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Shear banding in a lyotropic lamellar phase. I. Time-averaged velocity profiles
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Using velocity profile measurements based on dynamic light scattering and coupled to structural and rheo-
logical measurements in a Couette cell, we present evidences for a shear banding scenario in the shear flow of
the onion texture of a lyotropic lamellar phas&ime-averagedneasurements clearly show the presence of
structural shear banding in the vicinity of a shear-induced transition, associated with the nucleation and growth
of a highly sheared band in the flow. Our experiments also reveal the presence of slip at the walls of the
Couette cell. Using a simple mechanical approach, we demonstrate that our data confirm the classical assump-
tion of the shear banding picture, in which the interface between bands lies at a givenostred& also
outline the presence of large temporal fluctuations of the flow field, which are the subject of the second part of
this papeff Salmonet al, Phys. Rev. 868, 051504(2003].
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[. INTRODUCTION a universal feature of complex fluids. Its microscopic origin
is not yet clearly understood: the shear banding behavior

A wide class of materials, referred to asmplex fluids  may arise from elastic instabiliti¢4 2], from frozen disorder
exhibit a common feature: when submitted to a shear stresnd local plastic eventgl3] or from a coupling between
o, their flow cannot be described easily as in the case oghear flow and a phase transitifl4]. Numerous phenom-
simple fluids[1]. Indeed, the flow of simple liquids is en- enological descriptions of shear banding have emerged dur-
tirely determined by the knowledge of the viscosifywhen ing the last decadgsee Refs.[15-19, and references
submitted to a shear stress far from any hydrodynamic therein. Those theoretical approaches have undoubtedly
instability and after a very short transient, the velocity profilehelped to understand the experiments, while not always pro-
is linear and characterized by a shear rategiven by the viding a microscopic description of the phenomenon.
linear relationy=a/7 [2]. In the case of complex fluids, Most of experimental works rely on rhgological data and
such a linear relation betwean and y does not hold any §tru<_:tural Mmeasurements. In those experiments, shear band-
more. In polymeric fluids, for instance, the flow tends toIng 's attributed to the presence ofsiress plateaton the

' ) o ' ) flow curve associated with a structural change, observed, for
decrease theffective viscosityy= o/, whereas disordered instance, using x-ray diffraction techniqu&s6,10 or direct
media such as emulsions or foams can resist elastically to ggyalizations of birefringence bands in the flow field
small applied stress but flow plastically under laige 1]. ‘[20,211. Recently, a few experiments using nuclear magnetic
Such behaviors are due to the presence of a supramolecul@sonance velocimetry have evidenced the fact that velocity
architecture that leads to a coupling between the structure (Hrof"es in such systems may display bands of different shear
the fluid and the flow3]. The shear-thinningeffect in poly-  rates[22,23. However, some of these experiments have re-
meric fluids, for instance, is due to the alignment of theported a contradictory picture for the shear banding instabil-
polymer chains along the flow direction, whereas the crossiy: it seems that the observed structural bands do not always
over betweenpasty and fluid states in glassy materials is correspond to bands of different shear rates, at least in a
attributed to microscopic rearrangements of the struduire specific wormlike micellar systerf24]. More recently, ex-

In some cases, because of a strong flow-structure colseriments based on dynamic light scattering velocimetry per-
pling, the flow caninducenew organizations. In wormlike  formed in our group have revealed a classical shear banding
micella_lr systems, for instance, a shear flow can ir_lduce Bhenomenology in another wormlike micellar systgs).
nematic phas¢5,6]. In lamellar phases, shear may induce Therefore, more experimental data are needed to fully under-
structures that do no exist at rest, e.g.,dhéntexture[7,8].  stand the spatial structuration of the flow field in the general
Suchshear-induced structurg$1S) have been observed ina g|5 and shear-banding phenomenon.
lot of complex fluids, especially in lyotropic systef®s-11]. The aim of this paper is to perform an extensive study of
These behaviors are generally associated witpadial struc-  shear banding in a specific complex fluidlyatropic lamel-
turation of the fluid: the SIS nucleates at a critical stress or g5y phase. This system is known to exhibit a shear-induced
critical shear rate and expands in the flow @agor v) is transition, called théayering transition, between two differ-
increased. Since the viscosity of the SIS differs from that ofent texturesof the phasg26,27). In the present paper, we
the original structure, the flow field is assumed to be com-jpresentiime-averagedelocimetry measurements performed
posed of two macroscopibands of different shear rates. simultaneously to structural measurements using, respec-
This behavior, generically calleshear bandingseems to be tively, dynamic and static light scattering techniques.

This paper is organized as follows. In Sec. Il, we briefly
describe the system under study and the experimental setup

*Electronic address: sebm@crpp-bordeaux.cnrs.fr allowing us to measure both the structure of the fluid and its
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rheological behavior. In Sec. Ill, we present the experimental

setup for measuring velocity profiles in a Couette fl@@].

Section IV describes the experiments performed at a given
temperature T=30 °C) and under controlled shear rate. Laser ,
These experiments support the classical picture of shea

banding in this particular system and our data also reveal th -.‘
presence of wall slip, which is consistent with the observed -
shear banding scenario. A detailed mechanical analysis based
on wall slip measurements and rheological data is presented
in Sec. V and helps us demonstrate that the classical me-
chanical assumption of shear banding, in which the interface
between the bands is only stable at a given stress, holds in
our experiments. We then briefly summarize our results in
Sec. VI, and emphasize on the puzzling presence of temporal
fluctuations of the flow field near the shear-induced transi- FIG. 1. Exper | Ath q h
tion. The study of these temporal fluctuations are presented - 1. Experimental setup. A thermostated plaust shown on

. - . . top of the cell allows us to avoid evaporation. The rheometer im-
in a related paper where the link witheochaoss empha- Teon the axis of th Il and d
sized[29] poses a constant torqlieon the axis of the Couette cell and records

its rotation speed(). The geometry of the Couette cell id
=30 mm, R;=24 mm, andR,=25 mm, leading to a gap width
e=R,—R;=1 mm.

