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Traveling waves in a fluid layer subjected to a horizontal temperature gradient
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We report experimental observations of traveling waves in a pure fluid with a free surface situated in a
long container submitted to a horizontal temperature gradient perpendicular to its large extension.
Above a critical value of the gradient and depending on the height of liquid 4, a source of propagating
waves is created in the container for small values of 4, while stationary patterns arise for larger values of
h. The spatiotemporal properties of the waves are studied and compared to available theoretical predic-

tions.

PACS number(s): 47.20.—k, 47.27.—1i, 47.35.+i

I. INTRODUCTION

While the nature of turbulence in fluids is still an open
question, the evolution towards turbulent states has re-
ceived much attention in the last decade and important
results have been obtained in weakly confined systems.
Studies of one- or two-dimensional (1D or 2D) systems in
numerical models and experiments have shown that a
periodic stationary or propagating state may destabilize
when a control parameter is varied and become turbulent
via different scenarios. A transition to turbulence via
spatiotemporal intermittency has been observed in mod-
els of phase equations [1] and coupled-map lattices [2] as
well as in 1D Rayleigh-Bénard convector [3], in the
printer’s instability [4] or in capillary ripples [5]. The dy-
namics of propagating patterns has been widely studied
in Ginzburg-Landau equations [6] or in convection in
binary fluid mixtures [7]. The destabilization of these
patterns leads to spatiotemporal chaos.

The existence of propagating waves has also been pre-
dicted in convection in pure fluids with a free surface,
when a horizontal temperature gradient is applied
[8—10]. These waves are not observed in small con-
tainers [11] but they are present in float-zone crystal
growth, even in the absence of gravity, and play an im-
portant role in the transport of impurities. These last ex-
periments are generally performed in cylindrical
geometries and on low-Prandtl-number liquids [12],
configurations in which quantitative measurements are
difficult to obtain. Very few experiments have been per-
formed to characterize these waves and to study their
destabilization. 1D propagative patterns have been ob-
served in an experiment involving a hot wire below the
free surface of a liquid [13] but the physical mechanisms
responsible for this instability remain unknown. The ex-
istence of hydrothermal waves has also been recently re-
ported in Bénard-Marangoni convection in a cylindrical
container with a hot source in the central part [14]. In
this case, the waves appear as concentric rolls traveling
radially from the center.

In this article, we report experimental results concern-
ing different dynamical regimes, including waves travel-
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ing perpendicularly to the temperature gradient, obtained
in a very simple configuration. A pure fluid with a free
surface is situated in a long and narrow container and is
submitted to a horizontal temperature gradient perpen-
dicular to its large extension. Our system thus appears to
be a good tool to study both the mechanisms which drive
this instability and the dynamics of nonlinear 1D travel-
ing waves.

II. EXPERIMENTAL SETUP

The apparatus consists of a rectangular container 20-
cm long and l-cm wide (see Fig 1). The long vertical
walls are made of copper and can be thermally regulated
by circulating water. The container is closed by two nar-
row plexiglass walls. The lower boundary consists of a
glass plate for observations while a plexiglass plate is in-
serted a few millimeters above the surface of the fluid to
avoid evaporation. The container is filled with silicone
oil (viscosity v=0.0065 Stokes) of Prandtl number P =10
to a height h that is measured with a precision of 0.05
mm. The horizontal temperature gradient AT is imposed
by the two copper walls and is measured using thermo-
cougles. This gradient is regulated with a stability of
107° K.

The patterns are visualized by shadowgraphic imaging.
A parallel vertical light beam crosses the container from
top to bottom and forms a horizontal picture on a screen,
due to surface deformations at the oil-air interface and to
temperature gradients in the fluid (see Fig. 2). The spa-
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FIG. 1. Schematic drawing of the experimental apparatus.
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FIG. 2. Shadowgraphic image of a traveling wave pattern in a horizontal plane for # =1 mm and At =5.5 K. The top (respective-
ly the bottom) of the picture corresponds to the hot (respectively the cold) plate.

tiotemporal evolution of the structures is recorded using
a video camera and the images are digitized along a line
of 512 pixels perpendicular to the gradient. This method
is described in detail elsewhere [15].

