres.

When the temperature is decreased from the isotropic
phase, a highly birefringent phase can be observed by optical
microscopy under crossed polarizers which corresponds to
the nematic ordered phase �see Fig. 2�. Using a Mettler heat-
ing stage, we determined this IN transition to occur at 38 °C
in our sample.

Rheological and velocimetry data were recorded at two
distinct temperatures 32 and 41 °C while the SAXS experi-
ments were performed at 30 and 41 °C. In the following we
first present the results obtained in the nematic phase at T
=30 and 32 °C. We then describe the experiments per-
formed in the isotropic phase at T=41 °C. To conclude this
experimental section, let us stress again that our velocimetry
setup only measures the projection of the velocity profile on
the y axis and does not provide a comprehensive image of a
three-dimensional velocity field.

III. FLOW IN THE THERMODYNAMIC NEMATIC PHASE

A. Experimental procedure and rheological measurements

The sample, which was previously stored at 50 °C, is
loaded in the thermostated Couette cell and half an hour is

P

100 µm100 µm

(b)(a)

P

FIG. 2. �Color online� Optical microscopy pictures of the
CTAB-D2O wormlike micelle solution under crossed polarizers �P�
at �a� T=37 °C and �b� T=39 °C. The IN transition occurs at T
=38 °C. The Maltese crosses correspond to the latex spheres used
to provide acoustic contrast �see text�.
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allowed for temperature equilibration before starting the ex-
periment. Engineering rheological data are then recorded ev-
ery second simultaneously to velocity profiles. The rheologi-
cal protocol consists in applying shear rate steps of duration
comprised between 140 and 300 s and of values ranging
from 0.5 to 1000 s−1. The shear rate increment between two
successive steps is chosen in order to provide a logarithmic
sampling.

Examples of engineering rheological signals are displayed
in Fig. 3. We check that the applied shear rate �̇�t� does not
present significant fluctuations after a short transient of a few
seconds. For all the steps, the shear stress ��t� reaches a
stationary value in less than 100 s. The transient regime is
characterized by damped oscillations of ��t�. This phenom-
enon has already been reported in other nematic systems and
could be attributed to the nematic tumbling instability
�30,31� or to a coupling between the elastic properties of the
fluid and the inertia of the rheometer.

The engineering flow curve of Fig. 4 is obtained by aver-
aging the stress response over the last 20 s of each step. It is
well described by a power law �=A�̇n with A=3.9 Pa sn and
n=0.4. According to engineering rheological measurements,
the nematic phase of our wormlike micelle solution is thus
shear thinning.

B. Velocity profiles

To describe the local flow behavior of the nematic phase,
we record 5 to 15 individual velocity profiles in the station-
ary regime. The time interval between two successive mea-
surements of individual profiles depends on the applied shear
rate and is around 50 s at 0.5 s−1, 8 s at 5 s−1, and 2 s at
50 s−1 and above. Figure 5 presents velocity profiles aver-
aged over all the profiles recorded for various applied shear
rates. The error bars stand for the standard deviations of the
velocity measurements and are of the order of the symbol
size, which demonstrates that the flow is steady. These time-
averaged velocity profiles are almost linear and do not

present any shear bands, unlike the isotropic phase as will be
shown below.

However, it clearly appears that the velocity v1 of the
wormlike micelle solution in the vicinity of the inner cylin-
der never reaches the rotor velocity v0=R1	 �indicated by
arrows in Fig. 5�, which reveals the occurrence of wall slip at
the rotor. To quantify wall slip effects, we define the slip
velocity at the rotor vs1=v0−v1 as the difference between the
rotor velocity v0 and the fluid velocity close to the rotor v1
=v�x�0�. The slip velocity at the stator vs2 is simply given
by the fluid velocity at the stator v2=v�x�e�. In practice, to
estimate v1 and v2, a linear regression of the velocity profiles
is performed over 0�x�150 
m and e−150 
m�x�e,
respectively. The uncertainty on such a measurement is
roughly ±1 mm s−1. As shown in the inset of Fig. 4, vs1
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FIG. 3. Engineering rheological data recorded in the thermody-
namic nematic phase at T=32 °C. �a� Imposed shear rate �̇�t� for
�̇=0.5, 1, 2, 5, and 10 s−1. �b� Corresponding shear stress responses
��t�. The dotted lines indicate the beginning of each step. Time t
=0 corresponds to the beginning of the experiment when the small-
est shear rate �̇=0.5 s−1 is applied.
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FIG. 4. Flow curve ���̇� at T=32 °C under controlled shear rate
obtained by averaging the shear stress over the last 20 s of each
step. The filled symbols ��� are the raw data and the open symbols
��� are data corrected from wall slip. The dotted and solid lines are
the best fits with a power law �=A�̇n of the raw data with A
=3.9 Pa sn and n=0.4 �dotted line� and of the data corrected from
wall slip with A=4.2 Pa sn and n=0.39 �solid line�. Inset: slip ve-
locity vs1 as a function of the true shear rate �̇true. The dotted line is
the best fit of vs1 vs �̇true with a power law of exponent 1.05.
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FIG. 5. Time-averaged velocity profiles 
v�x�� recorded in the
thermodynamic nematic phase at T=32 °C for �a� �̇=20 ���, 50
���, �b� 100 ���, and 200 s−1 ���. The standard deviation of these
estimates are always smaller than the symbol size. Arrows indicate
the rotor velocity v0 at �̇=20, 50, 100, and 200 s−1, respectively,
v0=19.6, 48.96, 97.9, and 195.8 mm s−1. The dotted lines are the
theoretical profiles calculated from the power-law fit of the engi-
neering flow curve �=3.9�̇0.4 whereas the solid lines correspond to
the power-law fit of the data corrected from wall slip �=4.2�̇0.39

