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Convective Instability in a Fluid Mixture Heated from Above
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Convection patterns in ethanol-water mixtures with negativec are studied when the fluid is heated
from above. Although the linear analysis predicts that the instability occurs at zero wave numbe
large wave number pattern is observed. The onset is supercritical with a threshold that is experimen
indistinguishable from zero. The convection amplitude exhibits damped oscillations for sudden cha
in the forcing parameter. At the constant Rayleigh number the patterns first coarsen, then exhibit gr
of narrow plumes. The instability appears to be related to salt fingering. [S0031-9007(98)05952-3

PACS numbers: 47.20.Bp, 47.20.Ky, 47.54.+r
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When a fluid mixture is driven far from equilibrium by
the flow of heat or material into one or more surface
of the fluid volume, the system may become unstab
to a convective flow which enhances the material an
heat transport. There are many important examples
this type of flow in nature and technology. For instance
thermohaline convection in the oceans can be driven
temperature gradients or by salinity gradients [1], an
double diffusive convection can be important in crysta
growth. Finally, convection in fluid mixtures continues
to be an important model system for the study of patte
formation in systems driven far from equilibrium [2].

In this Letter, we describe experiments on convectio
in a fluid mixture with negative separation ratio in which
the fluid is heated fromabove,a regime of parameters
which has not been studied extensively. We find that
short wavelength convection pattern appears, despite
fact that the linear instability occurs at zero wave numbe
The onset of the pattern appears to be supercritic
bifurcation to a steady flow, although damped oscillation
in the pattern amplitude are observed when the forcin
parameter is changed rapidly. The patterns continue
undergo stochastic motion even after they have reache
statistically stationary state.

The experiments were performed in the Rayleigh
Bénard configuration, in which a thin layer of fluid
mixture is confined between horizontal plates which a
held at a fixed temperature difference. The thermal drivin
of the system is characterized by the Rayleigh number,

Ra 
gah3DT

kn
, (1)

where n is the viscosity,k is the thermal diffusivity,g
is the acceleration of gravity,a is the thermal expansion
coefficient, andh is the cell height. (Below, we will use
the reduced Rayleigh number,r ; Ray1708, which is nor-
malized to the onset of convection in a pure fluid.) In
principle, it would be simplest to impose similar bound
ary conditions on temperature and concentration by fixin
the concentration difference between the top and botto
plates. In laboratory experiments, however, the syste
boundaries are typically impermeable to both componen
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of the fluid mixture, so that only the average concentratio
of solute in the fluid is directly controllable. The Soret ef
fect introduces a coupling between concentration transp
and the local temperature gradient in the mixture, and th
causes a concentration gradient to develop when a tempe
ture gradient is imposed on the fluid layer.

The strength of the Soret forcing in mixtures is parame
trized by the separation ratio,

c  2cs1 2 cdSt
b

a
, (2)

whereSt is the Soret coefficient,c is the concentration,
andb is the concentration expansion coefficient [3]. Th
separation ratio is the ratio of the concentration-induce
density gradient to the temperature-induced density gr
dient in the quiescent state. The remaining quantitie
required to specify the system are the Prandtl numbe
Pr  nyk, and the Lewis number,L  Dcyk, whereDc

is the mass diffusion coefficient.
Ethanol-water mixtures are very convenient for study

ing Soret-driven flows, because the separation ratio c
be varied over a wide range by changing the avera
ethanol concentration. For typical experimental cond
tions 5 , Pr , 11 andL ø 1022. If c . 0.29, c . 0,
and the temperature driven density gradient and the co
centration driven density gradient have the same sign [3
In this case, convection occurs only forr . 0 (heating
from below). Above onset, the flow takes the form of
square pattern with wave numberk ø pyh [4,5].

The situation is qualitatively different whenc , 0.29,
for which 20.7 , c , 0 [3]. In this case, the density
gradients arising from the temperature and concentrati
fields oppose each other. For the well-studied case
r . 0 (heating from below), the density gradient arising
from the temperature field is destabilizing, and the densi
gradient arising from the concentration field is weakl
stabilizing. ForL ø 1, the onset is a Hopf bifurcation,
and the convection pattern takes the form of nonline
traveling waves [6–9].

