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High shear rheology of shear banding ﬂuids in microchannels
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We characterize heterogeneous ﬂows of a wormlike micelles solution in microchannels. Combining
a pressure resistant microfabrication technology and a performant particle image velocimetry setup,
we succeed in determining the nonlinear rheology of this ﬂuid over 4 decades in shear rate and in
particular more than 1 decade beyond the end of the stress plateau. We performed an independent
measurement of the slip length with 1 m resolution. © 2008 American Institute of Physics.
关DOI: 10.1063/1.3026740兴
Semidilute solutions of wormlike micelles, which are
used for enhanced oil recovery, cosmetics, and other detergent formulations, exhibit heterogeneous shear-banded
ﬂow,1–3 spatiotemporal complex dynamics,4,5 and slippage at
the wall.6 Determining the rheology of such ﬂuids in a broad
range of shear rates is, however, important from the practical
point of view and still challenging. The reason is the presence of various instabilities triggered by the onset of shear
banding or induced by the presence of curvature in classical
rheometers.7 Recent improvement in velocimetry techniques
inside of rheometers8–10 and investigations in rectilinear
geometries6,11 did not reach shear rates well beyond the end
of the stress plateau. To achieve this goal, we extend the
method described in Ref. 11 by using a performant microparticle image velocimetry setup combined with a pressure
resistant microfabrication technology. Applying this to a
cetyltrimethylammonium bromide 共CTAB兲 solution, we are
able to explore the second branch of the nonlinear rheology
over more than 1 decade in terms of shear rates and under
controlled ﬂow conditions. The same experiment also provides information on the slippage at the wall. The technique
we present here may also apply to complex ﬂuids other than
wormlike micelles, characterizing over a large dynamical
range the nonlinear rheology.
The microsystem is a cross-rectangular channel of large
aspect ratio 共67 m of height, 1 mm of width, and 4.5 cm of
length兲 molded in a photocurable glue 共NOA-81 Norland
Products兲 on a glass slide, according to a microfabrication
method described elsewhere.12 As a result, the bottom surface is made of glass and the top and lateral walls are made
of glue. This device can handle up to 6 bars of differential
pressure without signiﬁcant deformation 共thickness variations of less than 1 m兲. The inlet and the outlet are holes
performed perpendicular to the extremities of the channel
connected to pressurized reservoirs of centimeter scale. The
channel can be moved in the x-y plane with an automated
table 共Marzhäuser兲 with a 1 m resolution. The observation
of the ﬂow inside of the microchannel is realized through an
inverted ﬂuorescence microscope with a 100⫻ oil immersion
objective of large numerical aperture 共NA= 1.3兲, giving a
focal depth of around 1 m, mounted on a piezo to control
its position in the height z with a 10 nm resolution. Illumia兲
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nation is made with a 300 mW laser of 532 nm wavelength,
the beam going through an acousto-optic device used as a
microsecond shutting system, and a 10⫻ beam expander before entering into the optical microscope 共Fig. 1兲. The data
are acquired via a charged-coupled device camera 共Allied兲,
recorded with a direct-to-disk computer system 共R&D Vision兲. In these conditions, the minimum time between two
correlated images is 33 s and the maximum measurable
velocity in the microchannel is 0.1 m s−1. At a given height
z, 2000 images are captured 共during several seconds兲, resulting in 1000 velocity measurements computed by intensity
cross correlation between two images of 36⫻ 36 m2. The
velocities and their error bars correspond, respectively, to the
mean and the standard deviation of these measurements.
The ﬂuid under study is a 0.3M CTAB solution in a
0.405M sodium nitrate 共NaNO3兲 brine. This solution is
seeded with 500 nm ﬂuorescent tracers 共Duke兲 with a volume fraction below 10−4 to not perturb the ﬂow behavior.
We perform velocity measurements across the height of
the channel at different driving pressures 共Fig. 2兲, ranging
from 0.2 to 3.8 bars. The measurements shown in Fig. 2 are
carried out in the middle of the width at 1 cm from the inlet
of the channel. We observe a parabolic proﬁle characteristic
of Newtonian ﬂow below 1.5 bars and shear bands become

FIG. 1. 共Color online兲 Sketch of the experimental setup.
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FIG. 2. Velocity proﬁles for a CTAB 0.3M in NaNO3 0.405M solution at a
temperature of 26 ° C measured in the middle of the width of the channel at
1 cm from the inlet in the ﬂow direction. Increasing maximum velocities
correspond to increasing pressures drops: 共a兲 0.4/1/1.4 bars, 共b兲 1.8/2/2.2/2.4
bars, 共c兲 2.5/2.7/2.9/3.1 bars, and 共d兲 3.2/3.4/3.8 bars.

