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Competing Patterns in a Convective Binary Mixture
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Pattern observations and heat-transport measurements of convection in ethanol-water mixtures
at positive values of the separation ratio ¥ are presented. Close to onset, the convective flow mani-
fests itself in a stationary square pattern with negligible change in heat transport compared with the
conductive state. Far from threshold, convection selects the usual roll structure with a strong
change in heat transport. In a crossover region, the competition between square and roll patterns

leads to oscillations.

PACS numbers: 47.25.Qv, 47.20.—k

The interaction between heat and mass diffusion in
a binary mixture leads to a remarkable variety of non-
linear behavior just near convective threshold. Most
of the recent theoretical developments' and experi-
mental observations? have concentrated on studying
novel nonlinear dynamics such as oscillatory convec-
tion and multicritical behavior near the convective on-
set, features which cannot be observed in a simple
fluid. However, recent experimental results on heat
transport in stationary convection of a normal SHe-*He
mixture heated from below have demonstrated that
our understanding of nonlinear heat transport due to
stationary convection in a binary mixture is still far
from complete.>*

In this Letter, we consider Soret-driven convection
in ethanol-water mixtures. The Soret effect is a
mechanism by which an externally imposed tempera-
ture gradient in a mixture establishes a concentration
gradient in a mass-conserving system. A measure of
the coupling between temperature and concentration
variations is the separation ratio ¢. It is an externally
controlled parameter and can be varied by changing
the mean temperature and concentration of the sam-
ple. It is the sign and value of ¢ that determine if the
convective state is oscillatory or stationary.® At posi-
tive ¢, both the temperature gradient and concentra-
tion gradient destabilize the system. As a function of
the temperature difference across the cell—the sec-
ond externally controlled parameter—one or another
mechanism dominates the flow. Close to convective
onset, the motion is dominated by the solute gradient,
especially for large positive ¢,° and we define this as
the Soret regime. The critical temperature difference
for the convective onset in a binary mixture, A7, can
be reached considerably at ¢y L~! >> 1 compared with
AT, of the convective onset (defined as the usual Ray-
leigh regime) in a simple fluid with the same thermo-
physical properties as a binary fluid mixture. Here
L = D/k is the Lewis number, the ratio between mass
diffusivity and thermal diffusivity. Thus, in the case
of stationary convection in a binary mixture there are
two driving parameters which can be controlled exter-
nally, and two regimes of convection exist, each of
which can be observed in a different region of the
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Rayleigh number for fixed value of y. When the criti-
cal temperature difference for both regimes is very dif-
ferent, the two regimes can be isolated unambigu-
ously.

The intriguing feature of the two regimes is the
striking difference in nonlinear behavior, both in heat
transport and in pattern and wave number selection,
part of which has been predicted by theory.!> In heat
transport (measured by the Nusselt number), it mani-
fests itself in very different values of the initial slope S
of the Nusselt number versus A T for the two regimes.
The heat transport for the Soret regime is predicted to
be dramatically suppressed.!? For larger A 7, when the
system becomes unstable to the Rayleigh mode, S in-
creases dramatically and approaches values of order
unity, close to that of convection in a pure fluid.>?

Boundary conditions for temperature and concentra-
tion realizable in the experiment lead to different wave
numbers and stable planforms selected. It was realized
already in early studies that with impermeable boun-
dary conditions for concentration, linear stability anal-
ysis gives at large enough positive ¢ a critical Rayleigh
number R,=720 and critical wave number k. =0.%
This cellular structure with great horizontal extent is
similar to what has been predicted earlier in the case of
the Rayleigh-Bénard convection in a simple fluid with
insulating boundaries. We suggest that this analogy
should be carried into the nonlinear regime as well,
where recent calculations show that the preferred pat-
tern is not a parallel roll structure as for perfectly con-
ducting boundaries, but rather a square pattern.® A
binary mixture provides a convective system whose
boundary conditions correspond to those of perfectly
insulating boundaries. This is a situation which is im-
possible to achieve experimentally with boundary con-
ditions on heat transport. Thus, it is anticipated that
two different mechanisms of instability in stationary
convection will lead to two different wave numbers
and to pattern selection with different nonlinear
behavior: square pattern with small wave number for
the Soret regime and parallel rolls with k.=3.117 for
the Rayleigh regime.

We present here observations of convective flow
patterns in containers of various geometries, simul-
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taneous heat transport measurements, and light inten-
sity measurements as a function of time and location
in the flow in a room-temperature experiment on eth-
anol-water mixtures with ¢ in the range 0.01 <4
=0.17

The experiments were done with ethanol-water mix-
tures with weight concentration in the range 29.6 wt.%
and 40 wt.% of ethanol at a temperature of 25°C. Our
experimental apparatus has been described previous-
ly.2® In the present experiment, we used several cells.
Most of the heat transport measurements and part of
the pattern observations were done in a rectangular
cell 2.96 mm high, 12.0 mm wide, and 36.0 mm long
(the aspect ratio is 1:4:12). Pattern competition was
observed in a cylindrical cell with d=1.8 mm high and
aspect ratio 20, and in square cells with aspect ratio 8.9
and 24. L is close to 0.018 and only changes slightly
with concentration and temperature.