�see text�.
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increases linearly with the applied shear rate �̇: one has vs1
�1 mm s−1 for �̇�10 s−1, vs1=5.4 mm s−1 at �̇=50 s−1, and
vs1=103 mm s−1 at �̇=1000 s−1. On the other hand vs2 never
exceeds 1 mm s−1 and can be considered as negligible over
the whole range of applied shear rates.

A consequence of wall slip is that the shear rate experi-
enced by the solution is lower than the engineering shear rate
�̇. We thus define a true shear rate �̇true by removing wall slip
effects using

�̇true =
R1

2 + R2
2

R1�R1 + R2�

v1 − v2
R1

R2

e
. �6�

The first term in Eq. �6� allows one to take into account
the stress inhomogeneity in the Couette cell and thus to get a
quantitative comparison between the true shear rate �̇true and
the engineering shear rate �̇ computed using Eq. �2�. The
true flow curve � vs �̇true is superimposed to the engineering
flow curve in Fig. 4. The true flow curve is also well de-
scribed by a power law �=A�̇n but with slightly different
parameters A=4.2 Pa sn and n=0.39.

Going further into the analysis of the experimental data,
we show that a power-law behavior also accounts for the
shape of our velocity profiles. Indeed assuming the local
rheological behavior ��x�=A�̇�x�n and defining the local
rheological variables by

��x� =
�

2�Hr2 and �̇�x� = − r
�

�x

v�x�
r

, �7�

where r=R1+x and � is the torque applied on the rotor axis,
the velocity profile is easily calculated by integration with
the boundary condition v�x=e�=0 and reads

v�x� = r
n

2
� �

2�HR2
2A

1/n��R2

r
�2/n

− 1
 . �8�

The solid lines in Fig. 5 are the velocity profiles given by Eq.
�8� and calculated for the parameters deduced from the true
flow curve: A=4.2 Pa sn and n=0.39. These theoretical ve-
locity profiles fit the whole experimental data set very satis-
factorily. The local velocity measurements are thus in good
agreement with the global rheological measurement cor-
rected from wall slip. Theoretical velocity profiles calculated
for the parameters A=3.9 Pa sn and n=0.4 deduced from the
engineering flow curve are also shown as dotted lines in Fig.
5. They fail in describing all the velocity profiles, which
illustrates the sensitivity of the local quantities to slight
changes in the global parameters and stresses the fact that
wall slip can lead to significant errors on the rheological law
derived from engineering values �32�.

C. SAXS measurements

The above results show that the thermodynamic nematic
phase of the CTAB-D2O system behaves as a slightly shear-
thinning fluid and that the flow remains homogeneous as the
shear rate is varied. A weakly shear-thinning behavior may
be related to the coupling between the flow and the structure
of the nematic phase. This is indeed confirmed by SAXS

measurements under shear. Figure 6 shows the SAXS pat-
terns recorded in our sample at 30 °C at rest �Fig. 6�a��
and under shear at �̇=300 s−1 �Fig. 6�b��. The wave vectors
q� and qv correspond to the directions of vorticity and ve-
locity in direct space, respectively.

The spectra are characterized by crescentlike peaks in the
q� direction which are related to alignment of the micelles in
the velocity direction �33�. At rest and under shear, the in-
tensity maximum is found at 	q	= 	qmax	=0.82 nm−1. The
mean distance between the center of mass of the micelles,
which is not affected by the flow, can be roughly estimated
as 2� / 	qmax	=7.65 nm. Since the width of these peaks is
linked to the distribution of the nematic director, the refine-
ment of the peaks observed at �̇=300 s−1 points to an in-
crease of the nematic orientational order under flow. Such a
result has already been reported in the thermodynamic nem-
atic phase of another concentrated system of wormlike mi-
celles made of cetylpyridinium chloride and hexanol in brine
�34�.

