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Abstract. - Experiments of Rayleigh-BBnard convection in intermediate geometries show that
very small wavelengths can be stabilized at very high values of the Rayleigh number when the
fluid layer is quasi one-dimensional. A new collective oscillating instability is then observed; this
instability may be a first step toward spatio-temporal chaos.

Rayleigh-BBnard convection has shown itself to be a good system for the study of the
transition to turbulence. In small geometries, observations of the dynamical evolution with
the Rayleigh number have led to a precise understanding of chaotic behaviours (for
example [l-31). In large geometries, mechanisms leading to turbulence near the onset have
been observed, in particular in low Prandtl number fluids; they are related to the spatial
properties of the system (for example [4,5]). The remaining domain, that of intermediate
geometries, has been little studied to date; these geometries are nevertheless of interest as
they provide systems for the study of the approach to turbulence, starting from the now
well-understood concepts of deterministic chaos [6] and adding progressively the notion of
space.
Recent theoretical work in this direction is exemplified by numerical studies of coupled
map lattices ['7l and of partial differential equations derived from the Kuramoto-Sivashinsky
model [8,91. The experimental work parallel to the former corresponds to the study of a
chain of oscillators, whereas the latter can be applied to observations in a onedimensional
chain of convective rolls; this kind of convection can be achieved experimentally in a
convective structure for which one of the horizontal extensions is small and the other great,
in comparison with the depth. We report here some striking features, in particular a new
collective oscillating state observed in Rayleigh-BBnard convection in these intermediate
geometries.

The experimrttal results. - The Rayleigh-BBnard convection is achieved in two different
geometries: one is rectangular ((180 x 2 x 6 )mm), with apeet ratios I', = 36 and I', = 0.4
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and filled with silicon oil of Prandtl number 217.5. The other cell is annular, with internal
diameter 120 mm and external diameter 126mm thus having a gap of 3 mm. Its depth is
10mm, giving an aspect ratio TR=0.3 along the radius and r,=38.6 along the
circumference. This cell is filled with silicon oil of Prandtl number 2:22. The walls of both
cells are of plexiglass and are between upper and lower copper plates.
The shadowgraphic images of the convective states are observed for both geometries, the
beam crossing the cell along the direction parallel to the rolls’ axes. The images, observed on
a screen (fig. l), give then a picture of the pattern in a vertical plane. These images are
recorded with a CCD camera on a video recorder.

Fig. 1. - Shadowgraphic picture of the rolls in the whole rectangular cell.

In the rectangular cell, a part of the image, along a line parallel to the great extension of
the cell, is focused onto a photodiode array of 256 pixels. We may then record the intensity of
the pattern at any time by digitizing the photodiodes’ signals with an 12-bit ADC controlled
by a microcomputer. The resulting time series allow us to follow the spatio-temporal
evolutions of the pattern. In the case of the annular geometry, the same kind of information
is given by a photodiode which sweeps the circumference at a chosen frequency. In both
cases, the array or the mobile photodiode, the intensity is such that a maximum corresponds
to cold streams and a minimum to hot streams in the vertical plane.
The convective pattern consists, above the threshold, of a perfect chain of parallel rolls
with axes perpendicular to the long side of the cell. At a given Rayleigh number the actual
wavelength depends on the previous thermal history; in particular, it is known that when
the fluid is subjected to a quick increase of the temperature difference, a stable structure
can be obtained with a wavelength lower than Ac[lO]. After such an increase in the
temperature difference, we have observed that unusually short wavelengths (as short as
hJ3, with A,=2d) can be stabilized in the cells. This situation may be explained,by the
natural tendency for these geometries to favour wavelengths shorter than Ac[ll-131. In
addition, it is seen that the smaller the r, value, the smaller the minimal stabilized
wavelength; at least in a certain domain the system appears to exhibit a resonance between
the observed short wavelength and the cell width. We may then observe a very nice periodic
oscillation of the hot and cold streams as the first time-dependent behaviour above a given
value of the Rayleigh number. This kind of oscillating instability corresponds to a fine
collective behaviour as can be seen in fig. 2. If we look at the uprising streams near the hot
bottom plate, their individual position oscillates around a mean value. In addition, as cold
streams and hot streams oscillate with phase opposition [14], the rolls’size seems to change
continuously, from smaller to greater value compared to the mean size. Moreover, there is a
phase delay between the streams’ motion near the copper plates and their motion at the
centre of the fluid layer, so the streams appear to undulate (or to vacillate) in the vertical
plane.
The amplitude of the oscillation varies, depending on the roll position in the cell. As seen
in fig. 2, some rolls do not oscillate (like nodes of vibrations) defining domains of oscillation
inside which there is a smooth spatial modulation of the displacement amplitude. (For the
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Fig. 2. - U) Space-time evolution of the light intensity measured in the middle of the rectangular cell
(21 rolls). Each continuous line is separated by 350 ms. Ra = 1.48 lo6. b) Space-time evolution of the
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Fig. 3. - Domain of stability of the collective oscillating mode, as observed in the annular geometry.
The shaded region corresponds to the domain of oscillation. Wavelengths smaller than 0.3& have not
been stabilized.