H

II. GLOBAL RHEOLOGY OF THE ONION TEXTURE
NEAR THE LAYERING TRANSITION (iii ) At higher shear rates~10° s™1), perfectly ordered
lamellar phases are recoveigd. For some specific systems
and at intermediate shear rates, spatial organizations of on-
Lyotropic systems are composed of surfactant moleculefns are sometimes encountef@®,27].
in a solvent. Because of the chemical duality of the surfac- The complex fluid investigated here corresponds to this
tant molecules(polar head and long hydrophobic chgin |ast behavior. It is made of sodium dodecyl sulf&®9 and
self-assembled structures at the nanometer scale are cowetanol(surfactant molecul@sn brine (solven). At the con-
monly observed1]. Depending on the range of concentra- centrations considered hef6.5 wt% SDS, 7.8 wt%. Oc-
tions, one can observe different structures: for instance, longanol, and 85.7 wt% Brine at 20 gL£), a lamellar phase is
cylinders of some microns longvormlike micellesor infi-  observed32]. The smectic period is 15 nm and the bilay-
nite surfactant bilayerémembranes In the latter case, be- ers thicknesss is about 2 nm. For the given range of con-
cause of the interactions, the membranes can form periodigentrations, the lamellar phase is stabilized by undulating
stacks, referred to damellar phases and noteld, , or ran-  interactions[33]. This system is very sensitive to tempera-
domly connected continuous structures, calipdngephases  ture: forT=T, . ~35°C, a sponge-lamellar phase mixture
and noted_; [30,31]. In a lamellar phase, the smectic period appears. «
d, i.e., the distance between the bilayers, ranges from a few 1, study the effect of shear flow on this phase, we used

nanometers up to km whereas the thicknegsof the mem- o experimental device sketched in Fig. 1. A rheoméEar
branes is 2—4 nm. These liquid crystalline phase are locally,struments AR1000Nand a Couette cell made of Plexiglas
organized as a monocrystal of smectic phase. If no specifiggap e=1 mm, inner radiusR;=24 mm, and heightH

treatment is applied, lyotropic lamellar phases contain at 30 mm) allows us to perform rheological measurements.
larger length scales< 10 xm) a lot of characteristic defects: g rheometer imposes a constant torfjuen the axis of the
the organization of these defects is called tétureof the  cqette cell which induces a constant stres@ the fluid.

phase. The rotation speed) of the Couette cell is continuously

Since the work of Roux and co-workers, great experimen- . .
tal effort has been devoted to the understanding of the eﬁe(gpcorded, from which the shear rajecan be deduced. A

of a shear flow on lamellar phases8]. A robust experimen- computer-controlled feedback loop on the applied Forﬁue

tal fact has emerged: the shear flow controls the texture ofan also be used to apply a con_stgnt shear rate without any

the phase. For most systems, the experimental behavior usgignificant temporal fluctuationss¢/ y~0.01%).

ally observed is as follows. Let us notes and y the shear stress and the shear rate
(i) At very low shear ratesy<1 s 1), the membranes indicated by the rheometer. The relations betweenyj and

tend to align with the direction of the flow but textural de- (I',Q)) read

fects still persist.

A. Rheology of lyotropic lamellar phases: Theonion texture

(i) Above a critical shear rate of abogt~1 s !, the B R+ R? !
membranes are wrapped into monodisperse multilamellar 7= 477HR§R§ ' (1)
vesicles calletbnionsand organized as a disordered close-
compact texture. The characteristic siReof this shear- _ Rf +R§
induced structuréthe onion sizgis of the order of a few y=——-0Q. 2
microns. Ro—Ri1
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Such definitions ensure thaﬁ'(:y) correspond to the average

values of the local stress(r) and shear ratg(r) in the case
of a Newtonian fluid £ denotes the radial position in the gap
of the Couette cell It is very important not to confuse the
averagedquantities ¢, y), also referred to as thengineer-
ing quantities, with the local quantitie@(r),y(r)). More-
over, it is also crucial to keep in mind that the shear rate
given by the rheometer may differ from theie shear rate in
the sample when wall-slip or inhomogeneous flows are
present. In the following, the natuf@ngineering,ocal or
true) of the variables will be specified whenever confusion is
possible. .
Temperature is controlled withi- 0.1 °C using a water o
circulation around the cell. A polarized laser beére-Ne, }
A=632.8 nm) is directed through the transparent Couette A
cell to investigate the effect of a shear flow on the structure
of the fluid. Since the characteristic sizes of the texture are
about 1um, well-defined diffraction patterns are obtained
and recorded on a charge-coupled device cant&@D,
Cohy. As shown in Fig. 1, the laser beam crosses the sample
twice, so that two diffraction patterns are recorded; the first
one has an elliptical shape due to the optical refractions in- 0.
duced by the Couette geometry.

()

Y

Stress o

B. The layering transition: Stationary state { i é
and rheological chaos

R
I

Figure Za) shows a typical flow curve obtained on our
lamellar phase at imposed stress or imposed shear rate for T
T<T,~27°C. After a transient phadat least 10—30 min

a stationary state is obtained, i.e-,(y) does not vary sig- - FIG. 2. (@) Typical flow curve of the onion texture. The diffrac-
nificantly in time when'y (o, respectively is imposed. At tion pattern corresponds to the structure under shear. The gray area

. . . . - indicates the region of the oscillations of the shear rate at imposed
!OW stress, the dlﬁracuon pattemns are uniform .“”gs indicat stress folT=T ~27 °C. (b) Shear diagrana vs T. Oscillations of
ing the presence of a disordered texture of onions. Wden

h ~15 p . K he rina indi the shear rate at imposed stress appear for temperate€,
reacheso. (~ a), six peaks appear on the ring in Icat-_»7 >, Shown are the schematic representations of the disordered

ing th'at. the onions get a long range hexagonal order on laysnq ordered state3, | .~35°C in the system under study.
ers sliding onto each othésee Fig. 2[26,27]. Those layers «3

lie in the (v,z) plane normally to the shear gradient direction ) ] )
Vu. Wheno is increased further, peaks become more conStructural change: the fluid oscillates between the disordered

trasted. Note that the peaks with wave vectors along the rhélnd the layered states. The origin of such surprising dynam-
ometer axigy, are less intense than the others. This is due tdcS is not yet understood, but it is now quite clear that it does
the zigzag motion of the planes of onions when sliding ontonot correspond to a simple hydrodynamic or elastic instabil-
each other[27]. This shear-induced ordering transition, ity. Even more complex dynamics, such as aperiodic oscilla-
called the layering transition, has been observed in mangions or irregular fluctuations were measured, which were
monodisperse colloidal systems since the pioneering work afecently coined rheocha37,38). In a previous work36], a
Ackerson and PuseB4]. This ordering transition is associ- detailed study of such dynamics was performed: depending
ated with a shear thinning of the fluid, i.e., the ordering ofon the applied stress, several dynamical regimes have been
the colloids causes the decrease of the viscosity. found. Using dynamical system theory, a careful analysis has
More recently, complex dynamical behaviors have beenevealed that the dynamics do not simply correspond to a
observed in the vicinity of the layering transition for tem- low-dimensional chaotic system, probably because some
peraturesT>T_ ~27 °C (see Fig. 2 and under controlled spatial degrees of freedom are involved. Moreover, rheologi-
stress: the shear rate does not reach a stationary value, #l experiments performed with different gap widthsup-
sometimes oscillates indefinitely in tim&5,36. However, port the assumption of a spatial organization of the flow in
when the shear rate is imposed, no oscillations are observéte gap[36]. Our idea was that spatial structures such as
and the responses of the shear stress seem almost stationdgnds which lie in theVuv direction and oscillate in time,
In the stress imposed case, the shear rate oscillations aceuld lead to the observed dynamics. Therefore, it was es-
characterized by a large period of about 10 min. Moreoversential to measure thecal velocity rather than the rotation
the dynamics of the shear rate is correlated to a dynamicalpeed() of the Couette cell.

