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Using high-resolution laser Doppler velocimetry, we have experimentally obtained comprehen-
sive results concerning the oscillatory onset of free convection (relevant critical Rayleigh numbers
and the associated periods of oscillations are in agreement with theoretical predictions), the stable
monoperiodic oscillatory states (traveling waves) just past the critical point, and the transition to-
wards steady states for greater Rayleigh numbers. Our most striking result is obtaining, when de-
creasing the imposed Rayleigh number below the critical point, stable biperiodic oscillatory states

(modulated traveling waves).

Free convection in binary mixtures provides a great
variety of behaviors due to the competition between two
scalar fields (a temperature field and a concentration
field) diffusing at different rates. Before 1984, works
relevant to this type of convection were mostly concerned
with the linear stability theory' and with the study of a
generalized Lorenz model with five Fourier coefficients; >3
a few experiments have shown the increase of the critical
Rayleigh number (in comparison with 1708 for pure
liquids) induced by a negative value of the separation ra-
tio, together with the existence of oscillations* detected by
inserting a thermocouple or a diode inside the solution.
The “state of the art” up to about 1984 may be found in
Ref. 5.

Recently, there has been a huge increase of theoreti-
cal® 1% and experimental!! !¢ works on this subject. Ex-
periments have shown the rich dynamics of this type of
convection: superposition of standing and traveling waves
during the onset of convection;!® existence of stable states
characterized by a system of traveling waves just past the
critical point; ' possibility of modulated traveling waves in
some part of the container, etc.'®

In all cited experiments, the temperature field inside the
convective cell is determined (by thermal lens effect); the
Nusselt number is also recorded. Such techniques do not
allow a quantitative description of the velocity field in the
system of rolls. Moreover, visualization of the tempera-
ture field implies the use of a transparent conductive
upper plate (e.g., a sapphire plate). Even if the thermal
conductivity of sapphire is quite good (around 60 times
that of water), the use of a copper plate (with a thermal
conductivity of more than 600 times that of water) will be
much better for comparison with theoretical results which
suppose infinite conductivity of the upper and lower
plates.

We present in this paper experimental results of
different dynamical convective behaviors in two mixtures
of water-isopropanol presenting a negative value of the
separation ratio and heated from below. To obtain quan-
titative measurements of the velocity inside a roll, we use
high-resolution laser Doppler velocimetry (LDV). The
convection cell has an aspect ratio of 1:3.6:28 (all dimen-
sions are reduced by the height A =4.15 mm). The fluids
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are 10 wt.% isopropanol in water (mixture 4) and 20
wt. % isopropanol in water (mixture B) at the mean tem-
perature of 21 °C. The upper and lower plates are made
of copper and the cavity is laterally bounded by two Plexi-
glass frames and glass windows. The temperature gra-
dient is imposed by two thermoregulated water flows
(% 0.01 K) in contact with the copper plates.

Linear stability theory® predicts, for these mixtures, an
oscillatory instability of the rest state. The study of the
onset has attracted a lot of attention for several
years®7!! 716 and, therefore, we shall not give a lot of de-
tails. Figures 1 and 2 present the vertical component of
the velocity at the center of the cell during the onset of
convection. The initial period of the oscillations is 57 s for
mixture 4 and 121 s for mixture B. It is very important to
compare these values with theoretical predictions (in the
frame of linear stability theory). Values of the separation
ratio allows the theoretical determination of the critical
Rayleigh number and of the period of initial oscillations.
The values found in the literature,!” which are provided
by direct measurements of the concentration gradient in-
duced by a temperature gradient, are too imprecise to be
used here. So, there is a suggestion to measure the sepa-
ration ratio from its effect on the critical Rayleigh number
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FIG. 1. Vertical component of the velocity during the onset
of free convection in mixture 4: 10 wt.% isopropanol in water
[Dr/D=—1.2%x10"2 K™! (Ref. 18); Np:=12.6; Nsc=1600;
N =357000 (Ref. 21)]. Zero time corresponds to the increase
of the Rayleigh number from Ngra=2962 to Ngra=3125
(Nt =2987) or of AT from 3.06 K to 3.18 K.
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FIG. 2. Vertical component of the velocity during the onset
of free convection in mixture B: 20 wt.% isopropanol in water
[Dr/D=—275%10"3 K~ (Ref. 18); Np,=20; Ns.=2300;
R, =348000 (Ref. 21)]. Zero time corresponds to the increase
of the Rayleigh number from Ngr,=2017 to Ngr.=2295
(NVg3'=2071) or of AT from 1.74 to 1.98 K.

