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Shear banding in a lyotropic lamellar phase. II. Temporal fluctuations

Jean-Baptiste Salmon, Se´bastien Manneville,* and Annie Colin
Centre de Recherche Paul Pascal, Avenue Schweitzer, 33600 Pessac, France

~Received 24 July 2003; published 25 November 2003!

We analyze the temporal fluctuations of the flow field associated with a shear-induced transition in a
lyotropic lamellar phase: thelayering transitionof the onion texture. In the first part of this work@Salmon
et al., Phys. Rev. E68, 051503~2003!#, we have evidenced banded flows at the onset of this shear-induced
transition which are well accounted for by the classical picture ofshear banding. In the present paper, we focus
on the temporal fluctuations of the flow field recorded in the coexistence domain. These striking dynamics are
very slow ~100–1000 s! and cannot be due to external mechanical noise. Using velocimetry coupled to
structural measurements, we show that these fluctuations are due to a motion of the interface separating the two
differently sheared bands. Such a motion seems to be governed by the fluctuations ofs* , the local stress at the
interface between the two bands. Our results thus provide more evidence for the relevance of the classical
mechanical approach of shear banding even if the mechanism leading to the fluctuations ofs* remains unclear.
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I. INTRODUCTION

Emulsions, shampoos, and paints are examples of ev
day life complex fluids. Amesoscopicscale located betwee
the molecular size and the sample size is one of the m
important features of these complex materials. In the cas
an oil-in-water emulsion, for instance, this length scale is
diameter of the oil droplets ranging from 100 nm to a fe
microns. During the last decade, many experimental and
oretical works have been devoted to the understanding o
effect of shear on these fluids@1,2#. A robust fact has
emerged: the flow modifies the structure of the fluid, wh
in turn changes the flow field.

In some cases, this strong coupling between flow a
structure may induce the nucleation of a new phase or e
create new structures ortexturesthat do not exist at rest. In
wormlike micelles, for instance, shear may induce a nem
phase@3,4#, whereas in membrane phases, shear creates
textural organizations@5,6#. Such shear-induced structure

~SIS! usually appear above a critical shear rateġ or shear

stresss. For some range of controlledġ ~or s), the SIS
coexists with the unmodified structure, and then progr

sively fills the flow asġ ~or s) is further increased. Usually
the SIS flows very differently from the initial structure, an

large variations of theeffectiveviscosity h5̂s/ġ are re-
corded near the shear-induced transition. Since the two s
tures have different viscosities, inhomogeneous flows
banded flowsare expected. Such an experimental picture
referred to in the literature asshear banding@1,2#. Shear-
banding scenarios have been reported in a large class of
terials using both structural and rheological measurem
@6–11#. Moreover, a few experiments based on local velo
metry have reported the existence of such inhomogene
flows where bands flow at different shear rates@12–19#.

*Electronic address: sebm@crpp-bordeaux.cnrs.fr
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These experiments mainly concern glassy materials
wormlike micellar systems.

In the first part of this work@20#, referred to as I in the
following, we have started an exhaustive study of a she
induced transition in a lyotropic lamellar phase composed
sodium dodecyl sulphate~6.5 wt %! and octanol~7.8 wt %!
in brine at 20 g L21. Since the pioneering work of Roux an
co-workers@5,6#, this system has been widely studied@21–

23#. For ġ*1 s21, the membranes are wrapped into mul
lamellar vesicles calledonions, which form a monodisperse
disordered close-compact assembly. The characteristic
of the onions is a few microns. At higher shear ratesġ
>15 s21), onions get a long range hexagonal order and
organized on layers sliding onto each other. This she
induced ordering transition is referred to in the literature
the layering transition@24#. Using local velocimetry, coupled
to structural and rheological measurements@20#, we have
shown that above a critical shear rate, a highly sheared b
most probably composed of the ordered texture, is nuclea
at the rotor of the Couette cell. This band coexists with
viscous disordered state thus leading to a banded flow. W
ġ is further increased, the highly sheared band grows up
finally invade the whole gap of the Couette cell. The clas
cal picture of shear banding thus holds for the layering tr
sition.