Temperature T’ Trots
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FIG. 4. (a) Experimental heterodyne correlation functio®)

recorded on a latex suspensiomat 10 s L. The solid line corre-
sponds to an interpolation of the heterodyne function from which
the frequency shifg- v is computed(b) Different velocity profiles

obtained for various applied shear ratess 10 (@), 20 (A), 30
OPMTH Correlator] (W), and 50 s (V). The solid lines are the expected velocity
profiles for a Newtonian fluid.

FIG. 3. Heterodyne DLS setup. BS denotes a beam splitter, SF
spatial filters, andC the device coupling optical fibers and used to tained through the fitting procedure: typical uncertainties are
perform the interference between the scattered light and the refetess than 5%.
ence beam. The rheometer sits on a mechanical table whose displace-
ments are controlled by a computer. Three mechanical actua-
tors allow us to move the rheometer in they, andz direc-

In the following section, we present the experimenta . e ,
setup allowing us to perform velocimetry measurements. Wélons with a precision of Jum. Oncey is set so that the

then focus on experiments performed rbeological station- incident beam is norm_al to the cell su_rface, vel_ocny_ profiles
R are measured by moving the mechanical table inxtdaec-
ary statesat T=30°C and under controlled shear rate.

tion by steps of 3Qum.

As discussed in Ref28], going fromg- v as a function of

Ill. EXPERIMENTAL SETUP: LOCAL VELOCIMETRY the table position to the velocity profite(x) requires a care-
USING DYNAMIC LIGHT SCATTERING  (DLS) ful calibration procedure to take into account the refraction
effects due to the Couette cel.denotes the position of the

In order to evidence the possibility of a spatial organiza-scattering volume inside the gap=0 (x=e€) corresponds
tion of the fluid flow near the layering transition, we have to the rotor (stato). Figure 4b) presents velocity profiles
used the experimental setup sketched in Fig. 3 and describefleasured at various known shear rates during the calibration
in more detail in Ref[28]. It consists of a classical hetero- using a Newtonian suspension of latex spheres in a water-
dyne dynamic light scattering experiment mounted around glycerol mixture. This simple liquid has the same optical
rheometer. Local velocity measurements using heterodynigdex (n=1.35) as the lamellar phase under study. Finally,
DLS rely on the detection of the Doppler frequency shiftwe accumulate the correlation functions over 3-5 s so that a
associated with the motion of the scatterers inside a smafljll velocity profile with a resolution of 3Qum takes about 3
scattering volume’ [39-43. In classical heterodyne setups, min to complete.
light scattered by the sample under study is collected along a
direction #; and is made to interfere with a reference beam.

Light resulting from the interference is sent to a photomulti-  IV. LOCAL RHEOLOGY OF THE ONION TEXTURE
plier tube and the autocorrelation functi@fr) of the inten- NEAR THE LAYERING TRANSITION
sity is computed using an electronic correlator.

When the scattering volum¥® is submitted to a shear
flow, it can be shown that the correlation functiéfr) is an To understand the coupling between spatial degrees of
oscillating function of the time lag modulated by a slowly ~freedom, global rheology, and the structural transition, we
decreasing envelope. The frequency of the oscillations ifirst present measurements obtained at30 °C in the shear
C(7) is exactly the Doppler shift-v, whereq is the scat- rate imposed mode. Well-defined rheological stationary
tering wave vector and is the local velocity averaged over States are obtained with such a metiiede Sec. Il B We
the size of the scattering volume In the experiments pre- record engineerindi.e., globa) rheological data simulta-
sented here, the imposed ang|e= 62.5° has been chosen in neously to the velocity profile measurements. In order to
such a way that the size of is about 50um [28]. Figure  obtain reproducible experiments, careful rheological proto-
4(a) shows a typical correlation function measured on acols must be used as discussed in iR&6]. At the tempera-
sheared latex suspension. The frequency shiftis recov- ture under study T=30°C), we apply a first step ap
ered by interpolating a portion d&(7) and looking for the =5 s ! during 7200 s. This step of applied shear rate allows
zero crossings. Error bars on such measurements are obs to begin the experiment with a well-defined stationary

A. Global rheology and local velocimetry
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FIG. 5. T=30°C. (a) Applied steps of shear rate. No significant
temporal fluctuations are observeét) Corresponding temporal re-
sponses ofr(t). The dotted lines indicate the part of the time series

where the average stres®Y is computed. 10

v (mm s_l)

state of disordered onions. We then apply increasing shear "
rates for 5400 s per step. The increment between two steps is % 05 L % 05 ]

8y=2.5-5 s1. The smaller value oy is chosen when a X (mm) X (mm)

fine resolution is needed in the vicinity of the transition. As

shown in Fig. %b), the temporal responses of the shear stress FIG. 7. Time-averaged velocity profiles obtained simultaneously
are almost stationary: small temporal fluctuationso{o to the flow curve displayed in Fig. 6. The error bars represent the
~1%-3%) can be detected. Note that in the shear rate imtemporal fluctuations of the local velocitgee texk (a) y=5 (O)

posed mode the temporal fluctuations ;pfare completely and_lO §1 (A). The horizontal bar indicates the rotor velocity

negligible (8y/y~0.01%[see Fig. &)]). for y=5 s - and helps to visualize wall slip at the rotgh) y

= 1 o . .
Engineering rheological measurements are displayed i 19 (©) and 20 87 (A). The dashed line is a guide to the eye in

Fig. 6 and the corresponding diffraction patterns at varioudhe highly sheared band and corresponds to a local shearygate

applied shear rates are shown in Fig@-6). For shear rates *23:?1- (©) y=22.5 (O) and 26 s* (A). (d) =37 (O) and
below .7c” 15 5! diffraction patterns are uniform rings in- 53 s * (A). For (b)—(d), the dash-dotted line indicates the weakly

dicating that the structure of the onions is disordeieigs. ~ Sheared band and corresponds to a local shearyater.1 s E

6(a,b]. Above ., six fuzzy peaks appear on the diffraction

ring, indicating the onset of the layering transitigRig. 6(c)]. When the shear rate is further increased, peaks become

more and more contrasted as can be seen in Figsf6 The

. flow curve displays a change of slope around the layering
e0 1 transition but it is rather difficult to locate precisely the vari-

o ous regions of different structures from the rheological data

e o 1 ¢ ] alone and without the information inferred from the diffrac-

4 ] tion patterns. Significant shear thinning is observegd:
0o ~2.6 Pas aty=5 s ! and »~0.3 Pas aty=60 s °.
12 ] Far below or far above the layering transition, well-