IV. FLOW IN THE ISOTROPIC PHASE AT T=41 °C

A. Experimental procedure and rheological measurements

After temperature equilibration, we apply shear rate steps
from 0.1 to 400 s−1 with a logarithmic sampling. The dura-
tion of the steps is 900 s except for �̇=40 and 70 s−1 which
have been extended to 2700 and 1800 s in order to capture
the flow dynamics.

Typical engineering rheological signals are shown in Fig.
7. We check that the rheometer applies a constant shear rate:
here the amplitude of the fluctuations 
�̇ / �̇ never exceeds
0.5%. At all shear rates, the short-time shear stress response
��t� is characterized by an overshoot due to the elastic be-
havior of the sample �35�. For �̇��̇1�10 s−1, the system
then reaches a stationary state in less than 100 s. For �̇1
��̇��̇2�200 s−1, the characteristic time for stress relax-
ation becomes very long and we can not ascertain that the
system has reached steady state even after 2700 s. Such very
slow dynamics in the plateau region have already been re-
ported in this system �10,26�. In particular our previous study
performed at T=44° revealed that it could take several hours
for the shear stress to reach a stationary value �26�. Moreover
along the stress plateau the shear stress response shows no-

(b)(a)

I (arb. units)qv

qω

10−2

10−1

FIG. 6. Two-dimensional SAXS patterns recorded in the ther-
modynamic nematic phase at T=30 °C for �a� �̇=0 s−1 after pre-
shearing and �b� �̇=300 s−1. The scattered intensity is recorded
along the reciprocal axes �qv ,q�� for 	q	 ranging from 0 to 2 nm−1.
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ticeable fluctuations of amplitude 
� /��1.5% as can be
seen in the inset of Fig. 7.

The engineering flow curve obtained by averaging the
shear stress response over the last 100 s of each step is plot-
ted in Fig. 8. It reveals a stress plateau at ��=36.5±0.7 Pa
that extends from �̇1�10 s−1 to �̇2�200 s−1, a feature typi-
cal of shear-banded flows as recalled in the Introduction. Let
us note, however, that due to the very slow dynamics de-
scribed above, the rheological data in the plateau region do
not correspond to stationary states.

B. Time-averaged velocity profiles

Figure 9 presents the velocity profiles averaged over the
last 100 s of each rheological step. Since the interval be-
tween two successive measurements of individual profiles
was 3 s, the data of Fig. 9 are averaged over approximately

30 profiles. The error bars correspond to the standard devia-
tions, which are significantly larger than those previously
reported in the thermodynamic nematic phase �see Sec.
III B�, pointing out the occurrence of strong temporal fluc-
tuations of the flow field. The local flow behavior along the
stress plateau is characterized by the coexistence of bands
bearing different shear rates. As the engineering shear rate is
increased, the high-shear band grows and progressively fills
the gap, which at first sight seems compatible with the clas-
sical shear-banding scenario. Note that, at this temperature,
no significant wall slip is detected. However, a careful in-
spection of the time-averaged velocity profiles of Fig. 9�a�
reveals the existence of a small unsheared region of width
100 
m close to the rotor, in which the fluid velocity is
slightly larger than the rotor velocity v0. This region is
strongly reminiscent of the highly viscous, nematic gel
pointed out by Fischer and Callaghan using NMR velocim-
etry �19,20�. A more detailed description of this phenomenon
is given in the next section.

Moreover, the rheological signals of Fig. 7 suggest that
the system has not reached steady state at the end of each
step. Very long equilibration times have already been re-
ported in the study of Ref. �26� performed on the same sys-
tem. As a consequence, the velocity profiles of Fig. 9 cannot
be interpreted in terms of the classical shear-banding sce-
nario which applies to stationary states. In particular the
growth of the highly sheared band cannot be described by
the lever rule with the shear rates �̇1 and �̇2 inferred from the
flow curve. A clear indication that this scenario cannot be
invoked to analyze the present experiments is the strong in-
crease of the local shear rate in the highly sheared band from
�̇2�120 to 300 s−1 as the engineering shear rate is increased
�compare, for instance, the velocity profiles at 70 and 80 s−1

for which the position of the interface between the two shear
bands is almost constant while �̇2 noticeably increases�. This
observation does not necessarily mean that the classical
shear-banding scenario does not hold for the present system
in its asymptotic state. Indeed experiments performed at
44 °C over 6 h have shown that the final position of the
interface was consistent with the lever rule �26�. Therefore
no definite conclusion can be drawn from the present data
since they were recorded over 15 to 45 min per step.

9000 11000 13000 15000

10

20

30

40
γ

(s
−

1 )

.