However, one point remains very striking. Indeed, t
flow field presents large temporal fluctuations of the lo
velocity in the coexistence domain. Such fluctuations re
up to 20% at the interface separating the two differen
sheared bands. This phenomenon seems quite gener
shear-banded flows since such temporal fluctuations h
also been detected in some wormlike micellar systems u
local velocimetry@16,17#. On a more general ground, it ha
been shown recently that some complex fluids may also
hibit some dynamics when submitted to a shear flow in
vicinity of shear-induced transitions@8,14,25–27#. In par-
ticular, in our lamellar phase, the effective viscosityh
5s/ġ presents aperiodic or relaxational oscillations und
©2003 The American Physical Society04-1
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051504 ~2003!
controlled s, suggesting deterministic behaviors in a ve
narrow range of parameters@28,29#. For all these dynamica
behaviors, referred to asrheochaos~even thoughtrue math-
ematicalchaos has not been evidenced so far@29#!, it seems
that spatial degrees of freedom play a relevant r
@14,25,29#. On the experimental point of view, it is importan
to determine whether the spatial organization of the fl
field near such transitions is responsible for the obser
dynamics. Such experimental data may then be very hel
in unveiling the most relevant ingredients of the existi
theoretical models@30–32#.

In this paper, we present a detailed study of the temp
fluctuations in our system. In the following section, aft
recalling briefly the experimental setup, we analyze the te
poral fluctuations of the global measurements and of so
time series of the local velocity. In Sec. III, we show th
these temporal fluctuations are due to a motion of the in
face separating the bands inside the gap. We then come
in Sec. IV to the mechanical approach used to describe
shear-banding scenario in Ref.@20#. Assuming that the stres
s* , at which the interface between the disordered and
ordered textures is stable, fluctuates in time, we are abl
describe the dynamics of the flow field recorded not o
under controlled shear rate but also under controlled sh
stress.

II. GLOBAL AND LOCAL FLUCTUATIONS
IN THE COEXISTENCE DOMAIN

A. Experimental setup

The experimental setup has been fully described in I@20#.
It allows us to perform rheological experiments and lo
velocity measurements, and to determine the structure o
fluid at the same time. Figure 1 sketches the main feature
this setup. A controlled-stress rheometer imposes a cons
torqueG on the axis of a Couette cell and records its rotat
speedV in real time. From these twoglobal quantities, the
rheometer indicates the following stresss and shear rateġ
~also referred to asengineeringstress and shear rate!:

s5
R1

21R2
2

4pHR1
2R2

2
G, ~1!

ġ5
R1

21R2
2

R2
22R1

2
V, ~2!

whereH, R1, andR2 are the geometrical characteristics
the Couette cell~see Fig. 1!. The engineering values (s,ġ)
given by the rheometer represent the spatial averages o
local stresss(r ) and of the local shear rateġ(r ) over the
gap of the Couette cell, in the case of a Newtonian fluid (r is
the radial position in the flow!. Temperature is controlled
using a water circulation around the Couette cell. Since
system under study is very sensitive to the exact fraction
its components, great care has been taken to minim
evaporation using a thermostated plate on top of the cel
05150
e

d
ul

al

-
e

t
r-
ck

he

e
to
y
ar

l
he
of
nt

n

he

e
of
ze

A laser beam crosses the transparent Couette cell a
the velocity gradient direction“v. The corresponding dif-
fraction patterns are collected by a charge-coupled de
camera on a screen in the (qv ,qz) plane. Dynamic light scat-
tering ~DLS! experiments in the heterodyne geometry a
performed to measure the local velocity. Such a meth
along with its spatial and temporal resolutions has been
scribed at length in Ref.@33#. The light scattered by a sma
volume of the sample is collected using a single-mode fib
The scattered electric field is then mixed with the incide
beam using an optical device coupling the two fibers. T
Doppler frequency shift associated with the flow field insi
the scattering volume is computed from the correlation fu
tion measured using an electronic correlator connected
photomultiplier tube~see Fig. 1!. From the Doppler fre-
quency shift, the mean value of the velocity inside the sc
tering volume is then obtained using a careful calibration
the setup@33#. The characteristic size of the scattering vo
ume is about 50mm. To obtain velocity profiles in the gap o
the Couette cell, the rheometer is moved along the direc
of shear“v by steps of 30mm. Note that the measuremen
of the local velocity at a specific position in the flow las
about 3–5 s. A full velocity profile is then obtained in abo
2–3 min.

B. Temporal fluctuations of the global rheology

The experimental procedure used to prepare the on
texture is the following. The temperature is set atT

530 °C. A constant shear rateġ55 s21 is applied for 7200
s. This first step allows us to start the experiment with
well-defined stationary state of disordered onions. The sh
rate is then increased fromġ55 to 20 s21 by applying dif-

