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We study the fragmentation under shear flow of smectic monodisperse droplets at high volume fraction.
Using small angle light scattering and optical microscopy, we reveal the existence of a break-up mechanism for
which the droplets burst into daughter droplets of the same size. Surprisingly, this fragmentation process,
which is strain controlledand occurs homogeneously in the cell, does not require any transient elongation of
the droplets. Systematic experiments as a function of the initial droplet size and the applied shear rate show that
the rupture is triggered by an instability of the inner droplet structure.
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INTRODUCTION

Dispersing two immiscible fluids requires mechanical
mixing to rupture large droplets into smaller ones. The
mechanism of fragmentation is therefore central to many in-
dustrial processes such as, for instance, painting, coating,
and emulsions, since the mean droplet size controls the prop-
erties of the final material[1]. For simplicity’s sake, since the
pioneering work of Taylor[2], most studies have focused on
the deformation and break up of isolated droplets at low
Reynolds numbers. Under shear flow, the isolated droplet
adopts an ellipsoidal shape at low flow strength. Rupture
occurs when the capillary number, defined as the ratio of
viscous to capillary forces, exceeds a critical value which
depends on bothp, the viscosity ratio between dispersed and
continuous phases, and the nature of the flow[3–6]. At burst,
the droplet draw ratioD, defined as the length required for
break up over the original droplet size, is a function ofp. For
pø10−2, the droplet stretches continuously into long threads
sD→`d and breaks up in quiescent or sheared flow due to
the growth of capillary-wave instabilities[7], or other pro-
cesses such as tip streaming[2–4,8] or end pinching[9,10].
For 10−2øpø2, the droplet elongation is less pronounced
but still importantsD<3–4d and break up occurs by frac-
ture, whereas forpù4, the droplet deformation remains
modest and no break up is observed under shear flow.

However, in industrial processes, mechanical mixing usu-
ally involves high droplet volume fractions where both drop-
let break up and coalescence may occur[11]. In addition, for
a wide class of materials such as, for instance, polymer dis-
persed liquid crystals, liquid crystal emulsions, multiple
emulsions, or multilamellar liposomes, the droplets present
some internal hydrodynamic modes which may alter their
response to deformation and burst. Yet, despite their impor-
tance, these two aspects still remain largely undocumented in
the literature.

In the present work, we investigate the fragmentation of
smectic droplets under shear flow and report on a rupture

process thatdoes not require any droplet stretching. This
phenomenon occurs homogeneously in the cell: each initial
droplet bursts out identically into daughter droplets of same
size. We show that the origin of this mechanism likely rises
from an instability of inner lamellar structure of the droplets.

We study a pseudobinary mixture made of 20 wt % so-
dium bis(2-ethylhexyl) sulfo-succinate(AOT) and 80 wt %
brine with a sodium chloride content ofS=1.6 wt %. At T
=25 °C, the solution phase-separates into a lamellarsLad and
a spongesL3d phase with 90% and 10% as the respective
volume fractions[12]. Although both coexisting phases are
made of the same AOT bilayers, their long-range structure
differs. In the birefringentLa phase, the bilayers periodically
stack along one direction with a smectic order, whereas in
the isotropicL3 phase, they randomly connect and divide
space in two equivalent subvolumes of solvent[13]. Under
flow, this two-phase mixture is well known to form mono-
disperse multilamellar droplets immersed in theL3 matrix. At
low shear rates, one finds the so-called “closed compact Tay-
lor droplets” whose size varies as the inverse of shear rate,
ġ−1, and results from a mechanical balance between viscous
stress and Laplace pressure[14]. Above a critical shear rate
sġc<25 s−1d, these droplets organize into a sixfold colloidal
crystal(see Fig. 1). Since the steady state droplets are mono-
disperse, this system therefore offers a unique way to inves-
tigate how in a close compact assembly made of smectic
droplets the fragmentation process depends on their initial
size and on the applied shear rate. Moreover, because of the
near optical index matching between both phases, the tem-
poral variation of the mean droplet size under flow can di-
rectly be accessed by small angle static light scattering
(SALS).