(a)

13000 15000
39

40

41

9000 11000 13000 15000
25

30

35

40

t (s)

σ
(P

a)

(b)

13000 15000
35

37

FIG. 7. Engineering rheological data recorded in the isotropic
phase at T=41 °C. �a� Imposed shear rate �̇�t� in the stress plateau
at �̇=10, 15, 20, 25, 30, and 40 s−1. Inset: enlargement of �̇�t� for
�̇=40 s−1. �b� Corresponding shear stress responses ��t�. Inset: en-
largement of ��t� for �̇=40 s−1. The dotted lines indicate the begin-
ning of each step. Time t=0 corresponds to the beginning of the
experiment when the smallest shear rate �̇=0.5 s−1 is applied.
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C. Description of the flow dynamics

In this paragraph we focus on the data recorded at �̇=40
and 50 s−1 which illustrate the various features of the flow
dynamics in the shear banding regime. The phenomena de-
scribed below are generic of the flow behavior along the
stress plateau.

1. Step at �̇=40 s−1

In order to highlight the flow dynamics, the local shear
rate �̇�x , t� is estimated by differentiating the velocity pro-
files v�x , t� according to

�̇�x,t� = − �R1 + x�
�

�x

v�x,t�
R1 + x

. �9�

Since such a spatial derivative is very sensitive to the
experimental uncertainty, the local shear rates are averaged
over three consecutive positions centered around x. For each
mean position x and each time t, �̇�x , t� is coded in linear
gray levels, the darker value corresponding to smaller shear
rates, and presented as a function of time t �abscissae� and
position x �ordinates� in the spatiotemporal diagram of Fig.
10�a�. Such a representation clearly shows that the flow is
inhomogeneous and unsteady. Consistently with the aver-
aged profiles of Fig. 9, a high-shear band located in the vi-
cinity of the rotor �white region near x=0� coexists with a
low-shear band located near the stator �black region near x
=e�.

The fluctuations of the flow can be described by two dif-
ferent mechanisms. �i� Strong fluctuations of the position of
the interface between the two shear bands from x�0.3 mm
to x�0.5 mm, with a time scale ranging from 3 to 200 s.
These fluctuations are similar to those already described in
Ref. �26�. �ii� The intermittent apparition of weakly sheared

zones close to the inner cylinder. These events, unseen in
previous experiments on the same system at a higher tem-
perature �26�, appear as black patches for x�0.5 mm in the
spatiotemporal diagram for t=100–300 s, t=1100–1300 s,
and t=2500–2620 s.

In order to better describe one of the intermittent events
mentioned in point �ii� above, Fig. 10�b� presents three indi-
vidual velocity profiles recorded for t=100–200 s. The ve-
locity field is initially divided into two shear bands �� sym-
bols�. An unsheared zone then suddenly appear for x
=0.1–0.5 mm �� and � symbols�. This zone intermittently
disappears, as revealed by the enlargement of the spatiotem-
poral diagram over t=95–200 s shown in Fig. 10�c� �see the
alternatively black and white regions�, suggesting dynamics
faster than our temporal resolution of 3 s. Highly unstable
transient profiles bearing at least three different shear bands
are recorded during this process. Their nucleation is associ-
ated to fast and large amplitude fluctuations of the velocity
field: in Fig. 10�b�, the local velocity v�x , t� at x�0.4 mm
increases from 10 to 30 mms−1 in 7 s. Finally, the unsheared
band moves towards the rotor and remains stable for more
than 100 s �see the black patch for x�0.4 mm and t
=200–300 s in Fig. 10�a��.

2. Step at �̇=50 s−1

The dynamics of the flow for �̇=50 s−1 are summarized in
Fig. 11. The spatiotemporal diagram of Fig. 11�a� again re-
veals large fluctuations of the position of the interface be-
tween the two shear bands from x�0.3 to x�0.5 mm.
Moreover, an unsheared zone is again evidenced near the
inner cylinder �see the black region for x�0.4 mm and t
=0–160 s�. However, contrary to the step at �̇=40 s−1, this
zone appears in the vicinity of the rotor from the beginning
of the experiment. From t=0 to t=160 s, the unsheared band
widens from 200 
m to 400 
m �see Figs. 11�b� and 11�c��
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FIG. 10. Description of the flow dynamics at �̇=40 s−1 for T
=41 °C. �a� Local shear rate �̇�x , t�. A linear gray scale is used:
black and white correspond, respectively, to �̇=0 s−1 and �̇
�100 s−1. �b� Velocity profiles during the apparition of an un-
sheared region at t=138 ���, 142 ���, and 145 s ���. �c� Enlarge-
ment of �̇�x , t� over t=95–200 s. The rotor velocity is v0

=39.9 mms−1 and is indicated by an arrow in �b�.
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FIG. 11. Description of the flow dynamics at �̇=50 s−1 for T
=41 °C. �a� Local shear rate �̇�x , t�. A linear gray scale is used:
black and white correspond, respectively, to �̇=0 s−1 and �̇
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ity is v0=49.9 mm s−1 and is indicated by an arrow in �b�.
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before disappearing. Such an unsheared region nucleates
again intermittently around t=400 s and for t�650 s.