FIG. 1. Experimental setup. A thermostated plate~not shown! on
top of the cell avoids evaporation. The geometry of the Couette
is H530, R1524, and R2525 mm, leading to a gap widthe
5R22R151 mm. f i are single-mode fibers andC is a device cou-
pling the two fibers. PMT denotes a photomultiplier tube and CC
the charge-coupled device camera. The scattering volume is
noted by a smalld at the intersection of the incident and scatter
beams, and its characteristic size is about 50mm.
4-2
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SHEAR BANDING IN A LYOTROPIC . . . . II. . . . PHYSICAL REVIEW E 68, 051504 ~2003!
ferent steps lasting 5400 s. The increment between two
ferent steps is 5 s21. Finally, a constant shear rate ofġ
522.5 s21 is applied. Figure 2 presents the evolution of t
controlledġ and that of the measureds during this last step.
Let us recall that our rheometer imposes a torqueG. A con-
stant rotation speedV and thus a constant shear rateġ is
obtained by a computer-controlled feedback loop on the
plied G. As shown in Fig. 2~a!, this procedure is very suc
cessful since the temporal fluctuations of the controlledġ are
less than 0.05%. However, some variations greater than
s21 are sometimes recorded but they are very rare and p
ably induced by external mechanical noise. The measu
stresss(t) is almost stationary: the temporal fluctuations
s(t) are about 0.4%@see Fig. 2~b!#. The nonequality be-
tween the fluctuations of the controlledġ and the measured
s(t) raises important questions: such a difference might
sult from bad filling conditions of the Couette cell or ma
hide more fundamental points in the rheological analysis

To proceed further in this analysis, we plot the probabil
density function~PDF! of s in Fig. 3~a!. p(s) is very well
fitted by a Gaussian distribution centered around the m
value^s&516.21 Pa and characterized by a standard de
tion of 0.065 Pa. In Fig. 3~b!, we try to evidence some cha
acteristic times by computing the frequency power spectr
of the signal. This spectrum presents a bump around 0
Hz corresponding to characteristic times of the order of 5
s. These time scales are short enough to be statistically
described by our measurements, since our signal was
corded during 63104 s with a sample rate of 1 s. Let us no

FIG. 2. T530 °C. ~a! Time series of the controlled~engineer-

ing! shear rateġ(t). ~b! Corresponding temporal response of t
measured~engineering! shear stresss(t).

FIG. 3. ~a! Probability density function of the time seriess(t)
displayed in Fig. 2~b!. The continuous line is a Gaussian distrib
tion with mean 16.21 Pa and with standard deviation 0.065 Pa~b!
Power spectrum of the time seriess(t) displayed in Fig. 2~b!.
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however that the large peaks at very low frequenc
('1024 Hz) are certainly due to a lack of statistics.

These above time scales ranging between 100 and 10
are very long when compared to the period of rotation of
Couette cell ('7 s atġ522.5 s21). They are reminiscent o
the long time scales of the shear rate oscillations observe
the same system under controlled stress for temperaturT
>Tc527 °C @28,29#. Thus, the differences between the am
plitude of the fluctuations ofġ and ofs are probably not due
to a bad filling of the Couette cell but rather hide an impo
tant physical point.

C. Temporal fluctuations of the local velocity

1. Fluctuating velocity profile

Let us now turn to the local velocimetry measuremen
Figure 4~a! presents various velocity profiles obtained und
the same applied shear rate ofġ522.5 s21. We recall that it
takes about 3 min to record a full velocity profile. The
profiles clearly differ from each other and large variations
the velocity are observed. These variations are meanin
and greatly exceed the resolution of our experimental se
If we decide, as in I@20#, to average these measurements a
to calculate their standard deviations, we may define e
bars on the time-averaged velocity profile which correspo
to the amplitudes of the temporal fluctuations.

The time-averaged profile reveals the following three m
jor issues@see Fig. 4~b!#.

~i! Sliding occurs: the velocity of the fluid does not vani
at the stator and does not reach its expected value at
rotor.

~ii ! Moreover, the sliding velocitiesvsi , defined as the
difference between the fluid velocity near wall numberi and
the velocity of wall numberi, are almost constant. The lubr
cating layers responsible for the observed sliding do
present any dynamics at the precision of our setup.

~iii ! Two bands with different shear rates coexist in t
gap of the Couette cell. The highly sheared band is loca

FIG. 4. ~a! Six velocity profiles obtained simultaneously to th

rheological data displayed in Fig. 2 (ġ522.5 s21 and T530 °C).
~b! Corresponding time-averaged velocity profile. The error bars
the standard deviation inferred from the six profiles displayed in~a!.
Inset: temporal fluctuations~i.e., standard deviation! of the local
velocity vs the positionx. The horizontal lines indicate the impose
rotor velocity v0. The vertical lines indicate the positionsx1

50.07, x250.46, andx350.70 mm where the time seriesv(xi ,t)
displayed in Figs. 5 and 6 are measured.
4-3
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051504 ~2003!
near the rotor and is about 0.5 mm thick.
Finally, as shown in the inset of Fig. 4~b!, the amplitude

of the relative temporal fluctuationsdv/v varies with the
position in the gap and seems to reach a maximum ax
'0.5 mm where lies the interface between the two diff
ently sheared bands. Note thatdv/v seems to diverge atx
→1: this is due to the small values of the velocities near
stator and to the intrinsic uncertainty of our setup ('5%).