EXPERIMENTS

Shear experiments are performed with a house-made Cou-
ette cell, consisting of two concentric glass cylinders with
gape=1 mm. The inner cylinderRin remains fixed while the
outer one(radiusRout=16 mm) rotates. The angular velocity
of the rotor is controlled by a computer. A circularly polar-
ized laser beam(He-Ne, l=632.8 nm in vacuum) passes
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through the cell in only one of the gaps along=v, the shear
gradient direction. The unpolarized light scattered in the
velocity-vorticity planesv ,zd is observed on a screen and
digitalized by means of charge-coupled device camera for
frame acquisition.

RESULTS

In order to study the fragmentation of droplets, we first
prepare an initial steady state at constant shear rateġi and
then abruptly increase the shear rate to a new valueġ f. De-
pending on the value ofDġ= ġ f − ġi, the shear step change,
two distinct kinetic processes can be distinguished(Fig. 2).

When Dġ is small, the radius of the scattering ring in-
creases continuously to its final value(Fig. 3) indicating that
the mean droplet size decreases. Microscopic observations
between crossed polarizers reveal that(1) this process occurs
homogeneously in the cell and(2) the size distribution re-
mains very narrow throughout this kinetic process. These
two observations prove that the number of layers for each
initial droplet must decrease continuously. This may occur
either by peeling if permeation is too slow or, as suggested

by Prostet al., by release of matter(first solvent and then
surfactant) from the center to the outside of droplets when
permeation is faster[16,17]. To clarify this point, a system-
atic investigation of this process as a function of experimen-
tal parameters is currently under way and will be published
in a forthcoming paper. For now, in the present text, we will
refer to this process ascontinuous.

When Dġ is larger, the evolution of the SALS pattern
drastically differs(Fig. 4). First, the intensity of the initial
scattering ring decreases and then, after a well defined delay
time tr, a scattering ring suddenly emerges at a larger wave
vector q=qr. Then the position of this ring moves continu-
ously toward larger wave vectors until it reaches its steady
state valueq=qf. For tø tr, in the whole shear cell, the tex-
ture exhibits a well defined modulation of the refractive in-
dex. This modulation, which is identical to that observed at
t=0 s for the initial assembly made of monodisperse multi-
lamellar droplets, indicates that the structure factor of the
droplets does not change during this first step. Therefore, the
turbidity enhancement of the solution and the intensity de-

FIG. 1. Variation of steady droplet size with shear rate: glassy
state (P) and colloidal crystal(s). Insets: shown are the SALS
patterns in thesv ,zd plane corresponding to the two distinct steady
regimes, and a schematic representation of the applied shear step.

FIG. 2. Dynamical diagram representing the nature of the ki-
netic process as a function ofġi and ġ f: continuous(P); fragmen-
tation (s). The striped area stands forġi ùġ f.

FIG. 3. Temporal evolution of the texture observed between
crossed polarizers and of the corresponding SALS pattern in the
sv ,zd plane (insets), for a continuous process:(a) t=0 s, (b) t
=270 s, and(c) t=18 000 s. The origin of time corresponds to the
change in the applied shear rate. The values ofġi and ġ f are, re-
spectively, ġi =8 s−1 and ġ f =15 s−1. The length of the black bar
indicates 50mm.
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crease of the SALS ring occurring fortø tr likely result from
a modification of the optical contrast between the smectic
droplets and the continuous medium(L3 phase). This prob-
ably occurs through release of water by the droplets[18,19].
At t< tr, the texture still presents a homogeneous modulation
of the optical index in the whole cell. However, the charac-
teristic wavelength of this modulation is much smaller, indi-
cating that all initial droplets have fragmented into daughter
droplets of quasi-identical size.