& 10 20 &l a0 3 € defined profiles are easily measured. But very surprisingly,
near the layering transition, the local velocity is not station-
ary but displays large temporal fluctuations whieonly
fluctuates within a few percentsee Ref[29] for a complete
study. The characteristic times of these fluctuations range
from 100 to 1000 s and are of the order of the time needed to
obtain a full velocity profile(2—3 min. Such dynamics pre-
vent us to record well-defined profiles. To obtain valuable

FIG. 6. (O) Stationary flow curve obtained a=30°C under data, we chose to measutime-averagedvelocity profiles:
controlled shear rate. The values,(y) are extracted from the several profiles were recorded at a given applied shear rate,
temporal responses displayed in Fig. ®)(True flow curves vs  and later averaged. The typical number of profiles needed to
Ywue- The true shear rates take into account the effect of wall slipobtain good statistical estimates of the flow field ranges be-
and are calculated using E) (see Sec. IVB Corresponding tween 10 and 20. The standard deviations of those estimates
diffraction patterns ay=10 (a), 15 (b), 22.5(c), 26 (d), 30 (e), and yield the amplitudes of the temporal fluctuations. Figure 7
45 s (f). The increase of the ring diameter(@—(e) results from  displays velocity profiles measured simultaneously to the
the decrease of the onion size. The field of the CCD camera hafow curve of Fig. 6. Each profile corresponds to an average
been adapted to the pattern size in the last diffraction pattern onl@ver up to 20 measurements. Error bars represent the stan-
so that the apparent change of size is not physicél)in dard deviations of the local velocities.

Stress (Pa)
Y %
[ ]
[
[¢]
[ ]
>
oo
.
o

—
S

Shear rate (s_l)
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The main features of these profiles are as follows. B. Wall slip, true flow curve, and lubricating layers

() Below the layering tansition, ie., fory<wy, 1. True flow curve
~15 s, velocity profiles are perfectly stationary; signifi- . . ' - .
cant wall slip can be detected: the velocity at the stator does Using the mea_sured velocity p_roflles, Itis easy to define a
not vanish ak=e, and the fluid velocity does not reach the fué shear rate in the bulk onion texture bye= (v,

rotor velocity atx=0. Except very close to the walls where —V2)/& Wherev, (v,, respectively corresponds to the ve-

slippage occurs, the flow is homogeneous since the proﬁleI city of the fluid atx=0 (x=e,_ respectively es_tlmated

are nearly linear. rom_the measured velocny. profiles. Mqrepver, in order to
N 7 ) take into account the stress inhomogeneity in the Couette cell
(ii) At y=y1, a highly sheared band nucleates at the rotorgng thus get a quantitative comparison between this true

The local shear rate in this band is abgyt=23 s * and the  ghear rate and the engineering shear atedicated by the
other band is locally sheared #y~7.1 s * [see Fig. T)].  rheometer, we defingy,. consistently with Eq(2) by
Significant temporal fluctuations are presg2f], and impor-
tant wall slip can still be measured.

(i) When the shear rate is further increased upyto
=y,~37 s, the highly sheared band covers the whole

gap. The valuey,~7.1 s ! of the weakly sheared band re- _ .
mains almost constant over the coexistence domairﬁ igure 6 presents thiue flow curve 0(7./"“‘?) (@) and the
(15-37 s 1. ow curve computed from the values indicated by the rhe-

(iv) For y=1,, the flow becomes homogen in ometercr('y) (O). The true shear rate allows us to remove
Or ¥=7z, the Tow becomes homogeneous again., o «,nyripution due to wall slip. When compared to the en-
Temporal fluctuations of the velocity also disappear but the . .
neering flow curves vs vy, the true flow curve seems to

fluid still slips at the two walls. gl !
P reveal a stress plateau at a value of about 16 Pa. This plateau

Those results show without any ambiguity that the layer- . U —1 )
ing transition can be described by the classical phenomenofXtends fromy,~7 s~ to yg~25 s *. Note that this stress

. .- . plateau is not perfectljlat but presents a small slope. We
ogy of shear banding. Ay=<y,, the flow is homogeneous will show in Sec. V that such a slope is due to the curvature

and corresponds to a disordered state c_)f o_nions, as can B?the Couette geometry as expected from theoretical models
checked from the diffraction patterns. At=y,, velocity  [44,45.
profiles display two bands corresponding to two given local

shear ratey, and yg. At y=7,, peaks also appear on the 2. Lubricating layers

ring. When the shear rate is further increased up4pthe To explain the presence of wall slip in complex fluid
width of the highly sheared band grows as well as the conflows, one usually considers that thin lubricating layers are

trast of the peaks on the diffraction ring. At y,, the flow  Present at the walls of the Couette cell. In emulsions, for

is homogeneous again and the contrast of the peaks on tifgStance, it is well established that wall slip is due to the

fing is maximal. presence of highly sheared thin films composed of the con-
Let us recall that the diffraction patterns correspond totmqous phase onlj46]. Thes_e f!lms play the role diibri-

a measure of the structure of the fluidtegrated along cating layers the bulk material is weakly sheared, whereas

the velocity gradient directioVv (see Fig. 1 Therefore, the fiimsabsorba part of the viscous siress. In our case, we
can reasonably assume that wall slip is due to very thin lay-

the contrast of the Pe?‘ks on the ring proyldes an estimatg, composed of water or of a few membranes lying nor-
of the relative proportion of layered vs disordered onions

) . , mally to the velocity gradient directioNv. The resolution
in the gap. Thus, the above results clearly point to a picture .
. of our setup &50 um) does not allow us to measudd
of the flow where the highly(weakly sheared band )
. . rectly the thicknesses of those layers.

corresponds to the layereddisordereyl onions. The A ; . . .