A careful inspection of the velocity profiles reveals an
even more striking point. Figure 11�b� indeed shows that the
local velocity in the unsheared band passes through a maxi-
mum for x�0.1–0.2 mm and that the maximum velocity is
larger than the rotor velocity �indicated by an arrow on the
figure�. This local rise of the velocity with respect to the
position in the gap leads to a slope of at least 26 rad/s, and
thus cannot be accounted for by a rigid body rotation which
would lead to a rate of increase of the order of 2 rad/s.

This last observation is clearly evidenced in Fig. 12,
which presents the velocity signals recorded at positions x0

=0 mm and x0=0.15 mm for t�500 s. Note that, although
not commented by the authors, such subtle effects are also
visible in Figs. 10 and 11 of Ref. �20�. In our experiments
this phenomenon remains noticeable for more than 200 s: it
cannot be understood in the framework of a purely orthora-
dial, axisymmetric flow, and such a result strongly suggests
the occurrence of a three-dimensional instability.

Indeed, as already mentioned in Sec. II A, the existence of
a nonzero radial component in the flow field leads to an
additional contribution vr / tan � to the experimental measure-
ment v. Depending on vr and �, this additional term may
contribute significantly to the velocity estimation v and in-
duce the detection of velocities larger than v0. In particular,
since ��10–15°, one has 1/ tan ��3.7–5.4 so that even a
small value of the radial component vr leads to a non negli-
gible additional term. The simultaneous recording of two
components of the velocity field could allow for a direct
evidence of the occurrence of a three-dimensional flow, and
is left for future work. It should also be added that this effect
is likely to hide slip effects at the wall. Thus no definite
conclusion about wall slip can be drawn at this temperature.

Finally the existence of a three-dimensional flow is con-
firmed by visual inspection of the fluid under shear: small air
bubbles trapped in the micellar network show complicated
three-dimensional trajectories and on very long time scales,
the latex spheres seeding the flow tend to migrate and form
unsteady, irregular patterns in the vorticity direction. Note
that a three-dimensional instability of the interface between
shear bands was also reported very recently in the cetyltrim-
ethylammonium bromide and sodium nitrate system �36�.

V. DISCUSSION

A. Summary and comparison with Fischer and Callaghan [20]

In Ref. �20�, Fischer and Callaghan used NMR velocim-
etry to explore the local flow behavior of a concentrated
CTAB-D2O wormlike micelles solution in the isotropic
phase close to the thermodynamic isotropic-to-nematic �IN�
transition. With their setup, which has the crucial advantage
of recording simultaneously velocity profiles and local struc-
tural information, the author detected an unsheared region of
nematic order in the vicinity of the rotor. Moreover, they
pointed out for the first time the existence of temporal fluc-
tuations of the flow. In the following, we recall the main
results gathered in the present work. Although our observa-
tions confirmed those of Ref. �20�, our interpretation for
these results differs from the one proposed by Fischer and
Callaghan.

In Sec. III, it was clearly shown that the thermodynamic
nematic phase of the CTAB-D2O system flows and behaves
as a standard shear-thinning fluid. The shear-thinning behav-
ior can be explained by the increase of the orientational order
under flow, a picture that is confirmed by SAXS measure-
ments. We can therefore conclude that the flow behavior of
the thermodynamic nematic phase thoroughly differs from
that of the high-viscosity “gel” of nematic order revealed by
rheo-NMR in Ref. �20�.

In the isotropic phase, the flow curve is characterized by a
stress plateau. When entering the plateau region, the shear
stress relaxation becomes very slow and velocity measure-
ments show that two bands of different viscosities coexist in
the gap of the Couette cell. In the present experiments, the
existence of very slow transients precludes any analysis of
the velocity profiles in terms of the classical, stationary
shear-banding scenario. We rather focused on the flow dy-
namics on “short” time scales ranging from 1 s to 15 min.
Our velocity profile measurements revealed temporal fluc-
tuations of two different kinds.

�i� Oscillations of the position of the interface between the
two shear bands, which are correlated to the dynamics of the
slip velocities, when detected.

�ii� The transient apparition of an unsheared region near
the rotor, qualitatively similar to the one evidenced by Fis-
cher and Callaghan �20�. However, although further develop-
ments of the NMR setup now allow for time-resolved mea-
surements �37�, the velocity profiles shown in Ref. �20� were
averaged over 1 h and the fluctuations of the flow were only
detected through the broadening of velocity distributions in
NMR spectra.

Since the velocity in this region passes through a maxi-
mum and reaches values higher than the rotor velocity, we
interpreted this phenomenon as the signature of a three-
dimensional flow rather than of a “nematic gel.” We stress
the fact that this significant increase of the velocity with
respect to the position in the gap cannot be accounted for by
a solid-body rotation.