visible close to the walls above this critical pressure. The
stress at the wall at this pressure corresponds to the stress
plateau value. The error bars are small and consistent with
the absence of ﬂow instability. We verify the invariances
along x and y expected from the high aspect ratios and the
absence of entry effects by performing series of velocity
measurements at 1, 2, 3, and 3.8 bars in the middle of the
width of the channel at different positions along the ﬂow
direction 共1, 2, and 3 cm from the inlet兲, and in the ﬁrst
hundred microns around the channel symmetry axis in the
direction of the side walls. The proﬁles obtained at these
various locations collapse. Note however that approaching
the channel end, the noise increases, perhaps a sign of spatiotemporal ﬂuctuations that we wish to explore elsewhere.
In any case the levels remain low and do not seem to affect
the mean velocity proﬁle.
In order to obtain the nonlinear rheology, we use, additionally to velocity measurements, the pressure differences
⌬p between the inlet and the outlet of the channel, neglecting
the contribution of these two regions.11,13 We extend the
argument of Ref. 11 to a calculation in three dimensions,
showing the result to be independent of the presence of lateral walls. At small Reynolds numbers, Stokes equation
gives
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FIG. 3. Stress vs shear rate relation obtained from the velocity proﬁles of
Fig. 2 with corresponding symbols and from velocity proﬁles at intermediary driving pressures 共not represented on Fig. 2 for clarity兲. The insert represents the value of the stress at the interface between the shear bands
extracted from the proﬁles of Figs. 2共b兲 and 2共c兲, the line representing the
mean of these values.

⌬p
= yxy + zxz .
L

共2兲

At this point, regardless of the aspect ratio of the channel and
for symmetry reasons, the integration of Eq. 共2兲 in the
middle of the width results in

xz =

⌬p
共z − z0兲
L

共3兲

with z0 as the height at which the shear rate equal zero. In
our case, the velocity proﬁles change very slowly along the
width y in a large zone around the middle of the channel,
therefore yxy Ⰶ zxz and Eq. 共3兲 remains true in this zone
by integration of Eq. 共2兲. At a given driving pressure, we
obtain a local shear rate by derivation of the velocity proﬁle
and ﬁnally map 共z兲 versus ␥˙ 共z兲 for each z. Applying this
method to the velocity proﬁles of Fig. 2, we succeed in collapsing the curves obtained for each driving pressure on a
master curve that represents the nonlinear rheology of the
CTAB solution 共Fig. 3兲 for shear rates ranging from 0.1 to
several 1000 s−1 under controlled conditions; let us underline that the rheology is obtained independently from the
slippage at the wall, this estimate being purely local to each
z value. The collapse of the different curves indicates that a
local rheology accounts for describing the ﬂow of this solution in our experiment. The master curve obtained has two
branches separated by a stress plateau as expected for such
shear-banding solution. The second branch is obtained over
more than a decade of shear rates and indicates a strongly
shear-thinning behavior.
ⵜp = div共兲.
共1兲
We then characterize the wall slip by extrapolating the
velocity proﬁles obtained over a few microns above the glass
The experimentally observed invariance along the ﬂow diwall to the z value giving a zero velocity. The wall position is
rection x of the velocity proﬁle implies ∀i , j, xij = 0. Apobtained separately by measuring the position of a tracer
plied to Stokes we get ⵜ共x p兲 = 0, in other words x p is uniadsorbed on the glass surface with a submicrometric
form through the whole channel of length L and equals ⌬p / L
resolution.14 We plot the measured slip length versus the wall
by integration. The projection of the Stokes equation on the x
shear rates obtained for driving pressures ranging from 1.8 to
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FIG. 4. Slip length vs shear rate at the wall in the shear-banding regime, for
driving pressures ranging from 1.8 to 3.2 bars.

gime. These measurements indicate no signiﬁcant slippage
above our error and no evolution with the shear rate at the
wall. The mean of all these data is 0.5⫾ 0.9 m of slip
length.
We have been able to characterize the nonlinear rheology of a semidilute solution of wormlike micelles, measuring
the stress over more than one order of magnitude of deformation rates for the branch above the stress plateau, estimating at the same time the slip length to be below the micron
scale. More generally, this work shows how we can get under
controlled conditions the nonlinear rheology for viscous ﬂuids prone to unstable behavior in classical rheometers using
共as in any microﬂuidic system兲 extremely small amounts of
ﬂuids.
To conclude, we make the following comments on some
physical implications of these measurements. The shape of
the second branch of the rheology on Fig. 3 shows that a
simple power law is not sufﬁcient to describe the behavior of
the high shear phase of the CTAB solution. There is a need
for theoretical models that could account for this yet uninterpreted behavior.15 Interestingly, if we omit the curvature of
the rheological curve and use a power law ﬁt restricted to the
proximity of the plateau region 共from 100 to 300 s−1兲, one
obtains an exponent of 0.26 for a scaling law of stress versus
shear rate, which is compatible with recent Couette rheometer measurements on the same ﬂuid.16
At different pressures in the shear-banding regime, we
measure directly on the velocity proﬁles the position of the

interface between the two bands and deduce from relation 共3兲
the corresponding stress 共insert in Fig. 3兲. In a range of deformation rates up to 300 s−1, this stress is located at a constant level consistently with the value of the stress plateau of
the collapsed rheological curves. This provides no sign for
the importance of nonlocal terms that could play a role in the
rheology of our ﬂuid. Nonlocal effects have been seen in
experiments on the same ﬂuids6 in different microchannels.
The compatibility of these observations needs further analysis.
A more detailed study of the velocity proﬁles along the
width shows that secondary patterns with a wavevector in the
y axis direction develop downstream, consistent with theoretical predictions17 and observations made in a Couette
geometry.4 In our case, these instabilities have a very small
amplitude and do not seem to affect the time averaged quantities we measure, from which rheology is inferred. We are
now exploring the complex spatiotemporal behavior exhibited by such ﬂuids in our particular rectilinear geometry.
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