The experiments described here were performed atr ,

0, so that the fluid layer was heated from above. Th
mixture consisted of 8% ethanol (by weight) in water a
© 1998 The American Physical Society 3759
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an average temperature of 25±C, for which c  20.24
and Pr 9. Heating from above, the imposed temperatu
gradient contributes a stabilizing density gradient. In th
quiescent state, the Soret effect generates a destabiliz
concentration gradient only about1

4 as strong, so the net
density gradient in the quiescent state is stabilizing [10,11

The experiments were performed in a convection ce
having a diameter of 21 cm and a height of 0.4 cm
which has been described previously [12], but which h
been modified to operate at either positive or negati
Rayleigh numbers. The top plate temperature is fixe
by a regulated flow bath, and the bottom plate may b
heated or cooled using a flow of chilled air from a hea
exchange in combination with a film heater attached to t
bottom plate. Temperature regulation of the bottom pla
is achieved using linear feedback to the film-heater curre
under constant air cooling. The visualization of the patte
is accomplished using a white-light shadowgraph. Th
characteristic time scales associated with the system are
vertical thermal diffusion time,tT  h2yk  124 s, the
vertical mass diffusion time,tc  h2yDc  1.6 3 104 s,
and the vertical viscous damping time,ty  h2yn 
13.5 s.

To create the pattern shown in Fig. 1, the Rayleig
number was changed smoothly from zero to a value
22 over 300 s. Approximately 1600 s after temperatu
slewing was initiated, the convection pattern shown
Fig. 1 rapidly appeared, then faded. This was followed b
two more pulses of convection before the pattern settl
down to a constant amplitude after about 5000 s, i.e
a time interval comparable totc. The pattern observed
when the amplitude first stabilized was very similar to th
initial pattern shown in Fig. 1.

FIG. 1. Convection pattern recorded 1600 s after the reduc
Rayleigh number was suddenly set to a value of22. For
comparison, the inset shows a small area of a pattern recor
at the positive Rayleigh number. The distanceh indicates the
cell height for both patterns.
3760
e
e
ing

].
ll
,
s
e
d
e
t
e

te
nt
rn
e
the

h
of
e
n
y

ed
.,

e

ed

ed

The time dependence of the pattern amplitude is show
in Fig. 2. The amplitude was measured by subtracting th
shadowgraph image of the pattern from a reference imag
and calculating the rms value of the difference field
The shadowgraph was operated in a regime in whic
the intensity modulations in the image depend linearl
on the refractive index variations in the fluid. The solid
curve in Fig. 2 is seen to rise from zero to a sharp pea
at t  1600 s, the time at which Fig. 1 was recorded.
The subsequent time trace of the amplitude resembl
the response of a damped oscillator. Figure 2 also show
data for sudden onsets atr  21.0 and r  20.5. For
weaker forcing, the pattern dynamics are qualitativel
similar, although the temporal frequency and the dampin
rate of the oscillations vary withr.

The pattern observed in Fig. 1 is dramatically differen
from the normal case of heating from below, as ca
be seen by comparing the negative-r pattern in Fig. 1
with a positive-r pattern shown in the inset. The main
difference appears to be that the negative-r patterns
have a much smaller characteristic distance scale. T
peak wave number of the negative-r pattern, shown in
Fig. 3, also depends onr. Although the linear instability
is predicted to be to a zero wave number mode [13
recent calculations indicate that a wide spectrum of wav
numbers becomes unstable for strong forcing [14]. Th
measured dependence of the wave number onr closely
corresponds to the most unstable Fourier mode of th
linearized system, as calculated by Jung and Lücke [14]

It is possible to explain the large wave number of the
negative-r patterns by a simple physical argument. If a
convective flow is to occur, up-flows or down-flows mus
sustain themselves, rather than decay with time. When t
system is heated from above and cooled from below, a
up-flow draws cold, ethanol-rich fluid up from the bottom
of the convection cell. Because of the strong therma
expansion, the fluid drawn up is initially denser than th
surrounding fluid and would normally be driven down
by the buoyancy force. However, the thermal diffusivity
is much larger than the concentration diffusivity in the

FIG. 2. The rms pattern amplitude as a function of time afte
a sudden application of the negative Rayleigh number att  0.
The three curves correspond tor values of22.0 (solid line),
21.0 (long-dashed), and20.5 (short-dashed).
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FIG. 3. Circles indicate the peak wave number as a functi
of the Rayleigh number, measured for sudden application
forcing. The line indicates the most unstable wave number
the linear system, calculated by Jung and Lücke.

mixture. If the flow is sufficiently narrow (i.e., for a
large wave number) thermal diffusion would dissipat
the horizontal temperature gradients in the up-flow. Th
concentration gradient is dissipated to a much less
degree, and so the upwelling fluid would be lighter tha
the surrounding fluid by virtue of its higher ethano
concentration. Buoyancy associated with this updraft
ethanol-rich fluid can sustain the convective flow. Simila
arguments apply to down-flows of hot, ethanol-poor wat
from the top of the cell. The mechanism involved appea
to be closely related to the phenomenon of salt fingerin
in oceanographic flows [1]. This argument applies in th
bulk of the fluid. Close to onset the boundary condition
exert a stronger influence. The result is the selecti
of a longer wavelength mode [14], as illustrated by th
theoretical curve in Fig. 3.