To further illustrate this last point, Fig. 13 presents veloc-
ity profiles recorded at 41 °C and averaged over specific
time intervals, so that an apparently unsheared region is
clearly visible for x�0.2 mm. These profiles should be com-
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FIG. 12. Temporal evolution of the velocity v�x0 , t� recorded at
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=41 °C. The dotted line indicates the wall velocity v0.
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pared to those of Figs. 10–12 from Ref. �20� obtained over
an acquisition time of around 1 h. Our conclusion is that
long averaging times may hide some strong spatiotemporal
dynamics and that a three-dimensional instability of the flow
�at least in the shear-induced phase close to the rotor� pro-
vides an alternative explanation for the peculiar velocity pro-
files of Fig. 13 which does not require to invoke the nucle-
ation of a shear-induced “gel.” However neither our
ultrasound velocimetry setup not the NMR setup of Ref. �20�
can, in their current versions, access simultaneously two dif-
ferent components of the velocity field.

B. Concentration fluctuations as a source
for interface dynamics?

In the following, we discuss the possible cause for the
instability of the interface between the shear bands observed
experimentally. Previous studies have shown that a coupling
between the flow and localized concentration fluctuations in
the bands can induce the displacement of the interface �18�.
In order to test this scenario, SAXS data were recorded under
shear in the isotropic phase at T=41 °C. Figure 14 shows
two typical SAXS patterns obtained below the stress plateau
and within the stress plateau. Below the stress plateau �Fig.
14�a��, a ringlike spectrum is recorded, characteristic of an
isotropic structure. At higher shear rates and within the stress
plateau, two crescentlike peaks similar to those observed in
the thermodynamic nematic phase �see Fig. 6� superimpose
to the isotropic ring in the q� direction. Such a pattern dem-
onstrates the coexistence between an isotropic phase and a
structure of nematic order in our sample sheared in the pla-
teau region.

Moreover, as seen in Fig. 14�c�, the diffracted intensity
below the stress plateau is independent of the azimuthal
angle � �defined as the angle between q and q�� and passes
through a maximum for 	q	= 	qmax	=0.85 nm−1. The charac-
teristic distance between the center of mass of the micelles
can thus be estimated as 2� / 	qmax	�7.4 nm. Along the
stress plateau �Fig. 14�b��, the scattered intensity is notice-
ably larger in the interval −40° ���40° corresponding to
the position of the peaks on the spectrum. Still, the maxima
of intensities over both intervals of � are obtained for the

same value 	q	= 	qmax	=0.85 nm−1 which also exactly corre-
sponds to the intensity maximum found at lower shear rates,
i.e., in the isotropic phase.

These SAXS measurements allow us to conclude that the
distance between the center of mass of the micelles remains
unchanged in the shear-induced region of nematic order,
which indicates that the separation of the flow into bands of
different structures is not correlated to a local modification of
the concentration in this system. Finally it should be noted
that the mean distances between the micelles in the shear-
induced phase and in the thermodynamic nematic phase are
slightly different �7.4 nm here vs 7.65 nm in the thermody-
namic nematic phase�. This can be attributed to the differ-
ence in temperature. As a consequence, the present study
does not allow any quantitative comparison between the
structure of the shear-induced aligned band and the thermo-
dynamic nematic phase but it allows us to rule out the exis-
tence of concentration differences between the two coexist-
ing structures as a mechanism for interface fluctuations.

C. Possible origin for three-dimensional flows

Let us now review the various instabilities that are likely
to lead to a three-dimensional flow in our sample.

(a) Taylor-Couette instability. It is well known that iner-
tial instabilities such as the Taylor-Couette instability may
occur at high rotation speeds of the inner cylinder �38�. In
the case of a Couette flow, such instabilities are controlled by
the Taylor number Ta=�2�̇2e5 /�2R1, with � and � the den-
sity and the viscosity of the sample. In the experiments pre-
sented here, typical values of the parameters e=1 mm, �̇
=100 s−1, R1=24 mm, �=0.1 Pa s, �=1000 kg m−3 lead to
Ta�0.04. Although the threshold value for the Taylor-
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FIG. 13. Velocity profiles 
v�x�� recorded in the isotropic phase
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Couette instability in a complex fluid may differ from the
critical value Tac=1712 for a Newtonian fluid, such a small
value of Ta ensures that the flow can be considered as iner-
tialess and allows us to rule out any inertial instability as a
cause for a three-dimensional flow.

(b) Interface instability between two sheared fluids. In our
experiments instability is observed in a two-phase region
where a highly sheared phase coexists with weakly sheared
micelles. Charru and co-workers �39� have shown that the
interface between two immiscible fluids of different viscosi-
ties may be unstable when sheared in a Couette cell. The
physical mechanism for this short-wavelength instability has
been given by Hinch �40�: at the perturbed interface, the base
flow velocities are discontinuous due to the viscosity con-
trast, and velocity disturbances must develop to satisfy con-
tinuity. The resulting vorticity disturbances are in phase with
the deformed interface, but small out-of-phase components
arise from advection by the base flow. The flow induced by
these out-of-phase vorticity disturbances is such that the ini-
tial perturbation of the interface is amplified, at least for
equal densities, leading to instability. Since this mechanism
does not involve surface tension, it may also be applicable to
two miscible fluids such as two micellar phases along the
stress plateau.

