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Effects of Hydrodynamics on Growth: Spinodal Decomposition under Uniform Shear Flow
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To investigate the interaction of hydrodynamics and domain growth in phase-separating fluids, the
spinodal decomposition of a binary mixture subjected to a uniform and steady shear flow has been stud-
ied by light-scattering techniques. We find that the eflects of hydrodynamics become important when
the distortion produced by shear is faster than the growth of the domains. When this happens, the
growth becomes anisotropic and new and unexpected features are detected. Finally, a steady state pre-
dicted by theory is observed and compared to the theory.

PACS numbers: 64.60.Qb, 05.70.3k, 47.20.Hw

In real fluid systems (e.g. , liquid metals, fluids, binary
mixtures, polymer blends, microemulsions, etc. ), flows
due to gravity' accelerate and modify the phase-
separation process. This rapid growth could be an indi-
cation of a new growth mechanism in the presence of
flows. We know very little about this mechanism but ob-
viously it should depend on the form of the flows and
presumably on the morphology of the phase-separating
domains. In nucleation, where the phase-separating
domains are isolated droplets, flows might affect the
growth through the shape and the coalescence of the
droplets, and the concentration gradient around the
droplet which is the source of the growth. For spinodal
decomposition the picture is far less clear. The phase-
separating pattern is highly interconnected and essential-
ly grows by capillary flows. Here the influence of exter-
nal flows remains mostly unknown. Because of this com-
plication, new growth phenomena might be observed.

However, since the gravity-induced flow varies rapidly
spatially and temporally, it is difficult to understand the
relationship between the growth and the hydrodynamics
in such systems. In order to study this growth mecha-
nism, we have performed an experiment in which the
spinodal decomposition (SD) of a binary mixture sub-

jected to a uniform and steady shear flow, with shear
rate C, is investigated; this choice is the simplest non-
trivial flow. Moreover, binary mixtures are well-studied
systems; near their critical point, the properties of the
mixtures (e.g. , the surface tension) are scaled and tem-
perature variation allows these properties to be changed
continuously. Different basic mechanisms of growth can
also be obtained by varying the concentration: SD for
critical concentration and nucleation for oA'-critical ones.

We stress that we are interested in the eA'ect of hydro-
dynamic flow at the scale of the growing domains but not
at the scale of the interfacial thickness (i.e., at the scale
of the critical fluctuations). In the experiment described
below, interfaces should remain well defined and
modifications of critical behavior of the mixture by
shear are negligible. In this situation there are some

theoretical predictions by Onuki concerning only the
steady state. We will refer to them below. A few related
experiments have already been reported but their re-
sults are difficult to interpret. No experiment has been
reported with a constant uniform shear flow and this
Letter is devoted to the first study under such conditions.
Our main findings are that growth is accelerated by the
shear flow in a certain direction but may be suppressed
in another direction, where ultimately a remixing process
might occur.

The shear was produced in a high-precision Couette
cell made of Pyrex glass. This cell must be transparent
and sealed to prevent any leaks. It is made up of a fixed
outer cylinder with a radius of 26.5 mm and a concentric
rotating inner cylinder giving a gap of 1.5 mm, whose
axis (Z direction) is vertical. If one neglects end effects,
the shear, directed radially, is constant along the length
of the cell (17.5 mm). The cell is sealed by indium
rings, and the gap filled with a binary mixture of isobu-
tyric acid and water at the critical concentration (experi-
mental uncertainty: + 1%). To prevent leaks a magnet-
ic driver was used. The cell is immersed in a water bath
whose temperature is controlled to within + 0.2 mK dur-
ing the experiment. A beain from a He-Ne laser is
directed through the gap along Z, that is, perpendicular
to the flow (X) and the shear (Y) as shown in Fig. 1.
The scattered intensity at low angles is detected with a
screen and a video camera, connected to a tape and an
image analysis system. The time dependence of the
structure factor can thus be readily obtained, after a
quench from the one-phase region (typical temperature
T; =T, +2 mK) to the two-phase region (typically
hT=T, —Tf 1 5 mK, where Tf is the final tempera-
ture). The time needed to perform the quench is about
15 s, and the results did not show any dependence on T;,
at least in the range T; —T, =2-10 mK. Note that the
shear rates that we considered were always in the range
between 17.4X10 s ' and 1.74 s ' and therefore
heating by shear was negligible. Finally, we list the con-
stants of the mixture: the critical concentration c, =61

412 1988 The American Physical Society



VOLUME 61, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JUL+ 1988

Cbr)

Cs2)

Cs3) V

X

(c)