At this stage, one can definitely assert that this rupture
process is very different from what is reported in the litera-
ture [3–10] sinceit does not involve any transient stretching
of the initial droplets. An excellent proof of this is given in
our time resolved SALS experiments by the absence of any
large anisotropy of the scattering pattern. Thus, contrary to
what is observed in emulsions, we do not witness a vertical
streak [21,22] characteristic of the formation of transient
long threads aligned along the flow direction. Note that a
close look at our SALS patterns, however, reveals a small
anisotropy of about 10%. Nevertheless, if the same experi-
ment is performed with a plate to plate cell no such effect is
noticeable. The corresponding SALS pattern is an isotropic
ring. This experimental fact clearly proves that the aniso-
tropy observed in Fig. 3 and Fig. 4 results from optical dis-
tortion due to our cylindrical Couette geometry and not from
a flow effect. After the fragmentation has occurred(i.e., for
tù tr), the mean droplet size decreases continuously toward
its final value. Through this secondary process, the texture
remains homogeneous in the cell and the droplet size distri-
bution remains very narrow. These observations suggest that
once the initial droplets have ruptured, the daughter droplets
do not fragment any longer and relax to their final size ac-
cording to the samecontinuous process, (i.e., peeling or slow
matter release from the center to the outside droplets) that we
previously quoted.

In order to gain more insights into the exact nature of the
fragmentation process, we perform a systematic study of the

fragmentation timetr and sizeRr as a function of the initial
droplet sizeRi (Fig. 5) and of the final shear rateġ f (Fig. 6).

The rupture timetr varies asġ f
−1, indicating that the frag-

mentation of droplets is astrain controlledprocess(Fig. 7).
Surprisingly, the value of the critical rupture strain necessary
for the initial droplets to rupture(i.e.,gr = ġ ftr <4200) is very
large and independent ofRi (see Fig. 5). In other words, the
droplet fragmentation occurs when the number of rotations
of the rotor reaches the critical numberNr <42, whatever the
initial size is.

Now, let us focus on the value of the droplet size obtained
after the fragmentation. It can roughly be estimated using
SALS through the relationRr =2p /qr [20]. Our results show
that it does not depend onRi (see Fig. 5) and varies withġ f
according toRr ~ġ f

−1/3 (see Fig. 7).
This value is identical to the size of the initial droplets

obtained when one shears the premixedLa-L3 two-phase
mixture atġ f (Fig. 8 and Fig. 9). In such an experiment, at
t=0 s, the premixed mixture is introduced into the Couette
cell and then sheared atġ f. As previously published[15],
after a well defined delay timet= tem, we observe in SALS

FIG. 4. Temporal evolution of the texture observed between
crossed polarizers and of the corresponding SALS pattern in the
sv ,zd plane (insets), for a fragmentation process:(a) t=0 s, (b) t
=60 s, (c) t=110 s, and(d) t=17 000 s. The origin of time corre-
sponds to the change in the applied shear rate. The values ofġi and
ġ f are, respectively,ġi =8 s−1 and ġ f =50 s−1. The length of the
black bar indicates 50mm.

FIG. 5. Variation of the droplet sizeR with time for different
values of the initial shear rates:ġi =4 s−1 sPd, ġi =5 s−1 ssd, ġi

=6 s−1 smd, and ġi =7 s−1 snd. The values of the final shear rate
and size are, respectively,ġi =20 s−1 and Rf <1.6 mm. One finds
Rr =2.35±0.10mm andtr =175±5 s.

FIG. 6. Variation of the droplet sizeR with time for different
values of the final shear rates:ġ f =15 s−1 sPd, ġ f =28 s−1 ssd, ġ f

=39 s−1 smd, and ġ f =50 s−1 snd. The values of the initial shear
rate and size are, respectively,ġi =8 s−1 andRi <4.8 mmm.
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the sudden emergence atqem of a scattering ring which al-
lows us to estimate the sizeRem of the small monodisperse
droplets that are formed. Moreover, both timestem andtr are
comparable(see Fig. 7 and Fig. 9).