. . However, in this simple picture, there is no discontinuity
combined measurements of fluid structure, global rheology(,)f

and local velocity profiles presented above bring unambigus the shear stress inside the gap of the Couette cell. Because
P P 9 9Uhe thicknesses of the lubricating layers are very small

ous evidence for banded flows associated with the layerin 100 nm), one can assume that the flow inside the films is
transition in our lamellar phase. Similar results were reporte(? . ’ ; . ;
aminar. Under this assumption, we may access the thick-

by Callaghan and co-workef24] in the case of a wormlike o ) )

g ; ; . . nesses of the lubricating layers. Indeed, let us define the slip
micellar system using nuclear magnetic resonance imaging,, .\ 3t the rotom. —pv.—v. as the difference between
although the classical shear banding scendniocleation y ) Us;~U07 01 )
and growth of a highly sheared banavas not fully the rotor velocityvy and the velocity ; at the rotor, and the
unveiled. slip velocity vs,=Uz at the stator as the velocity, mea-

In the following paragraph, we present a detailed analysisured at the statow.s;/h; then corresponds to the mean shear
of the slip velocities. We also demonstrate that the correctiomate inside the film of thickneds; (i=1 for the rotor and
due to wall slip allows us to use a mechanical model to fit the=2 for the stator. By assuming that the stress is continuous
velocity profiles consistently with the classical picture of inside the gap of the Couette cell, the thicknesses of the
shear banding. layers are then given by

2 2
_ R1+ Rz V1= 0U»
Ytrue Rl(Rl+ Rz) e

()
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FIG. 8. (a8 Sliding velocitiesvg; vs stresso:vg, at the rotor
(M,®) andv, at the stator [J,O). The dotted line indicates
=15.9 Pa and the dash-dotted ling=17.2 Pa(see text (b) vg;
vs local stressr;. The dotted lines are guidelines for the homoge-
neous states.[(,M) correspond to homogeneous velocity profiles
and (O,®) to banded velocity profiles.

FIG. 9. (a) Thicknesse#,; of the sliding layer vs stress:h, at
the rotor @,®) andh, at the stator[d,O). The dotted line indi-
cateso,=15.9 Pa and the dash-dotted ling=17.2 Pa(see texk
(b) h; vs local stressr;. The dotted lines are guidelines for the
homogeneous stated_1(Hl) correspond to homogeneous velocity
profiles and ©,®) to banded velocity profiles.

_ MiUs, @) when plotted against the local stressgsand o,. In other
Yooy words,vs; seem to be a unique function of the local stress in
the homogeneous domains, i.ey;=f(o;). This feature is
whereo;=0(R;) is thelocal shear stress at wall number also observed in concentrated colloidal systems where iner-
and 7y is the viscosity of the lubricating layers. Note that in tial effects are totally suppressed by the osmotic pressure

the Couette geometry the local stress is given diy) needed to concentrate the colloid,47.

=T'/(2wHr?). Using Eq.(1), the local valuesr; at the walls (i) In the coexistence domain, i.e., foh<o<oyg, there
are linked to the engineering stressindicated by the rhe- is a large difference between slip velocities at the rotor and at
ometer by the stator, even wheny; are plotted against the local stress
o . This result confirms the observed structuration: wall slip
2RJ-2 is very different at the two walls because there @ve dif-
i_R§+R§U ©) ferent fluids inside the gafthe layered state of onions lies

near the rotor whereas the disordered onions lie near the
stato). In the coexistence domain, the fact that the slip ve-
locity v is a unique function of the local stress does not
hold anymore. Moreover, our data clearly indicate that wall
slip is larger at the rotor than at the stator in this domain.

wherej=2 (j=1) wheni=1 (i=2). Once again, it is im-
portant not to confuse the engineering vatuvith the local
valuesoq, o5, and more generally(r).

3. Wall slip and shear bandin
P g 4. Thicknesses of the lubricating layers

Figure &a) presents the slip velocities; vs the engineer- . . _
ing stresso, both at the stator [{J,0) and at the rotor Figure 9 presents the thicknestgsf the lubricating lay-
(H,®). The homogeneous profiles are indicated by square rs calculated from Ed4) and assuming that the viscosity of
(D'l) and banded flows by circles,®). Figure 8a) the lubricating films isp; =102 Pas, the viscosity of water.

reveals the three regimes previously observed on both veloél:he th.ick'nessehi are of the ordpr of 100-200 nm. Such a
ity profiles and diffraction patterns. value is in good agreement with other measurements per-

(i) wheno< o,~15.9 Pa, the velocity profiles are nearly formed in concentrated colloidal systef#6,47. Let us re-

linear and the flow is only composed of disordered onions. IrF"’T" that in the case .Of. our lamellar phase, the smectic perio_d
this region, the slip velocities,; slightly increase under in- dis 15 nm, so that it is reasonable to assume that the lubri-

creasing stress cating layers are composed of only water or a few mem-
(i) When cx<o<og~17.2 Pa, the nucleation and branes ¢ 10), perfectly aligned along the walls. In any case,

growth of the highly sheared band corresponding to the Iayme,gv'scosIty of the film is probably of the order of
ered state is associated with a decreasespWwith o. 107" Pas.

(i) When o> 0o, the flow is homogeneous again and
the slip velocities ; slightly increase withr. Note that the
exact values ofr, andog indicating the coexistence domain
will be calculated using Eq$15) and(16) in Sec. V. In the onion texture, flow camompressthe onions by

Figure 8b) presents the same slip velocities but plottedchanging the smectic periodl Such a compression expels
against the local stress; inferred from Eq.(5). It reveals some water from inside the onions and helps to lubricate the
two important results. flow. This effect has been shown in a lot of lyotropic lamellar

(i) When the flow is homogeneous, the slip velocities atphases using neutron and x-ray diffractif26,48. In our
the rotorvg; and at the statar, collapse on the same curve system, as measured with neutron scattering, the smectic pe-

5. A possible explanation for the origin of lubricating layers and
their variations with o
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FIG. 10. hy+h, vs stresso. The dotted line indicatesr,
=15.9 Pa and the dash-dotted lingg=17.2 Pa(see text (H)
corresponds to homogeneous velocity profiles a@J (o banded
velocity profiles.
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riod changes slightly over the range piunder study 26]. If FIG. 11. Local constitutive flow curve of the layering transition.
we assume that the expelled water can afégratefrom the  Two branches corresponding to the two different structures of on-
bulk material to the walls in order to lubricate the flow, the ions are separated by a stress platean*atThe interface between
quantityh, +h; is then proportional to the volume of water pands of different local shear ratgg and yg is stable at a unique

in the lubricating layers. Figure 10 presetitsth, vs o. stresso* . The highly sheared band nucleates at point A and invades
Again, the three regions of the shear banding phenomenothe gap up to point B where the flow becomes homogeneous again.
ogy can be clearly identified from Fig. 10. At low applied

stress, the quantity of water at the walls increases under irfield can separate between bands of different structures,
creasing stress. This confirms the assumption that the viscoys,ose |ocal rheological behaviors are given dy: f;(7).

stress compresses the onions and expels some water. At ifig a150 assumes that the interfaces between the bands are
termediate stress, in the coexistence domain, the volume %fnly stable at a critical stress*. When the shear rate is
water decreases while the width of the highly sheared banﬂnposed in a geometry where stress is homogenéags a

grows in the gap of the Couette cell. cone-and-plate geomelrysuch an assumption leads to a