FIG. 1. Time evolution of the scattering pattern of a phase-
separating system under shear, after a quench of 2 mK below
T, . (a) Shear rate 35 x 10 s ', (a 1 ) t 26 s, (a2) t 46 s,
and (a3) t 96 s. (b) Shear rate 1.74 s ', (bl) t =15 s and
(b2) t =284 s. (c) The definitions relating to the geometry and
symbols used in the text.

wt. % of water, the correlation length in the two-phase re-
gion g =(+/2=1.8(e) "(A), the critical temperature
T, 3QO K, the viscosity t1=0.025 (cgs units), and the
density difference of the two phases t5p=5. 3X IQ et'

(cgs units). The typical fluctuation lifetime can be es-
timated by t& =6trtl(g )-/kaT„where kB is the
Boltzmann constant. In order to estimate the surface
tension (tr), we have applied two-scale-factor universali-
ty between o and g, kaT, /o =10.6(g ) . Here
e' 1 Tf/T, is the r—educed temperature and v =0.63
and P =0.325 are universal exponents.

The parameters in SD are essentially time (t) and
quench depth (h, T). The study is generally made
through the structure factor S(K), which is radially
symmetric for SD, and depends only on

~
K

~
. Note that

we have access with this technique only to the correlation
function of the domains. The case of the SD under shear
is more complex; the shear rate is another parameter,
and the structure factor is no longer radially symmetric.
It is helpful to start by brieAy reporting the qualitative
features of the light scattering pattern when both C and
hT are varied:

(1) Very low shear (e.g. , C=35X 10 s ', t5.T=2

mK).—In the early stage, S(K) is symmetrical as in

normal SD and is seen as a ring [Fig. 1(al)]. As time
proceeds, this ring becomes more intense and shrinks
while anisotropy due to the effects of shear progressively
takes place [Fig. 1(a2)]. Shear affects the ring in two
ways: First by deforming it into an ellipse whose major
axis, originally at 45' from the shear, rotates with time
towards zero, and second by modifying the relative inten-
sities along the axes of the ellipse. For instance, the in-
tensity along the minor axis does not behave the same
way as that along the major axis and after a while the
scattered intensity looks like lines nearly parallel to the
shear direction [Fig. 1(a3)]. During the typical time ( —,

'

h) of the experiment, no steady state is observed to be
reached. This is probably due to the effect of gravity.

(2) Higher shear (e.g. , C 1.74 s ', AT=2 mK).—In the early stages, the scattering pattern is already
very anisotropic, and comparable to the late stages of the
very-low-shear case. It also exhibits a peaked structure
and the intensity distribution is not simple [Fig. 1(bl)].
This pattern then collapses and after a few minutes a
still more anisotropic figure forms, having no visible
structure [Fig. 1(b2)]. Here a steady state is reached,
where no clear phase separation can be detected, the
influence of shear being such that it suppresses the effect
of gravity. Note that one observes a continuous variation
between cases (1) and (2) when C or hT is varied. For
instance, a pattern similar to Fig. 1(b) can be repro-
duced with C=1.74 s ', t5, T=2 mK or C=0.07 s
AT=4 mK.

Let us briefly review what can be obtained from S(K)
in SD. First the peak of S(K) at K corresponds to a
typical distance (L =2tr/K ) between domains, which
appears to be also of the order of one domain size. Scal-
ing arguments make it possible to remove the quench-
depth influence; when K is expressed in scaled units
K =K g, its behavior versus the reduced time
t =t/t& becomes un-iversal and it can be approximat-
ed as

The exponent p ranges from about —,
' at early times

(t & 10 ) to unity at late times (t ~ 10 ). Ko is an
amplitude defined for the above two asymptotic cases.
The same scaling arguments make the reduced structure
factor time independent. 2

Let us analyze now the results for shear SD:
(1) Very low shear The struc. —ture factor can be ap-

proximated by an ellipse with axes a and b as in Fig.
1(c), the major axis b making an angle 8 with the shear
direction. We have studied the time variation of the fol-
lowing parameters at different C and hT: (i) the posi-
tions (K' and K ) of the maxima of S(K) along a and
b; (ii) the angle 8; (iii) the intensity S(K') along a.

(i) Behavior of K~ and K~.—In Fig. 2 the time varia-
tions of these quantities are reported for a 2-mK quench
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with the typical shears C =35x10 s ' and 87x 10
s '. They are compared to normal SD at the same
quench depth. It is striking that the behavior of EC' can
also be described by Eq. (1); however, the amplitude Eo

FIG. 2. Quench of 2 mK below T, (a) Time dependence of.
K' and K at various shear rates (C). The typical time tP
corresponds to the moment when shear affects the growth (see
text). Note that when shear is zero (normal SD),
K' =Kb =K . (b) Time dependence of the angle 0 (see Fig.
1(c)j at two typical shear rates.

is shear dependent, and decreases with increasing shear,
demonstrating that shear does increase the eff'ective

growth in the E' direction. The behavior of E is com-
parable to normal SD at early times, where it does not
exhibit any obvious shear dependence. However, the
measurements cannot be performed a long time after the
quench because the intensity in this direction becomes
much weaker than in the other direction; this occurs typ-
ically after a characteristic time to. This suggests that
after a growth during the time to the correlations be-
tween domains are destroyed in the b direction.