(the increase of the critical Rayleigh number) using the
linear stability theory and afterwards, from the same
theory, to determine the period of initial oscillations. For
example, for mixture A, the experiment gives N{I
=2987, from which we deduce the Soret coefficient'®
Dr/D. Using the method described elsewhere, '° based on
a Galerkin-type numerical technique, we have found a
value of Dr/D=—1.2x10"2 K !, which gives back the
experimental critical Rayleigh number of 2987. For the
same D7/D, the linear theory gives (using always the
same Galerkin-type numerical technique) the nondimen-
sional frequency @ =1.84x10~! and coming back to di-
mensional values (4 2/v has been used as scaling factor for
time), we find @ =1.78x10 "2 Hz or T =56 5. Of course,
the kinematic viscosity v of the mixture at the mean tem-
perature has been measured separately using a standard
Ostwald viscosimeter (we have found v=1.67 cS at
21°C). For the mixture B, the predicted value of the
period is 120 s. Thus, the perfect agreement between ex-
perimental values of the temperature gradient at the onset
of convection and the frequency at onset gives some
confidence to the results and to the way we determine the
Soret coefficient.

After several hours, a stable monoperiodic oscillatory
state is reached. Periods of oscillations are now 1300 s for
mixture 4 (Fig. 3) and 325 s for mixture B (not shown).

Let us remark that, in all other recent studies of the on-
set of free convection'' 7! in binary mixtures, the heat
flux is imposed. Thus, in these studies, at the onset of con-
vection, there is a drop in the Rayleigh number for a small
increase of the heat flux. In contradistinction, we impose
here the temperature gradient and thus, at the onset of
convection, we move along a vertical line in a graph
Nusselt = f(Rayleigh). Despite this difference, traveling
waves are the preferred mode of convection. In LDV, the
experimental proof of this behavior is the following (Fig.
4): In a system of fixed rolls (standing waves), a displace-
ment of the measurement probe produces a time record of
the vertical component of the velocity which is still an os-
cillation but with another amplitude. On the other hand,
in a system of traveling waves, after the same displace-
ment, we will record the same oscillation with the same
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FIG. 3. Time records of the vertical component of the veloci-
ty in a mixture 10 wt.% isopropanol in water (mixture 4) dur-
ing the first stable oscillatory state. The Rayleigh number is
3125 (N§it=2987). These oscillations correspond to a lateral
motion of the system of convective rolls (traveling waves).