2. Fluctuating time seriesv„x,t…

The variations recorded above refer to the amplitude
the temporal fluctuations. To analyze them in more detail,
record the evolution of the local velocity at a given positi
in the flow field by measuring successively several corre
tion functions accumulated over 3 s. We thus obtain the e
lution of the velocity with a temporal sample rate of 3 s. Th
sample rate is short enough to follow the slow dynam
described above and long enough to measure precisely
velocity @33#. Figure 5~a! presents the measurement pe
formed in the middle of the gap atx250.46 mm. The signa
was recorded during 11 500 s. The inset clearly reveals fl
tuations of the local velocity with an amplitude of abo
4 mm s21 and characteristic times ranging from 100 to 5
s. The power spectrum displayed in Fig. 5~b! points out the
same feature: it presents a bump centered between 0.002
0.01 Hz. These measurements show that the time serie
the local velocity presents large fluctuations that involve lo
time scales.

In order to check whether these behaviors occur homo
neously in the entire gap of the Couette cell, we have
peated the same measurement for three positions in the
x150.07, x250.46, and x350.70 mm. Figure 6 reports
these measurements and presents the corresponding
ability density functionsp(v) of the local velocities, given as
follows.

~i! Close to the rotor atx150.07 mm, the velocity does
not fluctuate much: the relative variation is equal to 4%. T
value is of the same order of magnitude as the uncertain
on the measurement. It is thus rather difficult to analyze p
cisely this dataset. However, temporal fluctuations of ab
100 s are clearly present. A Gaussian distribution cente
around 15.5 mm s21 and characterized by a standard dev
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FIG. 5. ~a! Time seriesv(x2 ,t) in mm s21 measured atx2

50.46 mm simultaneously with the data presented in Figs. 2 an
Inset: enlargement of the dynamics.~b! Corresponding power
spectrum.
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tion of 0.6 mm s21 nicely fits the experimental distribution
of the local velocity.

~ii ! In the middle of the gap atx250.46 mm, the fluctua-
tions are much larger and reach 12%. Moreover, the fluc
tions are not symmetric: more events occur at high veloc
than at low velocity. The distribution is thus not Gaussian

~iii ! Near the stator atx350.70 mm, this behavior is eve
more pronounced: the velocity seems to fluctuate betw
two states. Most of the time, the velocity remains equal
about 3.5 mm s21, but sometimes the velocity increases ra
idly to 5–6 mm s21. The most probable velocity is now
clearly smaller than the mean velocity. The probability de
sity function is highly dissymmetric and shows a long tail
rare events at high velocities.

These measurements show that~i! long time scales rang
ing between 100 and 1000 s are involved in the dynamics
the local velocities;~ii ! the amplitude of the fluctuations var
ies in the gap and reaches a maximum at the interface
tween the bands; and~iii ! the probability density functions
are Gaussian near the rotor and become highly dissymm
near the interface in the weakly sheared band.

III. EVIDENCE FOR A MOTION OF THE INTERFACE
BETWEEN THE TWO BANDS

A. Local velocimetry measurements

To proceed further into the analysis, a dynamical pictu
of the flow in the entire gap would be very helpful. Unfo
tunately, our experimental setup does not provide an ex
lent temporal resolution: about 2–3 min are necessary
obtain a full velocity profile by moving the rheometer alon
the velocity gradient direction“v. This time is comparable
to the time scales involved in the temporal fluctuation
Thus, the velocity profile is notfrozenduring the measure
ment.

4.
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FIG. 6. Time seriesv(xi ,t) (mm s21) and corresponding prob
ability density functions obtained simultaneously with the data d
played in Figs. 2 and 4.x150.07,x250.46, andx350.70 mm. The
continuous lines are the Gaussian distributions with the means
the standard deviations of the time seriesv(xi ,t).
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In I, we have analyzed the time-averaged velocity profi
obtained using a careful protocol to study the layering tr
sition ~see Ref.@20#!. Keeping in mind the time needed t
obtain a full profile ('3 min), we now focus onindividual
profiles, i.e., without averaging.