The time to corresponds to the moment when shear
affects the growth. When the growth velocity (dL /dt)
is smaller than the velocity difference (CL ) acting on a
domain, shear is expected to modify the growth. Making
use of (1) to estimate the growth rate, we find that the
condition is Ct & &=1. The typical time to C -com-
pares favorably with our measurements (Cto 1-3).
Note that this time is only shear dependent; no influence
of the quench depth is expected. This last point has been
checked experimentally.

(ii) Behavior of e.—Figure 2(b) shows the variation
of tan8 versus time for the experiments reported above.
At early times the angle is nearly 45', and decreases
with time. Note that the shear flow as obtained in a
Couette device consists of a pure straining motion with
the principal axis of extension at 45' in the (X,Y) plane,
and a solid-body rotation around the origin. A compar-
ison can be mades with the deformation of a single drop-
let of radius (L ), with surface tension o, surrounded by
a medium of the same viscosity r). When the capillary
number C, =riDL /o is much smaller than unity, the
deformation of the droplet is elliptical, with the major
axis at 45' from the flow. When C, increases (via C),
the equilibrium shape becomes more elongated and the
major axis of the droplet tends to align in the flow direc-
tion. For higher shears (C, &0.4), the droplet bursts.
This comparison remains, however, limited in the sense
that here the domains are not independent (the domains
are interconnected) and also that they are continuously
growing.

(iii) Scaling properties of S(K).—For times t« to
the structure factor is isotropic and behaves the same
way as for normal SD. Scaling is approximately verified.
For times t ~ to one can analyze only the intensity along
the direction a [S(E')]. The intensity along b is vanish-

ing as mentioned above. In this regime scaling is violat-
ed. In order to illustrate this point, a new scaled struc-
ture factor was constructed:

S(E'/E.')Sx', t =
S(E')

where x'-E'/E'. It is similar to the one generally used
in normal SD, but it has the advantage of not requiring
any integral evaluation. The latter is indeed very sensi-
tive to the background level and to the noise, particularly
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FIG. 3. Reduced structure factor along the direction a (see
text) at various times, for a quench of 1 mK below T, . The
case without shear (normal SD) is shown for comparison.

For example, the case of Fig. 1(b) corresponds to a
speeding up of nearly a factor of 10. We could not in-

vestigate S(K) further because a detailed study of the
structure factor is not possible because of the resolution
of the present experiment.

The steady state [Fig. 1(b2)] where shear counterbal-
ances gravitational effects has been studied theoretically
by Onuki. In this regime the inequality I/t& »C-
»(crgAp)'i /r) holds. This inequality is roughly satis-
fied in the experiment of Fig. 1(b), where I/t& =2.-5

s ', C =1.74 s ' and the right-hand side of the inequal-
ity is of order 0.3 s '. The anisotropy was expected to
be of the order 2-3 from Onuki's work; it seems that the
observed value is much larger. The size of the domains,
predicted to be of the order of a/r)D=10 cm, is

different from what is observed in the flow direction but
is roughly consistent with the dimension of the stripe in

the shear direction. More experiments are needed to ful-

ly understand this regime, but at present the high anisot-

ropy prevents accurate measurements from being ob-
tained.

We gratefully acknowledge correspondence and dis-
cussions with A. Onuki and K. Kawasaki.

important here because of the impossibility of making a
circular averaging. In Fig. 3, a typical experiment
(AT =1 mK, C =87 X 10 ' s ') is compared to a nor-

mal SD under the same temperature conditions. When

t ( to, the structure factor compares relatively well with

that from normal SD, whereas for t & to the difference is

striking, especially the tail in K, which falls much more

slowly than that of normal SD. This suggests that the
interfaces between domains are less well defined and that
a mixing process might have occurred here.

Finally, the violation of scaling for r & to indicates
that the usual units of length (( ) and of time (t&-)
have to be changed by other scales typical of the shear.

(2) Higher shear. —The large anisotropy of the struc-

ture factor [Fig. 1(bl)) indicates that the domains are

strongly elongated in the flow direction. If one compares
the size of the domains in this direction with that of the
normal SD case, one realizes that the shear has greatly
accelerated the effective growth in the flow direction.
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