amplitude but with a difference in the phase. Experimen-
tally, we have shifted the measurement probe half a roll
(at time 1 in Fig. 4): The same oscillation is recorded
again with a difference of phase of ~#z/2. A shift of half
a roll in the other direction (at time 2 in Fig. 4) gives the
same oscillations with a difference of phase of ~#/2 in
the other direction. We have another proof that these os-
cillations correspond to a system of traveling waves: Be-
tween time ¢3 and time ¢4 (Fig. 4), we move the measure-
ment probe 0.1 mm each 15 s (i.e., 8.7 mm in 1300 s,
which is almost the speed of the wave: 2 rolls in a period).
A horizontal line is almost obtained which means that the
measured velocity is nearly constant. On the other hand,
if we move the measurement probe 0.2 mm each 15 s (be-
tween time ¢5 and time 6 in Fig. 4) in the opposite direc-
tion, the recorded period is one-third of the initial period.
Further increases of the temperature gradient decrease
the frequency of the oscillations. The branch of traveling
waves terminates on a branch of steady-state solutions
(Fig. 5). The time evolution towards steady state is quite
long and is thus associated with the establishment of a
new stable concentration gradient in a convective regime.
When the Rayleigh number decreases from the branch
of steady states, traveling waves are recovered (Fig. 6).
There are two parts in this process. (i) Just after the
modification of the temperature gradient, the velocity de-
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FIG. 4. LDV proof of the existence of a system of traveling
waves (mixture 4) at Nr,=3125: at time ¢1 and time 2, the
measurement probe is shifted half a roll; between time ¢3 and
time ¢4, the measurement probe “follows” a roll; between time
t5 and time 6, the measurement probe is continuously shifted
in the opposite direction.
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FIG. 5. Mixture A4: vertical component of the velocity during
evolution towards steady state when increasing the Rayleigh
number from 3125 (AT =3.18 K) to 3243 (AT =3.30 K). The
evolution towards a steady state is quite long; after a continuous
increase of the period of oscillations during 10 h (corresponding
to a slower and slower displacement of the system of rolls), the
system of rolls oscillates around a fixed position.

creases rather quickly (during ~35 min) but the system of
rolls remain fixed; and (ii) after a long time (1 h in Fig. 6
but sometimes more), oscillations are recovered. This
long time is a proof that oscillations are connected to the
establishment of the new stable concentration gradient in
the convective regime.

Further decreases of the temperature gradient below
the critical Rayleigh number lead the system towards a
new state characterized by modulated traveling waves
(Fig. 7). By taking the Fourier transform of the signal
[Fig. 7(c)], the two frequencies f1 and f2 are found. The
power spectrum consists of lines at frequencies given by
mf1+nf2 (m,n integers). It seems that there is no fre-
quency locking [see extended part of Fig. 7(a) on Fig.
7(b)]. These experiments are reproducible, and repeated
at intervals of several weeks.

The exact nature of the second “oscillator” is not yet
clearly established, but the following should be em-
phasized: In the case of traveling waves, the axes of the
rolls are parallel to the shorter side of the container.
Thus, the same temporal signal is obtained irrespective of
the position of the optical probe along the roll axis. In
case of modulated traveling waves, however, the rolls are
distorted and their axes are no longer parallel to the short-
er side of the container. The velocity shown in Fig. 7 was
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FIG. 6. Mixture B: records of the vertical component of the
velocity during the decrease of the temperature gradient from a
Rayleigh number of 3234 (steady state) to 2295 (Nt =2071).
The new stable state is characterized by traveling waves.
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FIG. 7. Mixture A4: time record (a) of the vertical com-
ponent of the velocity at a Rayleigh number of 2565 (thus,
below the critical point). Extended part of (a) is given by (b).
By taking the Fourier transform (c) of the signal, the two fre-
quencies f1 and f2 are found. The power spectrum consists of
lines at frequencies given by mf 1 +nf2 (m,n integers).

recorded at the center of the cavity. When measuring the
velocities near the front or back walls, the fundamental
frequency f1 is not the same in the case of modulated
traveling waves. Let us call these two frequencies f1 and
f1'. The second frequency f2 is almost (20% error) the
difference between f1 and f1'. Thus, the picture of these
modulated traveling waves could be a kind of “zipper
state.”!' Another possibility is to relate the variation of
f1 to a possible existence of a small ramp of Rayleigh
number along the axes of the rolls. At large values of the
Rayleigh number, the rolls are “strong” and prevent the
creation of defects. They adopt a mean propagating ve-
locity. At smaller Rayleigh numbers, when the rolls are
“weaker,” the creation of defects becomes possible and
the propagating velocity could be different near the front
and back walls.?’ This explanation is actually under in-
vestigation by imposing voluntarily a temperature gra-
dient along the axes of the rolls.

In conclusion, we have presented a first LDV descrip-
tion of several convective patterns of natural convection in
binary mixtures: traveling waves, transitions towards
steady states, and modulated traveling waves. Detailed
studies of all behaviors and of transitions between them
are still in progress.