DISCUSSION

After reaching the critical strain, the initial droplets be-
come unstable and burst into daughter droplets of almost the
same size. Within this picture, it is therefore reasonable to

think that the size after fragmentation corresponds to the
most unstable wavelengthL of an instability occurring
within each initial droplet. Let us try to discuss a possible
physical mechanism for this instability monitoring the frag-
mentation process. As revealed by the turbidity enhancement
observed fortø tr, water is likely released from the droplets
due to the pressure increase resulting from the shear step.
Such a phenomenon has already been observed in a few
lamellar phases[18] and has also been recently invoked to
explain droplet size oscillations occurring in someLa-L3
two-phase mixtures[19]. As a result of this water release, the
droplet volume changes, whereas the number of surfactant
molecules remains unchanged. Therefore, the droplets,
which are now under stress, have to find a way to accommo-
date this new membrane excess area. This can be done by
either(1) increasing the number of layers, or(2) keeping the
number of layers constant but(i) releasing surfactant mol-
ecules in the continuous phase or(ii ) buckling the mem-
branes. Our experiment suggests that, when the release of
water is high enough, a buckling instability will likely de-
velop within each droplet leading further to its fragmentation
(see Fig. 10).

We believe a similar mechanism occurs upon sonication,
since large amplitude undulations in the bilayers of sonicated
liposomes have been witnessed by Zasadzinski[23].

Now our observations show that the variation ofL with
ġ f is similar to that observed for the most unstable wave
vector qem monitoring the emergence of multilamellar
vesicles upon shearing oriented lamellar phases[24]. We do

FIG. 7. Variation of the fragmentation timetr and droplet sizeRr

as functions ofġ f. The best power law fits givetr =s4186±95d / ġ f

andRr =s7.6±0.1dġ f
−1/3.

FIG. 8. Temporal evolution of the texture observed between
crossed polarizers and of the corresponding SALS pattern in the
sv ,zd plane(insets), obtained upon shearing theLa /L3 mixture: (a)
t=90 s and(b) t= tem=270 s. The origin of time is taken once the
shear rateġ f =12 s−1 is applied. The length of the black bar indi-
cates 50mm.

FIG. 9. Variation of the emergence timetemand droplet sizeRem

as functions of the shear rateġ f and a schematic representation of
the applied shear step. The best power law fits givetem

=s3912±181d / ġ f andRem=s8.6±0.1dġ f
−1/3.

FIG. 10. Schematic representation of a possible scenario yield-
ing the fragmentation process.
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not have an explanation for this similarity and for the fact
that both phenomena are strain controlled. However, one can
note that they both seem triggered by the need to accommo-
date an excess surface area, although its origin differs. For
oriented lamellar phases, the excess surface area originates
from the suppression by the shear flow of the thermal undu-
lations of the membranes as suggested by[25,26], whereas
here it results from the water release(i.e., compression) of
the droplets.

Finally, let us analyze the dynamical diagram(see Fig. 2)
which represents the nature of the rupturing process(frag-
mentation or continuous) as a function ofġi and ġ f, now in
terms ofRi andL (Fig. 11).

As shown in this figure, the nature of the kinetics process
is controlled by the ratioV=Ri /Rr =Ri /L. When VøVr,
whereVr =2, the size of the initial droplets decreases con-

tinuously, whereas forVùVr, the droplets suddenly burst
out. A criterion for droplet break up(i.e., a discontinuous
process) to occur is therefore that the initial droplet size be at
least twice larger thanL (i.e., V=Vr =2), the most unstable
wavelength of the fragmentation instability. In other words,
multilamellar droplets can never fragment into fewer than
eight daughter droplets.

As a final comment, let us point out that our burst mecha-
nism via lamellar buckling implies a compression induced
release of water from the droplets. For isolated droplets, such
a pressure change in shear flow is intrinsically anisotropic
and should result in elongation along the 45° direction to the
flow, and compression along the 135° direction. Conse-
quently, in our experiments where the droplets are closed
compact, the absence of such elongation suggests that me-
chanical interaction between droplets plays an essential role
in the burst phenomenon. To conclude, we believe that this
present work sheds light on the importance of both the vol-
ume fraction and the internal structure of droplets in under-
standing their fragmentation under flow and therefore also
predicting and controlling their final properties.
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