Such a result may be simply explained if one considers;oss piateawn the flow curve at* [44]. On the plateau,
that some water is needed to lubricate the flow between the

layers of ordered onions. Indeed, as suggested in [R6F, \_/elocity profile§ display.bands of Iocall shear rates and
the layering of onions is probably associated with the expul-ve - The following equation relates the imposgidbal shear
sion of some water from the onions to lubricate the flowrate to the proportion of bandscally sheared ay, andyg:
between the layers. The decreasehgfth, could be the i ) .
signature of amigration of the water from the walls to the y=ayat(l—a)yg, (6)
bulk of the highly sheared band. At higher stress, when the
layered band has invaded the gdm;th, increases again wherea is the volume fraction of bands locally sheared at
with t.he shear stress. This is consistent W|th thel fact that -7A- In stress-controlled experiments, the plateau cannot be
the viscous stress tends to compress the onions in the hom@aap, anymore and one observes a discontinuous jump be-
geneous layered state. Such a picture, suggested by our SWeeny, and v when the stress is slightly increased above
periments and by previous work86], is obviously highly * Inyt/ae fol?;?/vin aragraph, we ac?dre){sss the validity of
hypothetical. Resolved x-ray or neutron scattering techniques * ion th gp ? P 'I' itical " y
performed in the gap of the Couette cell are needed to corfl'® assumption that interfaces lie at a critical stiess
firm such assumptions.

B. Width of the highly sheared band in the Couette geometry

V. A SIMPLE MECHANICAL APPROACH OF THE In the Couette geometry, the stress is not homogeneous
SHEAR-BANDING INSTABILITY inside the gap of the cell and the simple analysis presented
above does not hold anymore. Indeed, the local swé€s},
wherer is the radial position in the flow, is given by
The aim of this section is to determine whether the clas-
sical mechanical picture of the shear banding instability r Ri
holds in our experiments. In such a picture, the flow curve is o(r)= m TO01 5 )
the one sketched in Fig. 11. Two branches, corresponding to mar '
the two different organizations of onions, are separated by a

coexistence domain. The rheological behaviors of the twavhereT is the imposed torque aney=T"/(27HRY) is the
branches are given by=f(y), wherei=1 (i=2) stands stress at the rotor. The shear-banding scenario then leads to a
] L]

for the disorderedlayered state of onions. In the simple Picture with only two bands: one locally shearedhatand
picture of shear banding, one generally assumes that the floane locally sheared aftg . If one considers that the interface

A. Local constitutive flow curve
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FIG. 12. Width§ of the highly sheared band vs, the stress at FIG. 13. (@) True flow curveo vs vy, displayed in Fig. 6. The
the rotor. The dashed line corresponds to E@) with o* dash-dotted line is the best fit of the low sheared brangh (
=16.5 Pa. <6 s 1Y) using a shear-thinning behavior:A'yn with A=11.49
andn=0.17. The dashed line is the best fit of the highly sheared
branch ¢=30s') according to a Bingham behaviar= oy

+ 5y with 09=15.19 Pa and;=0.06 Pas. The continuous line is
computed from Eqs(11)—(14) with ¢* =16.5 Pa.

between bands is only stable at a given stiessone easily
calculates the widtl$ of the highly sheared band:

S=R 219 ®) In order to compute velocity profiles from Eq®) and(10),

! ' we first have to determine the rheological laws linking the
local stressr(r) and the local shear rafys(r).
Such a relation shows that the stress should increase slightly
along the coexistence domain. Indeed, when entering the co- 1. Rheological behaviors of the homogeneous branches
existence region, i.e., whefi=0, one findso;=0*, and ] :
when the highly sheared band has invaded the §ae and Figure 13 presents the true flow curg¢yy,) measured
o1=(R,/R;)20* . This means that, in the Couette geometry,in our experiment af =30°C and under controlled shear
the plateau is not perfectly flat and presents a slopéate. We have fitted the two branches corresponding to the
(R,/R;)?>—1~2e/R; due to the stress inhomogenej#4].  two homogeneous state€) for y<6 s ! (disordered on-
Note that if the concentrations of the two structures differ,ions) by a shear-thinning behaviar= f,(y)=Ay" with A
one also expects a nonflat plateau. In our system, the only 11 49 andn=0.17 and(ii) for y=30 s'! (layered state
stress inhomogeneity seems to account well for the slope of

the plateau. Therefore, concentration effects are not includedy @ Bingham fluido=1f5(y) = oo+ 7y with 00=15.19 Pa
here. and »=0.06 Pas. The resulting fits are presented in Fig. 13.

Our velocimetry measurements easily yield the widtbf Since the flow field is homogeneous on these branches, such

the highly sheared band. Figure 12 displays the measaired t_)ehaviors fitted from the true flow curve, i.e., after contribu-
vs the measured stationary stress at the rotorWe have tions due to wall sl|p.are removed, represent the local rheo-
also added in this figure the theoretical relation of E). logical behaviora vs y.

with ¢* =16.5 Pa, which yields a satisfactory agreement

with the experimental data. This seems to indicate that the 2. Equations for the theoretical flow curve

stability criterion for the interface holds in our experiments and the velocity profiles

. ol .
with ¢”=16.5 Pa. However, our data present re_Iat|ver Let us now assume that the interface between the bands
large error bars on the measuré&dTo proceed further in the lies at a unique stress* and let us consider a given torque

analysis and to confirm the mechanical picture of the sheaf From I’ and Eq.(9), we get the local stress(r). If
banding instability, one should now try to fit all the measuredg'(r)<g* everywhére in the gap of the Couette céll the
velocity profiles from the knowledge of the flow curve. flow is homogeneous and composed of the disorderéd on-
N _ _ ions, whereas itr(r)>c* everywhere, the flow is also ho-
C. Procedure for fitting the velocity profiles mogeneous but composed of the layered state of onions.
Our fitting procedure relies on the following relations: ~ Moreover, the local shear ratgr) is given by Eq.(10), so
that in both cases, the velocity profiles are given by the fol-
lowing integration of the rheological behaviors:

o(r)=

©)

2mHr2’ r ry(u
&ZE_FJA &du, (12)
r R2 Ry u
. B Jd (v 10
y(lr)—r&—r Tl (10 where y(r) is found by solving
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U(r)zm:fi(ﬂf)), (12

andi denotes the considered branch.

When there exists one particular position in the gap where
o(r)=c*, the flow is inhomogeneous and composed of two

different bands. To calculate the resulting velocity profile,
one should separate the previous integration according to

v(r v r o u
£:—2+J Mdu forr>R;+46
r R2 R2 LI
and
v(r) v(Ri+9) f (u)
T_WJF Ress U du for r<R;+6,
(13

where§ is given by Eq.(8), and y(r) by

a(r)=Ff,(y(r)) for r>R;+34,

a(r)="fo(y(r)) (14

The Appendix presents the detailed integration of Efj—
(14) for the specific behaviors= f;(y) and o= f,(7y) ob-
tained previously. Note that Eq911)—(14) require the
knowledge ofvg,=v, for the arbitrary torqud™. Thus, to
computev, at any value ofl’, we first interpolate the data
vg; Vs o displayed in Fig. &).