III. EXPERIMENTAL RESULTS

The two parameters which control our experimental
system are A, the height of silicone oil in the cell, and AT,
the horizontal temperature difference between the two
walls. We have observed that, for each # value, when AT
is increased from zero to a threshold value AT,, a longi-
tudinal (parallel to the gradient) pattern appears. De-
pending on the height of liquid, two regimes occur.
When AT = AT,, for small & values (from 0 to 2.8 mm),
the system exhibits longitudinal waves propagating per-
pendicularly to the gradient (see Fig. 2) while, for larger A
values (from 2.8 to 10 mm), stationary ‘“‘rolls” with axes
parallel to the gradient are observed. Figure 3 shows the
dependence of AT,, on h for these two kinds of struc-
tures. The height, A =2.8 mm, at which the two
domains meet corresponds to a unit ratio between the
Marangoni and the Rayleigh number,

W=Ma/Ra~1
with
Ma= —(d0 /3T )ATh /pykv and Ra=gaATh3/kv ,
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FIG. 3. Critical temperature difference AT, vs the height of
liquid A.

where g is the gravitational acceleration, a the thermal
expansion coefficient, « is the thermal diffusivity, p, is the
density of the fluid, v is the kinematic viscosity, and o is
the surface tension. The traveling wave domain corre-
sponds to W > 1, where surface tension effects are dom-
inant, while in the stationary roll domain (W < 1) buoy-
ancy is dominant.

In the regime of propagating waves, when AT is in-
creased above AT,, a source of waves is created in the
container while two sinks are generally situated at the
edges of the container (cf. Fig. 2). By calculating the am-
plitude of the waves by complex demodulation tech-
niques, we see that this source corresponds to a region of
reduced amplitude (a “hole,” cf. Figs. 4 and 5). More-
over, its dimension depends on e€=(AT—AT,)/AT,.
The size of the source is very large near the threshold and
decreases in length as € is increased. If AT is increased
very quickly above AT,, several defects are created, and
pairs of sources and sinks vanish until only one source
and one or two sinks remain. The waves are not exactly
perpendicular to the large side of the container but exhib-
it an angle ¥=80°. This angle does not seem to depend
on AT or on A.

We have constructed space-time diagrams to study the
dynamics of the waves (see Fig. 4). With such diagrams,
the wave length and the period of these waves can easily
be measured. Spatial and temporal Fourier spectra reveal
that the waves have a unique wavelength and frequency
at threshold. For & between 0 and 2.5 mm, the period at
threshold 7, increases with A [cf. Fig. 6(a)]. In the same
range of A, the A_/h variation versus A is nonmonotonic,
with a maximum for 2 =1.4 mm [cf. Fig. 6(b)].

We have also performed some measurements for AT
larger than AT, at different A. The curves giving the
period 7 and the phase velocity v, versus € are displayed
in Figs. 7(a) and 7(b), respectively. The figures show that
7 decreases and v, increases when € is increased. For
small 4, 7 and v, are clearly different from those obtained
for the middle range of A, showing the sensitivity to sur-
face tension effects which are more important for small 4.
Finally, when € is further increased, the system of travel-
ing waves exhibits phase instabilities leading to space-
time dislocations (cf. Fig. 8).

Stationary rolls are strictly perpendicular to the large
side of the cell, unlike traveling waves. The wavelength
of these rolls appears to be proportional to the height of
liquid A. When € is increased, the rolls begin to oscillate
in an optical mode. For larger €, the pattern destabilizes
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and gives place to spatiotemporal chaos. These dynami-
cal regimes are reminiscent of Rayleigh-Bernard convec-
tion in narrow gap geometries [3,15].

IV. DISCUSSION

Our observations raise several interesting hydrodynam-
ic and phenomenological issues. First, thermocapillarity
appears to be the main physical mechanism driving the
instability for small A, while buoyancy is dominant for
large h. A temperature gradient imposed on a thin fluid
layer with a free surface produces a corresponding gra-
dient in surface tension and hence a bulk fluid motion [9].
For our fluid, the surface tension is a decreasing function
of temperature (do /3T <0) so that there is surface flow
from the hot towards the cold side of the container. Al-
though we have not yet recorded velocity profiles, by
seeding the flow with particles and illuminating it with a
laser sheet, we have seen that the horizontal velocity
profile includes a shear flow near the surface and return
flow at the bottom, the convection being monocellular
(cf. [11]).

Smith and Davis have shown that this dynamic state
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FIG. 5. Amplitude of the waves corresponding to Fig. 4 as a
function of space x.
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FIG. 4. Spatiotemporal evolution showing a
left- and a right-going wave emitted from a
source and corresponding to the pattern shown
in Fig. 2. The total acquisition time is 25 sec
and the spatial extension is 20 cm.

can destabilize into two thermoconvective instabilities:
stationary longitudinal rolls and traveling hydrothermal
waves [8]. They consider the estabilization of two basic
flow profiles: the linear flow state (LFS) and the return
flow state (RFS). They calculate the critical conditions
Ma, versus P. In the LFS, when P > 1.6, there is station-
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FIG. 6. Evolution of the period 7. (a) and of the wavelength
A./h (b) with the height of liquid A.
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6.0 . : l TR these instabilities are described in Refs. [9] and [16], but