The results on heat transport measurements in the
rectangular cell for all samples and for the large square
cell with 40 wt.% ethanol are presented in Fig. 1. S'is
estimated to be in the range 0.00-0.02.3* The slope
changes dramatically at AT close to the threshold of
the Rayleigh regime to the value S=0.74-0.77, the
same value as we observed for water in the same as-
pect ratio cell.

Figure 2 shows three typical patterns observed in a
rectangular container with aspect ratio 1:4:12. The
first pattern [Fig. 2(a)] which is close to a square one,
was observed in the range where convection is driven
by the concentration gradient. The third pattern [Fig.
2(c)] which clearly shows the usual Rayleigh-Bénard
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FIG. 1. Convective contribution N —1 to heat transport
as a function of the temperature difference A T across the
rectangular cell: (a) squares, 40 wt.%; (b) plusses, 35 wt.%;
(c) circles, 31 wt.%; (d) triangles, 29.6 wt.%. In the upper
left corner, sample of 40 wt.% in the large square cell. Ar-
row points at set-in of oscillations.

convection roll structure was observed in the range of
large S corresponding to the Rayleigh regime of con-
vection. The second type of pattern [Fig. 2(b)] re-
flects the competition between two structures, and this
intermediate type of pattern was observed in a cross-
over region, where S changes. All three types of pat-
terns are stationary, as confirmed by heat-transport
and local-light-intensity measurements. We find that
the geometry of the rectangular cell puts strict limita-
tions on the competition between mechanisms, and
the transition in patterns coincides with the transition
in heat transport.

In order to investigate the nature of the square pat-
terns and their competition with the roll structure in
detail, we conducted the same experiment with a mix-
ture of 40 wt.% ethanol in water in containers of vari-
ous geometries: a cylindrical cell 1.8 mm high and as-
pect ratio 20, a square cell 1.8 mm high and aspect ra-
tio 24, and a square cell 2.2 mm high and aspect ratio
8.9. In all cells, we followed two different procedures.
The first procedure is demonstrated in Fig. 3, for the
cylindrical cell. As in the rectangular cell, we increase
A T above the convective threshold by steps, waiting at
each point 20-40 vertical diffusion time depending on
the step size. In this case, the square pattern appears
first as a disordered stationary structure (reminiscent
of a 2D melt) at AT=7 K [see Fig. 3(a)], and then
for AT = 8 K it changes to an ordered stationary struc-
ture which contains several defects and grains [see Fig.
3(b)]. Further increase in A Tabove 8.5 K leads to os-
cillations in the form of alternatively invading waves,
similar to those reported by Le Gal, Pocheau, and Cro-
quette® [see Figs. 3(c)-3(f)]. Local-light-intensity
measurements show that the amplitude of oscillations
increases and the frequency decreases and approaches
zero as AT is increased. During this period, two per-

(a) (c)

FIG. 2. Flow patterns in rectangular cell for 35 wt.% of
ethanol: (a) squarelike pattern at AT =1.96 K; (b) pattern
in crossover region at AT=2.085 K; (c¢) roll pattern at
AT=220K.
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FIG. 3. Shadowgraph pictures of ‘‘natural’’ flow patterns
in cylindrical cell with 40 wt.% of ethanol: (a) disordered
square pattern at A T=8.0 K; (b) ordered square pattern at
AT=8.8 K; (c), (d), (e), (f) pictures of oscillating square
patterns at AT =9.4 K. The time sequence for pictures dur-
ing the cycle is =0 for (c), =6 min for (d), r=12 min for
(e), and =24 min for ().

pendicular sets of rolls in each of the grains alterna-
tively invade from the boundary to the interior of the
cell. Further increase in AT leads to roll structure at
AT on the order of 14 K. This scenario was observed
for about the same values of AT/AT, in the square
cells with aspect ratios 8.9 and 24. From these we can
conclude that the oscillations observed are an intrinsic
property of the pattern competition, rather than topo-
logically induced.

The characteristic size of the square pattern is on the
order of the cell height d This wavelength remains
stable against long-wave perturbations, and the square
pattern has a tendency to decrease the wavelength.
The latter statement follows from the experiment on
the small square cell with aspect ratio 8.9 where 9x9
squares were observed. It should be pointed out that
the ordered square patterns and the scenario that fol-
lows persisted and were observed far above the transi-
tion in heat transport to the Rayleigh convective re-
gime. This conrasts with the scenario observed in the
rectangular cell where the transition from square to
roll structure coincides with the crossover regime in
heat transport.