For each value of, i.e., for each value of indicated by
the rheometefsee Eq.(1)], one can calculate a theoretical
velocity profile v(x) using the fitting procedure detailed

for r<R;+ 4.

PHYSICAL REVIEW E 68, 051503 (2003

0.5 0.5

0.5
X (mm)

0.5
X (mm)

FIG. 14. Time-averaged velocity profiles displayed in Fig. 7.
y=5 (O) and 10 §1 (A). (b) y=15 (O) and 20 51 (A). (0)
y=225() and 26 51 (A). (d) y=37 (O) and 53 §1 (A). The
error bars represent the temporal fluctuations of the local velocity.
The continuous lines are the theoretical velocity profiles calculated
from Egs.(11)—(14).

the rheometer. Indeed, it is easy to determine the rotor ve-
locity from v(x) and from the values af, displayed in Fig.
8(b): vo=v(x=0)+uvg. v is then given by Eq(2). From

the calculated velocity profiles, we extracted those corre-
sponding to the shear rates applied in our experiments. Fig-
ure 14 shows these theoretical fitéx) and the correspond-
ing experimental velocity profiles. Again, the good

above. One can then calculate the corresponding true sheagreement indicates that the stability criterion for the inter-

rate yy,e Using Eq.(3). Such a procedure allows us to com-
pute a theoretical flow curve vs y;.. This theoretical flow

face holds in our experiments. Such an agreement also con-
firms the observed shear banding phenomenology and more

curve is d|sp|ayed in F|g 13 for Comparison W|th the mea_precisely, the faCt that near the |ayel’ing transition, the ﬂOW is
sured rheological data. The coexistence domain is well recomposed of two different bands characterized by two dif-
produced by this theoretical true flow curve, namely, theferent rheological behaviors.

slope of the stress plateau. This good agreement confirms the
assumption that the interface between the bands lies at a

given value of the stresg*. Note that the values*

=16.5 Pa is the only free parameter of the fitting procedure.

The value ofc™* also yields the value of the stress (og)
at the entrancéat the end of the coexistence domain:

RZ+R3
op= > o*~15.9 Pa, (15
R2
RZ+R3
o= s—0*~17.2 Pa. (16)
2R?

The above values af, and o are those displayed in Figs.
8-10 to visualize the coexistence domain.
For each value of and thus for each theoretical velocity

profile, one can also calculate the shear ratedicated by

D. Discussion on the validity of the mechanical approach

In the previous mechanical approach, it is important to
note that to each value of torqlieand thus to each value of
stresso, we can associate a unique velocity profléx),

and thus a unique shear rage This is a direct consequence
of the slope of the stress plateau of the flow curve in the

Couette geometry. The uniquenessydfor a giveno means

that the shear banding phenomenology is also expected when
the stress is controlled in a Couette geometry. However, as
mentioned in Sec. |l Bsee Fig. 2, the responses of the shear
rate under controlled stress for temperatufesT.=27°C

are no longer stationary and present large oscillations in the
vicinity of the layering transition. It is thus obvious that
some ingredients are missing in the mechanical approach
detailed previously to model such dynamics. For tempera-
turesT<T,, the responses of the shear rate under controlled
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shear rate in the Couette geometry, as long as the rheological

o =]
14 Lo ° | responses are stationary.
= °
& Oo
- o o?® VI. CONCLUSIONS
o 12 o l
& o In this paper, we have presented an extensive study of a
@ shear-induced transition in a lyotropic system: the layering
10 T transition of the onion texture. Using velocimetry, structural
0 10 20 measurements and rheological data, we have shown that the

classical picture of shear banding holds for the layering tran-
sition. In this picture, velocity profiles display bands in the
vicinity of the transition and the nucleation and growth of the
highly sheared band is associated with the nucleation and
growth of the SIS, i.e., of the layered state of onions. Using
the classical mechanical approdd®,15, in which the in-
terface between the bands lies at a given value of the stress,
we were able to fit the velocity profiles and the coexistence
domain on the flow curve.

Moreover, our data reveal the presence of strong wall slip.
We have shown that the variations of wall slip with stress are

FIG. 15. Stationary flow curves obtained &t=26 °C under i, good agreement with the shear banding behavior: when
controlled stress@) and under controlled shear ratel]. Corre- e flow is homogeneous, the slip velocity is a universal
sponding diffraction patterns atimposed stréaso =12, (b) 12.5,  nction of o since inertial effects are negligible, and when
(¢) 12.75,(d) 13, (e) 13.5, and(f) 14.25 Pa. Corresponding diffrac- e foy displays bands, wall slip presents a very large dis-
tion pattemns at imposed shear rata) y=6, (B) 10, (C) 15,(D)  symmetry at the rotor and at the stator, probably because the
20, (E) 25, and(F) 30 s~ two different textures have different behaviors at the walls of

the Couette cell.

stress are almost stationary and only display relatively small One of the most puzzling features of our results is the
fluctuations at the layering transition. Our mechanical appresence of large temporal fluctuations of the flow field in
proach may thus be fully validated only & T,.. This led the coexistence domain. Indeed, velocity profiles display lo-
us to repeat our experiments &t=26 °C both under con- calized temporal fluctuations reaching up to 20% at the in-
trolled stress and under controlled shear rate. terface between the two bands. Moreover, the characteristic

Using careful protocols similar to that of Sec. IV A, we times of such fluctuations are very lori00-1000 5 and
measure the two stationary flow curves displayed in Fig. 15¢0 not correspond to external mechanical vibrations of the
as well as the corresponding diffraction patterns. Figure 16-ouette cell. In the next part of the papae], we analyze in
presents the time-averaged velocity profiles measured simutietail these temporal fluctuations.
taneously to the flow curves displayed in Fig. 15. These ex-
periments clearly demonstrate that the phenomenology of
shear banding, previously observedTat 30 °C under con-

trolled v, is also recovered af=26°C both at imposed The authors are deeply grateful to D. Roux, LcBgand
and imposedr. As expected from the mechanical approach,C. Gay for many fruitful discussions and comments on this
there is no difference between controlling the stress or thavork. We also thank Pr. F. Nadus for helping us with the
figures of this paper. The authors would like to thank the
Cellule Instrumentatiorat CRPP for the realization of the
% (b) heterodyne DLS setup.