(a) | wh=1.10mm | the main difference between hydrothermal instability at

so b PoiEamm small P and at large P is the following. Instability arises

v | an=180mm | for small P (respectively for large P) from a transfer of en-

v N L | ergy from the imposed horizontal temperature gradient

WOFa H Yy s v bemEETE 1 (respectively the vertical flow induced temperature field)
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.. . parallel to the gradient and waves propagating perpendic-

=" ularly to the gradient. However, some differences

1.0 R . . | remain. First, our basic flow is closer to their RFS, in

which no stationary state is observed. Moreover, our re-

00 o e s T — T v s sults have been obtained with a fluid of P =10, for which

€ oblique traveling waves are not predicted in the LFS and

are predicted in the RFS, but with an angle of 20° in con-

7.0 : - , - — — tradiction to the experiment. For 42 =0.8 mm, the exper-

(b) | o078 mm imental results give a critical Marangoni number

6.0 | | +h=1.42 mm Ma, ~ 12000, a critical wave number o,~1.5, and a re-

. e duced phase velocity v, ~0.06. These values can be com-

sof ° | ¥n208mn pared to those obtained in the RFS: Maf™~300,

— L. b R oRFS~2.6, and vRF5~0.06. The differences between ex-
R R - periment and theory are even larger for larger A.

E oy v These differences could be explained by the absence of

> sor. R voo+ Yo o gravity in the model of Smith and Davis. More recently,

" 'é*' VA ¥ © the stability of convective motion in a differentially heat-

20 fy ed cavity has been studied, in the presence of gravity, for

small-Prandtl-number liquids [17] and in the limit of

1.0 large AT [18]. A linear stability analysis has also been

performed in the general case and shows similar instabili-

-9 o 025 os0 o 1.00 125 150 775 ties [19]. However, certainly due to different boundary

€ conditions, our experimental observations differ from the

FIG. 7. Evolution of the period 7 (a) and of the velocity v,
(b) of the waves with the reduced temperature difference €.

ary convection in the form of rolls parallel to the gra-
dient. 2D waves traveling in the direction of the gradient
are observed when 0.6 <P < 1.6. When P <0.6 there are
oblique hydrothermal waves that are traveling perpendic-
ularly to the gradient (¢»=~90°). In the RFS, the preferred
mode is an oblique hydrothermal wave, with an angle of
propagation i that that decreases with P increasing: for
P=10, ¢¥~20°. The physical mechanisms describing

X

results displayed in Ref. [19]. A more realistic model in-
cluding both surface tension and gravity together with
appropriate boundary conditions is currently being stud-
ied and the first results are promising [20].

The instabilities observed in our experiment are also
different from the results obtained by Ezersky et al. in a
cylindrical geometry [14]. In their case, the stationary
rolls are concentric and thus perpendicular to gradient,
and the waves propagate radially from the center (paral-
lel to the gradient). These differences could be due to the
geometry or to the boundary conditions.

Phenomenologically, our configuration is a good sys-

FIG. 8. Spatiotemporal evolution showing
phase instabilities for h=1.5 mm and AT=10
K.



4436

tem for exploring nonlinear 1D traveling waves and their
destabilization. The spatiotemporal properties of the
waves can be studied in the frame of two coupled ampli-
tude equations that can be derived from a physical model
[20]. They have general properties that do not depend on
the exact experimental system. ‘

By using a nonlinear multiple-scale analysis, Smith has
derived these equations in the absence of gravity [10].
His analysis expects the system to develop into a pure-
wave state consisting of either the right or the left linear
wave, except for small P where a combination of both of
the waves should develop. In our experiment, the pres-
ence of a source stabilizes the right- and left-going waves
with a definite wavelength. Near threshold, the width of
the source increases with decreasing €, as observed in the
hot wire experiment [13] and in recent numerical simula-
tions [21]. When € is increased, the phase instabilities
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which are observed (cf. Fig. 8) could be related to an Eck-
haus or a Benjamin-Feir Instability [10].

In conclusion, our experiment shows the presence of
stationary rolls parallel to the imposed thermal gradient
and of hydrothermal waves propagating perpendicularly
to the gradient. These instabilities are qualitatively simi-
lar to those described in theoretical models but many
contradictions and differences persist and suggest new
theoretical work. We are currently performing experi-
ments using an annular configuration with a radial tem-
perature gradient.
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FIG. 2. Shadowgraphic image of a traveling wave pattern in a horizontal plane for # =1 mm and At =5.5 K. The top (respective-
ly the bottom) of the picture corresponds to the hot (respectively the cold) plate.



FIG. 4. Spatiotemporal evolution showing a
left- and a right-going wave emitted from a
source and corresponding to the pattern shown
in Fig. 2. The total acquisition time is 25 sec
and the spatial extension is 20 cm.



FIG. 8. Spatiotemporal evolution showing
phase instabilities for k =1.5 mm and AT =10
K.