In order to study coherent oscillations of the entire
structure, we used the second procedure—induction of
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FIG. 4. Flow patterns in square cell of aspect ratio with 40
wt.% of ethanol: (a) large scale flow close to the convective
threshold at AT=2.312 K; (b) induced ‘‘perfect’ square
grid at AT =8.466 K; (¢), (d), (e) sequential pictures of the
oscillating structure at AT =9.28 K (the difference between
pictures is 7 min); (f) roll patternat AT =179 K.

“perfect” patterns.” Since the ordered structure ap-
pears well above the convective threshold (A7 =38
K), we were able to get defect-free pattern only in the
square cells where a healing process over 24 h assisted
in the induction [Fig. 4(b)]. In the big square cell this
pattern was stationary up to AT=8.6 K, and then
small-amplitude oscillations of the entire structure
with a frequency of about 1.1 mHz set in [Figs.
4(c)-4(e)]. The oscillations are initially symmetric
and almost sinusoidal. As AT increases they become
more asymmetrical and relaxational with the amplitude
of the preferred roll much larger than that of the other
roll [Fig. 5(a)]. Double-frequency regular oscillations
were observed also in temperature measurements.
Frequency as a function of AT is presented in Fig.
5(b). The dependence of frequency on AT is of a
functional form between linear and logarithmic,!>?®
with initial period of oscillations between the vertical
and horizontal diffusion time scales.

These squarelike patterns indicate the similarity
between convection driven by the concentration gra-
dient with impermeable boundary conditions and
Rayleigh-Bénard convection with perfectly insulating
boundaries.® In the latter case, the nonlinear analysis
which determines the domain of existence of a stable
square pattern relies on the fact that the critical wave
number k. should be infinitely small® (or, at least, on
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FIG. 5. (a) The light intensity of the shadowgraph at a
chosen location in the large square cell with 40 wt.% of
ethanol for five different values of temperature difference
across the cell AT. The numbers given on the figure are AT
in kelvins. (b) The frequency of light intensity oscillations
as a function of temperature difference across the cell.

the order of the inverse aspect ratio). As clearly seen
from the patterns, the wavelength for both types of
patterns is close to A.==2d To investigate this, we
conducted a slow scan in AT near the convective
threshold and observed that already at AT=0.44 K
(AT/AT,=1) and above a large scale structure in the
interior of the cell appears, modulated by a spokelike
structure induced by the boundaries [see Fig. 4(a)].
This structure is stable and stationary, and exists in a
wide temperature range. A new small-scale square
pattern (order of d) arises and develops on top of the
large-scale structure. This process does not corre-
spond to a prediction of nonlinear analysis that the
wavelength decreases as A T increases above onset.®®
These results shed new light on various known ex-
perimental data. Observations of square patterns for
moderately conducting boundaries came as a surprise,?
since convection in water with similar conditions for
heat conductance shows no square patterns for A7/
AT, as small as 1.01.19 The first suggestion came from
Le Gal, Pocheau, and Croquette!!: Oil is a multicom-
ponent fluid. Its Soret coefficient is unknown and,
probably, very small. Second, the authors of Ref. 8
noted that the bifurcation between the conductive and
the convective states seems imperfect. However, on
the basis of our experience with binary mixtures, we
can immediately recognize in Fig. 2 of Ref. 8 a small
slope between values —0.05 and O of €, as in Soret
convection. Thus, we conjecture that the phenomena

reported in Ref. 8 have the same origin as those re-
ported in this Letter.

In conclusion, we have presented experimental evi-
dence of a system in which domination by different
mechanisms leads to novel pattern selection and non-
linear behavior, and competition between these mech-
anisms leads to intricate oscillations in a crossover re-
gion.
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FIG. 2. Flow patterns in rectangular cell for 35 wt.% of
ethanol: (a) squarelike pattern at AT=1.96 K; (b) pattern

in crossover region at AT=2.085 K; (¢) roll pattern at
AT=220K.
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FIG. 3. Shadowgraph pictures of ‘‘natural’’ flow patterns
in cylindrical cell with 40 wt.% of ethanol: (a) disordered
square pattern at AT = 8.0 K; (b) ordered square pattern at
AT=28.8 K; (c), (d), (e), (f) pictures of oscillating square
patterns at A7 = 9.4 K. The time sequence for pictures dur-
ing the cycle is +=0 for (c), =6 min for (d), =12 min for
(e), and +=24 min for (f).
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FIG. 4. Flow patterns in square cell of aspect ratio with 40
wt.% of ethanol: (a) large scale flow close to the convective
threshold at AT=2.312 K; (b) induced *‘perfect’” square
grid at AT=28.466 K; (c), (d), (e) sequential pictures of the
oscillating structure at A7=9.28 K (the difference between
pictures is 7 min); (f) roll pattern at AT =179 K.