RAPID COMMUNICATIONS

3150

O. LHOST AND J. K. PLATTEN 38

This work is financially supported by the Fonds de la Recherche Fondamentale Collective (FRFC), Brussels, by Grant
No. 2.4520.83. One of us (O.L.) acknowledges the support of Institut pour L’Encouragement de la Recherche
Scientifique dans I'Industrie et dans I’Agriculture (IRSIA) for a grant.

ISee, for example, R. S. Schechter, M. G. Velarde, and J. K.
Platten, Adv. Chem. Phys. 26, 265 (1974).

2J. K. Platten and G. Chavepeyer, Int. J. Heat Mass Transfer
18,1071 (1975).

3M. G. Velarde and J. C. Antoranz, Phys. Lett. 72A, 123
(1979).

4J. K. Platten and G. Chavepeyer, J. Fluid Mech. 60, 305
(1973).

5J. K. Platten and J. C. Legros, Convection in Liquids
(Springer-Verlag, Berlin, 1984), Chap. IX.

6M. C. Cross, Phys. Lett. A 119, 21 (1986).

M. C. Cross, Phys. Rev. Lett. 57, 2935 (1986).

8G. Ahlers and M. Liicke, Phys. Rev. A 35, 470 (1987).

9S. J. Linz and M. Liicke, Phys. Rev. A 35, 3997 (1987).

103, J. Linz and M. Liicke, Phys. Rev. A 36, 3505 (1987).

I'R. W. Walden, P. Kolodner, A. Passner, and C. M. Surko,
Phys. Rev. Lett. 55, 496 (1985).

12E, Moses and V. Steinberg, Phys. Rev. A 34, 693 (1986).

13p. Kolodner, A. Passner, C. M. Surko, and R. Walden, Phys.
Rev. Lett. 56, 2621 (1986).

14C. M. Surko and P. Kolodner, Phys. Rev. Lett. 58, 2055
(1987).

ISE. Moses, J. Fineberg, and V. Steinberg, Phys. Rev. A 35,
2757 (1987).

16R . Heinrichs, G. Ahlers, and D. S. Cannell, Phys. Rev. A 35,
2761 (1987).

17p, Poty, J. C. Legros, and G. Thomaes, Z. Naturforsch. 29A,
1915 (1974).

18D1/D is the ratio of the thermal diffusion coefficient D7 to the
isothermal diffusion coefficient D. Other authors use the sep-
aration ratio y. To convert, use the relation

y=(Dr/D)N,(1 —N,)/a

with N the mass fraction of water, a the thermal expansion
coefficient (@ =3.126x10 "4 K ~! for mixture 4 and a =5.075
x10~* K~! for mixture B) and B the mass expansion
coefficient (8=0.126 for mixture 4 and f=0.152 for mixture
B). a and B are provided by interpolation of densities of mix-
ture water-isopropanol [from International Critical Tables of
Numerical Data— Physics, Chemistry and Technology
(McGraw-Hill, New York, 1928), Vol. III, p. 120].

9D, Villers and J. K. Platten, J. Non-Equilib. Thermodyn. 9,
131 (1984).

20We want to thank Professor E. Guyon for this suggestion.

21Np, is the Prandtl number, Nsc is the Schmidt number, and
NH. is the Rayleigh number of thermodiffusion gBN1h*/vk
with g the gravity acceleration and x the thermal diffusivity
(other parameters are already defined).



m

Spectru

Power

FIG. 7. Mixture A:

7
1x10 -

6
1x10 7

s
1x10 +

f1:

-3
1.67 x10 Hz

-4
:2.02x10 Hz

o m m o O @® »

‘f(nz)

time record (a) of the vertical com-
ponent of the velocity at a Rayleigh number of 2565 (thus,
below the critical point). Extended part of (a) is given by (b).
By taking the Fourier transform (c) of the signal, the two fre-
quencies /1 and f2 are found. The power spectrum consists of

lines at frequencies given by mf 1+nf2 (m,n integers).