Note, however, that in our case two time scales have to be
compared: to allow the instability to develop, the time scale
for the growth of the instability has to be shorter than that
involved in the production of the shear-induced structure.
Indeed, when the highly sheared phase bears a lower shear
rate due to the perturbed flow, its structure tends to self-adapt
to the new shear rate. The highly sheared phase may thus go
back to the weakly sheared state. This may induce a dis-
placement of the interface and a stabilization of the flow.
Further investigation about the relevance of this two-fluid
instability for shear-banded flows should focus on this time
scale issue.

Moreover such an instability driven by the viscosity con-
trast between two fluids should disappear in the homoge-
neous regions, i.e., at very low or at very high shear rates
when the low-shear or the high-shear phase fill the whole
gap. The flow field at low shear rate is indeed laminar, and
no experiment performed in the highly sheared region could
clearly demonstrate that the flow remains unstable in this
single-phase region. The development of the instability re-
ported in Ref. �39� in our sample is thus compatible with our
observations.

(c) Elastic instability. The viscoelasticity of the fluid may
also induce an elastic instability in our sample, which shows
up near the threshold as stationary roll cells �41–43�. This
instability is driven by the same force which causes rod
climbing of a highly elastic polymer fluid �44�: due to the
cylindrical geometry, the motion of the complex fluid struc-
ture along a streamline may become unstable with respect to
radial perturbations. Indeed radial perturbations induce a
stretching of the structure of the complex fluid and a nega-
tive normal stress difference N1. In cylindrical geometry this
leads to a volume force N1 /R, where R is the radius of cur-
vature, acting inwards in the radial direction. This force
causes the increase of the radial perturbation. Such an elastic

instability is seen when �e /R2�1/2Wi�Mc, where e is the gap
width, R2 the external radius of the Couette cell, Wi the
Weissenberg number defined as the ratio of the first normal
stress difference N1 to the shear stress �, and Mc some criti-
cal number of order of magnitude 1 �45–47�. Note that the
exact constant Mc corresponding to the instability threshold
depends upon the constitutive model assumed for the fluid.
One finds Mc=5.92±0.02 for both the upper-convected Max-
well model �42� and the Oldroyd-B model �14� when the
shear viscosity of the solvent is half that of the sample �46�.

Figure 15 presents the measurements of the shear stress �
and of the first normal stress difference N1 as a function of
the imposed engineering shear rate recorded in cone-and-
plate geometry at T=41 °C. From these data, we can com-
pute the Weissenberg number and test the criterion for elastic
instability. As shown in the inset of Fig. 15, �e /R2�1/2Wi
becomes of order 1 only on the high-shear branch of the flow
curve �engineering shear rates �̇�300 s−1�. This value is less
than Mc=5.9 predicted in the case of the Oldroyd-B and
upper-convected Maxwell models. However we note that the
above models considered so far in the theoretical analyses of
the elastic instability �42,46� do not capture shear-thinning
effects. Thus �e /R2�1/2Wi�1 may be sufficient to trigger an
elastic instability in our fluid along the high shear branch. In
the plateau region, the instability criterion is more difficult to
compute since two structures coexist. At first sight the global
criterion computed from the engineering data remains of the
order of 0.1. However, if a local Weissenberg number is es-
timated in the highly sheared phase and if a local criterion is
applied with e being the width of the highly sheared band,
values of order 0.5–1 are found, which may be sufficient to
induce the instability. Our conclusion is that an elastic insta-
bility is a possible cause for the spatiotemporal dynamics and
for the three-dimensional structure of the flow field observed
in our CTAB-D2O micellar system.
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FIG. 15. Shear stress � ��� and first normal stress difference N1

��� as a function of the imposed engineering shear rate �̇ recorded
in cone-and-plate geometry at T=41 °C. The data were averaged
over the last 100 s of each shear rate step of duration 300 s for �̇
�50 s−1 and 900 s for �̇�50 s−1. Inset: �e /R2�1/2Wi as a function
of the engineering shear rate �̇. Wi is the Weissenberg number
defined as Wi=N1 /�.