Figure 7~a! presents two individual profiles obtained
ġ515 s21 and the time-averaged profile calculated over
successive measurements is shown in Fig. 7~b!. For this ap-
plied shear rate, the time-averaged velocity profile is alm
linear. Sliding is observed both at the rotor and at the sta
The inset of Fig. 7~b! presents the relative fluctuationsdv/v
vs the positionx. dv/v reaches a maximum of 10% atx
'200 mm. Moreover, among the 13 individual profiles, w
can distinguish two kinds of measurements: some are lin
while others present bands supporting different local sh

FIG. 7. Experiments atT530 °C and under controlled shea

rate. ~a! Two individual velocity profiles obtained atġ515 s21.
The vertical dashed line lies atx50.20 mm. ~b! Velocity profile

averaged over 13 consecutive measurements atġ515 s21. ~c! Two

averaged groups of velocity profiles obtained atġ522.5 s21. The
vertical dashed lines lie atx50.25 andx50.55 mm. ~d! Velocity

profile averaged over 13 consecutive measurements aġ
522.5 s21. ~e! Two averaged groups of velocity profiles obtain

at ġ537 s21. The vertical dashed line lies atx50.60 mm.~f! Ve-

locity profile averaged over 20 consecutive measurements aġ
537 s21. ~b!, ~d!, and ~f!: the horizontal lines indicate the roto
velocity v0. Insets: temporal fluctuations of the local velocity i
ferred from the standard deviation of the different measurem
vs x.
05150
s
-

3

st
r.

ar
ar

rates@see Fig. 7~a!#. In this last case, the thickness of th
highly sheared band is roughly equal to 200mm. It seems
that these two families of profiles correspond to frozen p
tures of nearly stationary flow fields.

At this stage, an interpretation of the temporal fluctuatio
begins to emerge. These fluctuations could be correlate
the motion of the interface between the two bands. If
position of the interface moves, then different kinds of v
locity profiles will be measured at this low shear rate: line
ones when the highly sheared band is absent and sh
banded ones when the two textures coexist. Fluctuation
the position of the interface separating the two bands w
also lead to a spatial localization of the fluctuations of t
local velocity. This is indeed the case, as can be seen in
inset of Fig. 7~b!.

In order to further check this idea, we performed the sa
experiments at higher shear rates. Since the temporal fluc
tions are more important, frozen pictures of the flow field a
more difficult to capture. However, some profiles reveal

same results as forġ515 s21. Figure 7~c! shows two differ-
ent velocity profiles averaged over some well-chosen profi
among 13 successive measurements atġ522.5 s21. In both
cases, two differently sheared bands coexist in the gap. H
ever, the position of the interface varies a lot. For the fi
group of velocity profiles, the interface lies atx'0.25 mm
and it has moved tox'0.55 mm for the second group. I
both cases, the velocity of the fluid near the rotor is nea
constant. This implies that the shear rate in the hig
sheared band has changed from 35 to 23 s21. Note that the
shear rate in the weakly sheared band does not seem to
On average, the interface between the two textures liesx
'0.40 mm and the amplitude of the fluctuations is maxim
at this position@see Fig. 7~d!#.

The same conclusions may be drawn by looking at t
groups of profiles obtained atġ537 s21 and displayed in
Fig. 7~e!. In this case, the highly sheared band has inva
the gap on atime-averagedpoint of view since the velocity
profile averaged over 20 successive measurements is al
linear @see Fig. 7~f!#.

B. Temporal fluctuations of the structure

The previous measurements clearly show a displacem
of the interface between the two bands in the gap. As the
bands present different microscopic structures, we beli
that this motion may also be detected on the diffraction p
terns. The patterns associated with the disordered texture
homogeneous rings, whereas six peaks modulate the rin
the onset of the layering transition. These peaks are ass
ated with the hexagonal long range order of the onions
planes oriented along the flow@21#. Let us recall that the
diffraction patterns correspond to a measure of the struc
integratedalong the velocity gradient direction“v. During
the layering transition, the diffraction pattern evolves co
tinuously from a homogeneous ring to six well-defined pea
@20#.

A series of images were taken every 10 s atġ
522.5 s21 andT530 °C in the coexistence domain. To e

ts
4-5
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SALMON, MANNEVILLE, AND COLIN PHYSICAL REVIEW E 68, 051504 ~2003!
hance the signal-to-noise ratio, each image corresponds
average over five successive pictures separated by 40
From the intensity of the peaks relative to that of the ring,
can compute adegree of organizationof the sample@29#.
Such a parameterf is defined as the difference between t
maximal intensity and the minimal intensity measured on
ring. f is significantly larger than 0 when peaks modula
the ring, whereasf'0 when rings are uniform. Figure
presents the evolution off as a function of time forġ
522.5 s21. First, note thatf(t) is always positive since
peaks are always present on the ring: the intensity mod
tion of the ring is due to the presence of a highly shea
band most probably corresponding to the layered state
onions. Indeed, as shown in Fig. 4~b!, the width d of the
ordered band is about 0.5 mm at the consideredġ.