example shown in fig. 2,the maximum displacement is 61 = AB.) In the rectangular cell the
positions for which the oscillation amplitude is zero are periodic in space and could define a
stationary wave with a new characteristic length A -- 6A0 if A. is the actual wavelength. The
frequency of the oscillations is exactly the same along the entire cell (=0.27Hz at
Ra = 1.48 lo6 which gives a period of around 1.1@IDT, where d2/DTis the vertical

-

138

EUROPHYSICS LETTERS

thermal diffusion time) and this perfect coherence can be surprising in a structure
numbering 94 rolls. A second very low frequency can also be present (typically =h/50with
fi the fundamental frequency of the rolls’ oscillations). In this case, the second frequency is
due to a periodic small displacement of the nodes, i.e. of the position of the nonoscillating
streams in the cell.
In the case of the annular geometry (I‘v= 0.3 and Pr = 22), the same basic phenomenon is
observed (with frequency =0,13Hz at Ra=4.8.106 which gives a period around 0.58.
10-2d2/DT).In addition, the relative spacing between periodic nodes is approximately the
same for the two geometries. However, for the annular geometry, the wavelength is
generally not homogeneous all along the circumference and, in this case, some parts are
oscillating and others not. In fact this inhomogeneity reveals in a striking way that the
collective oscillation of the streams is very sensitive to the local wavelength. Observations
show that the oscillations are present in a very restricted domain of the local wavelength,
near the value AJ2.5. The exact domain of stability seems t o depend slightly on the Prandtl
number and perhaps also on the transverse aspect ratio.

Discussion. - It is important to note that in the studied geometries, which attempt to
simulate a one-dimensional chain of rolls, the first time-dependent behaviour which is
observed when the Rayleigh number is increased corresponds to a well-ordered motion of
the rolls, in particular in the case of the rectangular geometry. As the motion of the hot and
cold streams is exactly the same along the entire length of the rolls’ axes (observations from
above [15]), there appears a tendency for the structure to adapt its local short wavelength to
a greater value (I). So we are probably in the presence of an instability in the plane [Ra, a],
which, to our knowledge, has not yet been revealed by any model. It could be of a nature
similar to that of the instabilities studied by Bolton et al. [16], in the case of convection with
a moderate Prandtl number fluid. But, in this later case, the horizontal extensions of the
fluid layer are considered to be quasi-infinite, i.e. far from our experimental conditions
(Tv
< 1). Our geometry is closer to Hele-Shaw type, for which an oscillatory instability has
been predicted, according to a model of porous medium [17], but for small wave numbers
only.
From another point of view, a one-dimensional chain of rolls may be described by
equations derived from the Swift-Hohenberg model and for which similar oscillations have
been observed numerically [lS]. So this collective oscillating instability of the roll pattern,
which is also evidenced in experiments using lower Prandtl number fluids [19], seems to be a
first step in the destabilization of quasi-one-dimensional chains of rolls, and a prelude to
spatio-temporal intermittencies [ZO-221.
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(l) The boundary layer appears to have a leading role in initiating the oscillation phenomena
discussed. The following observation tests this assumption: if the oil has not been thoroughly
degassed, at a high-temperature difference very small bubbles (- 0.1 mm) may appear at the lower
plate. For a while they remain trapped within the boundary layer, wherein they describe a striking
periodic motion in the horizontal direction. The motion of the bubbles attests for an oscillating motion
in the boundary layer.
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