Although the rms amplitude of the pattern remain
fairly stable after the initial transient, the pattern continue
to evolve with time. In Fig. 4 the convection pattern
is shown after the system has been held atr  22
for 4.3 3 104 s. The shadowgraph image still exhibits
narrow bright and dark regions, indicating that transpo

FIG. 4. The development of the convection pattern in Fig.
after maintainingr  22 for 4.3 3 104 s.
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takes place in narrow up-flows and down-flows, but now
the separation of the up-flows and down-flows is muc
larger than their width. While the initial pattern reflects
the exponential growth of Fourier modes arising from th
linear instability, the late patterns appear to result from
nonlinear interactions of the modes. Patterns such
those shown in Fig. 4 do not exhibit any clear symmetry
the lattices formed by the dark and light lines appea
to form mostly three-, four-, and five-sided polygons in
irregular configurations. The patterns observed here a
very similar to those obtained in numerical simulation
for c . 0 and r . 0 in the Soret regime, in which
the concentration driven buoyancy dominates temperatu
driven buoyancy [14]. These patterns also bear a strikin
resemblance to those which result from the instability o
bimodal convection in high Prandtl number liquids [15].

The length scale continues to grow until it reaches a
upper limit, and a new instability is observed. Weak up
flows and down-flows begin to invade the large quiesce
regions. The resulting patterns, such as that shown
Fig. 5, bear a resemblance to dendritic growth. Thes
patterns are not stationary. The smaller up-flows an
down-flows move across the pattern in a stochast
manner with a velocity of the order of0.01h s21.

The amplitude of the patterns is shown as a function o
r in Fig. 6. The points marked with circles indicate the
steady state convection amplitude measured3 3 104 s af-
ter convection was suddenly initiated as in Fig. 2. Th
square symbols represent the convection amplitude resu
ing from a gradual application of the forcing over a pe
riod of at least5 3 104 s. In this case transients such as
those seen in Fig. 2 are avoided. The triangles indicate t
pattern intensity as the Rayleigh number was continuous
ramped fromr  22 to r  0 over a period of1 3 105 s.

These data are consistent with a supercritical onset a
a linear dependence of the long-time pattern amplitud

FIG. 5. The convection pattern after continuous evolution a
r  22.0 for 6.1 3 105 s (1 week).
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FIG. 6. The amplitude of the pattern as a function ofr as
described in the text.

on the Rayleigh number. Visualization of the pattern
near the onset is difficult because the amplitude is sm
and broadly distributed in a wave number. The smalle
forcing at which a pattern was observed wasr  20.10.
In this case, visualizing the pattern required averagi
64 frames.

The results presented above can be compared with
linear stability analysis for this system [13,14,16]. Fo
L  1022 andc  20.24, the critical Rayleigh number
is predicted to berc  20.017. This value is below
our experimental resolution, but is consistent with th
data shown in Fig. 6. The experiments confirm that th
instability is to stationary convection, but the amplitude
strongly underdamped (see Fig. 2).

The linear stability analysis predicts that the critica
wave number is zero [16], although further investigatio
has revealed that a broad spectrum of wave numb
becomes unstable slightly above threshold [14]. The init
patterns, such as the one shown in Fig. 1, seem to refl
the dynamics of modes in the linearized system, where
the late patterns, such as those shown in Figs. 4 and
presumably result from nonlinear interaction of the mode
In the latter regime, the patterns seem to exhibit tw
distinct length scales. There is a short length scale, wh
can be taken to be the lateral extent of an up-flow or dow
flow. Using the data of Figs. 1 or 3, this length scale
found to be approximatelyhy2. There is also a longer
length scale, which is the average distance between the
flows and down-flows in the late-time pattern. Based o
the data in Figs. 4 and 5, this longer length scale is appro
mately 3h. For conventional Rayleigh-Bènard convec
tion, these two length scales are the same and equal toh.
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In conclusion, we have observed an instability whic
occurs when a mixture having negative separation ra
is heated from above. This instability has a numbe
of intriguing features. The amplitude of convection
executes damped oscillations when the forcing parame
is changed. The initial pattern reflects the spectru
of the linear instability, although nonlinear interaction
subsequently drive it toward a longer wavelength. Fo
very long times, the patterns exhibit persistent stochas
motion. This system appears to be closely related to s
fingering in thermohaline convection, and may be a usef
laboratory system for studying this phenomenon.
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