However, the time seriesf(t) fluctuates with characteris
tic periods of 100–500 s. The amplitude of these fluctuati
is rather small but still meaningful, since some well-chos
patterns@see Figs. 8~a!–8~d!# clearly show the variation o
the contrast of the peaks on the ring. These structural fl
tuations support the idea that the proportion of ordered
ions relative to disordered onions constantly changes, wh
is consistent with a motion of the interface between
bands. Moreover, it is reasonable to assume that such
ordering/disordering process, leading to the displacemen
the highly sheared band, involves time scales longer than
characteristic times of hydrodynamics. Such long time sca
correspond to those observed in the dynamics ofs(t) and of
v(xi ,t).

IV. ANALYSIS USING A SIMPLE
MECHANICAL APPROACH

A. Constitutive equations of the mechanical approach

In I @20#, we have shown that the time-averaged veloc
profiles may be well fitted by a simple mechanical approa
Using the rheological datas vs ġ together with the assump
tion that the interface between the bands always lies at
same local stresss* , we were able to reproduce the veloci
data. Let us recall briefly such a mechanical approach.
flow curve obtained from the rheological data where the c
tribution due to wall-slip is removed is sketched in Fig.

0 500 1000 1500
20

30

40

50

a b c d

Time  (s)

φ

(c) (d)

(a) (b)

FIG. 8. Time seriesf(t) ~arbitrary unit! measured simulta-

neously with the data displayed in Figs. 2 and 4 atġ522.5 s21 and
T530 °C. ~a!–~d! Diffraction patterns obtained at the times ind
cated by the dotted lines.
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The shear rate plotted on this flow curve is the true shear
in the bulk material once slip effects are removed. The
mogeneous branches corresponding to the disordered
layered states yield the local rheological behaviorss

5 f i(ġ), wherei 51 (i 52) denotes the disordered~layered!
texture.

Due to the curvature of the Couette cell, the local str
s(r ) varies in the gap as

s~r !5
G

2pHr 2
5s1

R1
2

r 2
, ~3!

where r is the radial position in the gap,G is the imposed
torque, ands15G/(2pHR1

2) is the stress at the rotor. In ou
mechanical picture, the interface lies at a given stresss* .
The widthd of the highly sheared band is thus given by

d5R1SAs1

s*
21D . ~4!

It is then straightforward to compute the theoretical profi
from an arbitrary value ofG @20#. If s(r ),s* @s(r )
.s* # everywhere in the gap, the flow is homogeneous a
composed of the disordered~layered! state of onions. In that
case, the velocity profiles are given by the following integ
tion of the rheological behavior:

v~r !

r
5

v2

R2
1E

R2

r ġ~u!

u
du, ~5!

whereġ(r ) is found by solving

s~r !5
G

2pHr 2
5 f i„ġ~r !…, ~6!

and i denotes the considered branch. When there exists
particular position in the gap wheres(r )5s* , the flow dis-
plays two bands supporting different shear rates. To calcu

FIG. 9. Flow curve of the layering transition. The contributio
due to wall-slip is removed.A-B indicates the coexistence doma
between the two textures.
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the resulting velocity profile, one should separate the pre
ous integration between@R2 ;R11d# and @R11d;R1# ~see
Ref. @20# for details!.

From this set of equations, one can compute a theore
profile v(x) from an arbitrary value ofG. It is then straight-

forward to infer an engineering shear rateġ indicated by the
rheometer. Such a procedure has been applied to our da
Ref. @20#: since Eqs.~5! and ~6! lead to satisfactory fits o
both the flow curve and of the velocity profiles, the assum
tion that the interface lies at a given stresss* , holds for the
layering transition.

B. Temporal fluctuations of s*

One point is particularly important: for a given value
torque G, there exists only one profilev(x). Thus, under
controlled shear rate, these equations predict that the stres
indicated by the rheometer is well defined and that the p
tion of the interface is fixed. Moreover, one can easily che
that if s* is fixed, very small variations of the applied she
rate cannot induce large fluctuations of the measureds.
Thus, the experimental data displayed in Fig. 2 cannot
understood simply by these equations.