Shear rate (s_l)
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APPENDIX

In the particular case of the rheological behaviors ob-
tained in Sec. V C 1, i.e., the disordered textare f,(y)
has a shear-thinning behavior=A+" and the layered state
0 05 L o=f,(y) is a Bingham fluido= oo+ 77y, Egs.(11)—(14)

x (mm) read as follows.
(i) If o(r)<o*, the velocity profile is given by

FIG. 16. Time-averaged velocity profiles measured simulta-
neously to the flow curves displayed in Fig. 15Tat 26 °C. The

error bars represent the temporal fluctuations of the local velocity. r n r 1 R, 2in
(@) Imposed shear rateg=6 (O), 10 (A), and 15 5 (0). (b) v(X)=v52R—+r§ — HT) —1}
Imposed stressr=12 (O), 12.5 (), and 13 Pal(). 2 27HRZ A
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(i) If o(r)>o0™*, the flow is also homogeneous and the

locity profile read (%) L UnKRz)zm 1}
velocity profile reads, 0(X)=0er— =] —— =20 g,
2R, 2| 27HRZA r
whereas folR;<r<R;+ 4,
(X) - a {(Rz)z 1+Uol(r> 2
v(X)=vgp=—+r————||—=—| —1|+r—In|=|. R.+6 r
¥Ry 4wHRIql\ T 7 \Re v(X)=r [ ! ) —1|+r—In
47 H (Ri+8)2pll T Ri+o
. : _ ron r v R, |20
(i) If there existsr for which o(r)=o¢*, the flow dis- +vgo=—+r= 5 —1l.
plays two bands, and fdR,+ 6<r <R,, R, 2|27HR3A Ri+46

[1] R.G. Larson,The Structure and Rheology of Complex Fluids [25] J.-B. Salmon, A. Colin, S. Manneville, and F. Molino, Phys.

(Oxford University Press, Oxford, 1989 Rev. Lett.90, 228303(2003.
[2] E. Guyon, J.-P. Hulin, and L. Petitlydrodynamique Physique [26] O. Diat, D. Roux, and F. Nallet, Phys. Rev5, 3296(1995.
(InterEditions/Eitions du CNRS, Paris, 1994 [27] P. Sierro and D. Roux, Phys. Rev. L€iB, 1496(1997).
[3] Soft and Fragile Matter: Non Equilibrium Dynamics Metasta- [28] J.-B. Salmon, S. Manneville, A. Colin, and B. Pouligny, Eur.
bility and Flow, edited by M.E. Cates and M.R. Evafissti- Phys. J.: Appl. Phys22, 143(2003.
tute of Physics, Bristol, 2000 [29] J.-B. Salmon, S. Manneville, and A. Colin, Phys. Rev6&
[4] P. Hebraud, F. Lequeux, J.P. Munch, and D.J. Pine, Phys. Rev. 051504(2003. ) _
Lett. 78, 4657(1997). [30] G. Porte, J. Appell, P. Bassereau, J. Marignan, M. Skouri, 1.
[5] J.-F. Berret, D.C. Roux, and G. Porte, J. Phys41261 Billard, and M. Delsanti, Physica A76, 168(1993.
(1994 [31] D. Roux, C. Coulon, and M.E. Cates, J. Phys. Che&4174
- ) (1992.
6] ;/5?(:2;;2 - Lequeux, A. Pousse, and D. Roux, Langrir [32] P. Herve D. Roux, A.-M. Bellocg, F. Nallet, and T. Gulik-

Krzywicki, J. Phys. 113, 1255(1993.
[33] W. Helfrich, Z. Naturforsch. A33a, 305 (1978.
[34] B.J. Ackerson and P.N. Pusey, Phys. Rev. Létt, 1033

[7] O. Diat, D. Roux, and F. Nallet, J. Phys.3) 1427(1993.
[8] D. Roux, F. Nallet, and O. Diat, Europhys. Le24, 53 (1993.

[9] Y.T. Hu, P. Boltenhagen, and D.J. Pine, J. Rheti, 1185 (1988.
(1998. [35] A.-S. Wunenburger, A. Colin, J. Leng, A. Arogo, and D.
[10] E. Eiser, F. Molino, G. Porte, and O. Diat, Phys. Rev6E Roux, Phys. Rev. Let86, 1374 (2001).
6759(2000. [36] J.-B. Salmon, A. Colin, and D. Roux, Phys. Rev6& 031505
[11] L. Ramos, F. Molino, and G. Porte, Langm#, 5846(2000. (2002.
[12] N.A. Spenley, M.E. Cates, and T.C.B. McLeish, Phys. Rev.[37] M. Grosso, R. Keunings, S. Crescitelli, and P.L. Maffettone,
Lett. 71, 939(1993. Phys. Rev. Lett86, 3184(2001.
[13] A. Kabla and G. Debrgeas, Phys. Rev. Let90, 258303 [38] M.E. Cates, D.A. Head, and A. Ajdari, Phys. Rev. 6,
(2003. 025202(2002.
[14] P.D. Olmsted and P.M. Goldbart, Phys. Rev.48 4966 [39] B.J. Berne and R. Pecor®ynamic Light ScatterindWiley,
(1992. New York, 1995.
[15] C.-Y.D. Lu, P.D. Olmsted, and R.C. Ball, Phys. Rev. L&, [40] B.J. Ackerson and N.A. Clark, J. Phy&2, 929(1981).
642 (2000. [41] G.G. Fuller, J.M. Rallison, R.L. Schmidt, and L.G. Leal, J.
[16] J.L. Goveas and P.D. Olmsted, Eur. Phys. &, £9 (200)). Fluid Mech.100 555 (1980.
[17] X.-F. Yuan, Europhys. Leti46, 542(1999. [42] K.J. M?jaﬁy, W. Goldburg, and H.K. Pak, Phys. Rev44, 3288
[18] A. Ajdari, Phys. Rev. B58, 6294(1998. (1992.
[19] G. Picard, A. Ajdari, L. Bocquet, and F. Lequeux, Phys. Rev. E[43] J.P. Gollub and M.H. Freilich, Phys. Rev. Le®3, 1465
66, 051501(2002. (1974.
[20] E. Cappelaere, J.-F. Berret, J.-P. Decruppe, R. Cressely, and [24] O. Radulescu and P.D. Olmsted, J. Non-Newtonian Fluid
Lindner, Phys. Rev. (56, 1869(1997). Mech. 91, 143 (2000.
[21] S. Lerouge, J.-P. Decruppe, and C. Humbert, Phys. Rev. Letf45] S.M. Fielding and P.D. Olmsted, Eur. Phys. J1E 65 (2003.
81, 5457(1998. [46] H.A. Barnes, J. Non-Newtonian Fluid Mech6, 221 (1995.
[22] R.W. Mair and P.T. Callaghan, Europhys. L&6, 719(1996. [47] J.-B. Salmon, L. Beu, S. Manneville, and A. Colin, Eur. Phys.
[23] M.M. Britton and P.T. Callaghan, Eur. Phys. J. B 237 J. E10, 209 (2003.
(1999. [48] S.E. Welch, M.R. Stetzer, G. Hu, E.B. Sirota, and S.H.J. Id-
[24] E. Fischer and P.T. Callaghan, Phys. Re64:011501(2002). ziak, Phys. Rev. B65, 061511(2002.

051503-12