BÉCU et al. PHYSICAL REVIEW E 76, 011503 �2007�

011503-10



D. Perspectives

The present results still raise a number of open questions
that should be addressed in order to fully understand the flow
properties of the investigated micellar system. First more ex-
perimental effort will be devoted to the measurement of the
flow behavior, which should help to firmly identify the origin
of the three-dimensional features unveiled in the present
data. Two-dimensional ultrasonic speckle imaging will pro-
vide us with simultaneous time-resolved recordings of the
velocity profiles at different heights in the Couette cell by
using a linear transducer array �48�. The relatively lower
working frequencies of transducer arrays �typically 10 MHz
vs 36 MHz in the present setup� will require larger gaps of
3–5 mm to compensate for the poorer spatial resolution.
Moreover, since the curvature of the streamlines in the
Taylor-Couette flow is likely to trigger three-dimensional un-
stable flows, particle tracking velocimetry experiments are
planned in straight channels of typical width 150 
m �49�.
Indeed in such microfluidic flows, confinement and the ab-
sence of curvature are expected to delay the occurrence of
instabilities.

Moreover our data have revealed the presence of wall slip
in the thermodynamic nematic phase under shear �Sec. III�.
Although the presence of three-dimensional flow in the iso-
tropic phase at 41 °C complicates a reliable study of slip
velocities, wall slip was also reported in previous experi-
ments performed at 44 °C �26�. Understanding the structure
of the slip layers and their dynamics seems like a major
challenge from both the experimental and theoretical points
of view. To illustrate the complexity of wall slip effects, pre-
liminary experiments were performed where the surface
roughness of the cell walls was varied. Figure 16 compares
the spatiotemporal diagrams of �̇�x , t� recorded in a smooth
Plexiglas Couette cell and in a sand-blasted Couette cell of
the same dimensions in our CTAB-D2O system at 44 °C
within the stress plateau region �at �̇=400 s−1�. A modifica-
tion of the boundary conditions significantly influences the
nature of the fluctuations: the large periodic oscillations of
the position of the interface between shear bands recorded in

the smooth geometry are replaced by smaller and erratic
fluctuations in the rough Couette cell, where an unstable
highly sheared band is also detected several times in the
vicinity of the stator �see the white patches in �̇�x , t� for x
�0.7 mm and t=50–200 s or t=900–1200 s in Fig. 16�b��.

Finally theoretical approaches have proposed that one of
the variables of the system involved in the constitutive rheo-
logical equation fluctuate in time �50,51�. This variable re-
flects the local structure of the fluid and can be the Maxwell
relaxation time or the mean length of the micelles. Such a
phenomenological approach allows one to predict oscilla-
tions of the flow field and even chaotic behaviors. Very re-
cently a linear stability analysis was performed on a planar
shear-banded flow in the framework of the nonlocal Johnson-
Segalman model, that showed the possibility of unstable
flows �52�. However, although very informative, neither the
linear stability approach nor the subsequent nonlinear nu-
merical calculations �53� can account for three-dimensional
flows due to their intrinsic two-dimensional nature. Thus
three-dimensional calculations are needed to get a complete
picture of the stability of shear-banded flows. Last, our re-
sults have emphasized the importance of wall slip. Taking
into account the rheology of the slip layers and possible in-
stabilities in the vicinity of the walls �e.g., similar to a stick-
slip instability� may shed light on whether wall slip may
govern �or at least couple to� the fluctuations observed in the
bulk.

VI. CONCLUSION

In this work we have presented a comprehensive study of
the CTAB-D2O system. By simultaneously performing ve-
locimetry and global rheological measurements, we have
shown that the flow dynamics becomes very slow along the
stress plateau. Consequently, unless very long waiting times
of several hours are used �26�, the classical, stationary shear-
banding scenario of Ref. �13� cannot describe our data.
Moreover the flow is characterized by rich and complex dy-
namics on shorter time scales ranging from 3 to 100 s,
which may partly be attributed to the occurrence of a three-
dimensional flow. Note that fluctuations faster than 3 s may
be present but were not studied with the present version of
the velocimetry technique. The analysis of such dynamics is
left for future work.

We further argued that the presence of a three-
dimensional flow can lead to the detection of an apparently
unsheared band in the time-averaged velocity profiles similar
to that described by Fischer and Callaghan and interpreted in
terms of a “nematic gel” in Ref. �20�. In our opinion the
three-dimensional nature of the flow has led to a misinterpre-
tation of the previous experiments in terms of a “nematic
gel.” We have shown that both an instability of the interface
similar to that of Ref. �39� and an elastic instability may
account for three-dimensional flows in our sample. Further
work dealing with two-dimensional imaging of the flow and
microfluidics will be undertaken in the near future to thor-
oughly check our conclusions. Finally we demonstrated that
wall slip strongly influences the nature of the interface fluc-
tuations, and that it should be taken into account in any mod-
eling of the bulk dynamics.

0

0.5

1

x
(m

m
)

(a)

0 200 400 600 800 1000
0

0.5

1

t (s)

x
(m

m
)

(b)

FIG. 16. Local shear rate �̇�x , t� recorded at �̇=400 s−1 for T
=44 °C �a� in a smooth Couette cell and �b� in a rough Couette cell.
The same linear gray scale is used in both cases: black and white
correspond, respectively, to �̇=0 s−1 and �̇�700 s−1.
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