However, since Eqs.~5! and~6! describe nicely the time
averaged velocity profiles, we believe that if a crucial para
eter of the previous equations possesses its own hidden
namics, the mechanical approach may still help
understand the observed fluctuations. Since the interface
tween the two bands fluctuates in the gap and since its p
tion is fixed bys* through Eq.~4!, we can reasonably as
sume that some fluctuations ofs* could explain our data
Figure 10 presents a sketch of this scenario. Conside
initial stateA in the shear-banding region. The flow profi
presents two differently sheared bands@see Fig. 10~b!#. Let
us now assume thats* slightly increases. The position of th
stress plateauthus changes, as well as the position in the g
that corresponds tos* . The interface does not lie at a stab
position anymore. Under controlled shear rate, the fi
stable state will lie at pointB on the flow curve, and the
global stress will vary froms to s8. This simple picture
helps us understand why fluctuations ofs could be observed
without any significant fluctuations ofġ and with a motion
of the interface in the gap.

To proceed further into the analysis, one should comp
such a scenario to the experimental data. Since the gl
stresss fluctuates ass* , we assume that the fluctuations
s* have the same shape as those ofs(t). Figure 11~a! dis-
plays a time seriess* (t) inferred from a typical time serie
s(t) obtained under controlled shear rate atġ522.5 s21.
The mean value ofs* is set at 16.15 Pa, the value leading
the best fits of the experimental data in Ref.@20#.

We have presented in Fig. 11~b! the resulting theoretica
velocity profiles computed from Eqs.~5! and~6! with s* (t)
displayed in Fig. 11~a!. Figure 11~b! also presents the exper
mental time-averaged velocity profile obtained atġ
522.5 s21 for comparison. Figure 12 displays a time-spa
plot of the same theoretical velocity profiles. The time ser
d(t) of the position of the interface computed from Eq.~4!
has also been added on this time-space plot.
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Our crude approach succeeds to describe many exp
mental points.~i! The fluctuations ofs* induce a large fluc-
tuating motion of the interface~see Fig. 12!. ~ii ! The ampli-

FIG. 10. ~a! Schematic flow curve for the shear-banding sc
nario in the Couette geometry. When the stresss* fluctuates, the
position of the stressplateauchanges from the continuous line t
the dotted line. PointA indicates the initial configuration of the flow
field. B: final configuration under controlled shear rate, the m
sured stress has varied froms to s8. C: final configuration under

controlled stress, the shear rate has varied fromġ to ġ8. ~b! Corre-
sponding velocity profiles.v0 is the rotor velocity.

FIG. 11. ~a! The continuous line is the experimental time ser

s(t) measured atT530 °C and atġ522.5 s21. The dashed line is
the time seriess* (t) used to compute the theoretical velocity pr
files in our mechanical analysis~see text!. ~b! Corresponding ex-
perimental velocity profile (s). The bundle of continuous lines
corresponds to the theoretical velocity profiles computed from E

~5! and ~6! at ġ522.5 s21 and withs* (t) displayed in~a!. Inset:
amplitude of the theoretical temporal fluctuations inferred from
standard deviation of the theoretical profiles vs positionx.
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tude of the fluctuations of the flow field is thus localized@see
inset of Fig. 11~b!#: they reach a maximum of about 10%
the position of the interface.~iii ! A quantitative agreemen
may be found between the theoretical fluctuations and
measured data within this crude approach: fluctuations ofs*
by 2% induce fluctuations of the measureds by 1%, and
fluctuations of the local velocities reaching 10% at the int
face. Let us outline that fluctuations of the other parame
of the mechanical equations, such as the viscosities of
two different textures, will not be able to reproduce the
dynamics.

C. Validation under controlled shear stress

To fully validate our mechanical approach, one sho
perform experiments under controlled shear stress, and s
that the fluctuations ofs* may also induce a fluctuatin
motion of the interface and some variations of the measu
ġ(t).

However, for temperaturesT>Tc527 °C and under con
trolled stress, the lyotropic lamellar phase under study
plays well-defined oscillating behaviors ofġ(t) with a period
of about 500 s and an amplitude reaching about 20 s21 in the
vicinity of the transition. Unfortunately, our setup is not su
able for following such dynamics of the flow field, since th
involved periods are of the order of minutes and the am
tudes are large. Using DLS velocimetry, it is thus rather d
ficult to determine whether the shear rate oscillations
served forT>Tc are due to an oscillating motion of th
interface. We thus decide to perform experiments for te
peraturesT,Tc , where the shear rate only displays fluct
ating behaviors rather than sustained oscillations. Indeed
this region of parameters, the amplitude of the dynamic
rather small and the dynamics is slow enough to be captu
by our setup.

Figure 13~a! presents two well-chosen groups of veloc
profiles measured in the coexistence domain under contro
s and atT526 °C. The velocity profile averaged over 1
successive measurements is shown in Fig. 13~b!. These data
clearly show a very large motion of the interface in the g
~from x50.25 to 0.50 mm!. In this experiment under con
trolled stress, the velocity of the fluid near the rotor and th

0 0.5 1

500

1500

x  (mm)

T
im

e 
(s

)
(a)

500 1000 1500

16

17

18
(b)

St
re

ss
  (

Pa
)

Time  (s)

FIG. 12. ~a! Time-space plot of the theoretical velocity profile
displayed in Fig. 11~b! and calculated with the time seriess* (t)
presented in~b! ~dashed line!. The black line is the theoretical width
d of the highly sheared band calculated using Eq.~4!. ~b! Corre-
sponding time seriess(t) ~continuous line! and s* (t) ~dashed
line!.
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the measuredġ vary a lot. Following our crude mechanica
approach, the situation is the one sketched in Fig. 10.
flow field is initially stable at pointA. A small variation of
s* changes the position of the plateau on this flow cur
Under controlled stress, the final stable configuration lies
point C: the shear rate has varied fromġ to ġ8 and the
interface has moved in the gap.

V. CONCLUSIONS, DISCUSSION, AND PERSPECTIVES

The present work has provided an exhaustive study o
shear-induced transition in a specific complex fluid: theon-
ion textureof a lyotropic lamellar phase. Under controlle
shear rate and above some critical value, onions get a
range hexagonal order into planes sliding onto each othe
the vicinity of this ordering transition, one observes a spa
organization of the flow field: a band corresponding to t
ordered texture is nucleated near the rotor and coexists
the disordered texture. As pointed out by our velocity me
surements, these two structures flow with different sh
rates and the highly sheared band invades the gap asġ is
increased. The proportion of the two differently shear
bands in the flow field is governed by the controlledġ and
by s* , the local stress at the interface.

Our experiments have also revealed the presence of l
fluctuations of the flow field localized at the interface b
tween the two bands. Using DLS velocimetry coupled
rheology and structural measurements, we have shown
these temporal fluctuations are due to a fluctuating motion
the interface in the gap. The characteristic times of th
puzzling dynamics range between 100 and 1000 s and do
correspond to external noise. Using the classical mechan
picture of shear banding, we have demonstrated that the
tuations ofs* may explain the observed dynamics. Indee
under controlled shear rate, small variations ofs* may in-
duce small variations ofs, but also large fluctuations of th
interface between the bands and thus localized fluctuat
of the flow field. Under controlled stress, we have a
shown that forT,Tc527 °C fluctuations ofs* may de-

FIG. 13. ~a! Two averaged groups of velocity profiles obtaine
at s512.5 Pa andT526 °C. The vertical dashed lines lie atx
50.25 andx50.50 mm. The dotted lines help us to guide the e
in the highly sheared band.~b! Velocity profile averaged over 14
consecutive measurements at the same stress. The error bars a
standard deviations of these estimates. Inset: temporal fluctuatio
the local velocity inferred from the standard deviation of the diffe
ent measurements vsx.
4-8
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scribe correctly the observed displacement of the interfa
This crude approach describes very nicely the dynam

of the fluctuations but raises a crucial question: why iss* a
fluctuating parameter? Clearly, this parameter does not v
because of some external mechanical vibrations. Follow
Lu’s theoretical approach@34#, this parameter depends on th
mathematical form of the model which describes the tran
tion, in particular, on the local constitutive behavior at t
interface, and its origin lies in the presence of gradient ter
In the phenomenological model of Ref.@35#, for instance,s*
depends on the rate of change between the two structure
the differently sheared bands. One could imagine that ex
nal temporal fluctuations, for instance, temperature fluct
tions, may induce temporal variations of some rheologi
parameters controllings* .

However, based on the very long time scales involved
the recorded dynamics, one may also suggest that a dyn
cal equation describing the evolution ofs* is missing. Such
an equation is difficult to derive since it must describe p
cisely the microscopic structure of the system. Other theo
ical approaches such as those of Ref.@36#, based on a dy-
namical equation for the motion of the interface, may a
fully reproduce the observed fluctuations if other dynami
equations concerning the structure are added. Understan
the origin of the fluctuations ofs* from a microscopic point
of view remains a major challenge in the study of sh
ds

a-

nd

ev

J
e
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banding. Moreover, in the specific system studied here,
may also question the role of lubricating layers in the o
served dynamics. A complete study of the dynamics of s
velocity is left for future work.

Finally, one last point is left unclear: above the critic
temperatureTc and under controlled stress, why do the d
namics seem to become deterministic or even seem to
play chaotic behaviors@29#? To answer such a crucial que
tion, it is necessary to increase the temporal resolution of
setup. We plan to use a spectrum analyzer to reduce
acquisition time of the velocity measurements or to turn
other velocimetry methods such as ultrasonic techniq
@37#. These experimental improvements will certainly help
getting a more precise spatiotemporal picture of dynam
behaviors in complex fluids.
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