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ABSTRACT

A large-scale circulation velocity, often called
the “wind”, has been observed in turbulent con-
vection in the Rayleigh-Benard apparatus with a
container of an aspect ratio of unity. Temperature
fluctuations measured in different positions inside
the container for Rayleigh numbers of the order of
10" when the flow is fully turbulent, are analyzed
with auto and cross correlation. It is found that
the trajectory of the mean wind has the shape of
one convection cell with the size of the order of
the container.
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PERMBLEDH]JE

Njeé lévizje makroskopike, qé shpesh njihet me
emrin ‘era’ éshté véné re né konveksionin Relej-
Benard né njé ené me raport pérmasash njési.
Luhatjet e temperaturés té matura né pozicione
té ndryshme brenda enés, pér numra Relej té ren-
dit 10" kur lévizja éshté shtjellore u analizuan me
metodén e korrelacionit vetjak dhe reciprok. U pa
se trajektorja e erés né ené ka formén e njé gel-
ize konveksioni me pérmasa té rendit t& enés sé
konveksionit.
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INTRODUCTION

Thermal turbulence is part of many large natu-
ral and engineering systems. These can range from
stars to atmospheric and oceanic circulations, and
even motion within the Earth’s mantle and core.
To reduce the problem to one that we can more
easily attend to, we introduced a typically simpli-
fied model known as Rayleigh-Benard convection
(RBC). In RBC, a thin layer of fluid, contained be-
tween two horizontal, rigid boundaries is heated
from below and cooled from above so that the flu-
id becomes mechanically unstable to convection.
For a Newtonian fluid, the dynamical state of
convection is governed by the Rayleigh number
Ra=goATL?/vk and the Prandtl number Pr=v/k.
Here g is the acceleration due to gravity, AT is the
vertical temperature difference across the fluid
layer of height L, and a, v and « are, respectively,
the thermal expansion coefficient, kinematic vis-
cosity and thermal diffusivity of the fluid. In a fi-
nite system with a lateral size D, the aspect ratio,
I'=D/L, could also be a relevant parameter.

In phenomenological models when RBC be-
comes turbulence, the fluid layer is divided into
three distinct regions, a turbulent core and two
thermal boundary layers at the top and the bottom
of the heated surface (see 1 and 3). These boundary
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layers are periodic oscillators since a high heat flux
initially applied causes their size to grow diffu-
sively (as the square root of time) until they exceed
a certain size where they become convectively un-
stable. The result is an emission of plumes which
depletes the boundary layer, starting the process
over again in a cyclic manner. This is a fundamen-
tal and periodic time-dependence of turbulence
that manifests itself in other periodic signatures,
such as the circulation frequency of the large scale
flow or ‘mean wind” which is indeed driven by the
plumes. The evidence for the presence of wind is
plentiful. The visualization of water flows (e.g.,
Refs. 6, 7 and 8) directly confirms its existence at
Rayleigh numbers of the order of 10°. Thus, the
aim of this study is to show that the mean wind
exists even when convection is more fully turbu-
lent (higher Ra numbers) and to find the shape of
its trajectory. This is done indirectly from low tem-
perature experiments described in details below.

THE APPARATUS AND THE MEASUREMENT

OF THE TEMPERATURE FLUCTUATIONS

The data analyzed in this article have been tak-
en from the same apparatus used by Niemela et
al [4, 5 and 10]. Some salient features of the appa-
ratus and the procedures used to obtain the data
will be described below.

The apparatus was a closed cylindrical con-
tainer of 50 cm diameter and 50 cm height, with
the aspect ratio of one. The top and bottom walls
of the container were made of copper annealed
under oxygen-free conditions, having a high
thermal conductivity of about 2 kW/mK near 5
K (hence approximating well the condition of an
isothermal surface). The thickness of these plates
was 3.8 cm, and the surface finish was better than
10 pm. Specially designed thin metal film heaters
were attached to the back of each copper plate by
dilute varnish, and sandwiched by an additional
copper plate of 0.16 cm thickness. A constant heat
flux occurred at the bottom plate (special efforts
were made to heat it uniformly along its surface)
whenever experimental conditions were altered,
but measurements were begun in the steady state
only after a constant temperature was reached.
The top wall was connected to a liquid helium
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reservoir through a distributed and adjustable
thermal link, and its temperature was maintained
constant by means of a resistance bridge and
servo. The lateral confinement of the fluid was
achieved with type 304 stainless steel of thickness
0.267 cm. The conductivity of stainless steel at the
operating temperature was approximately 0.25
W/m K. The container was insulated by three
thermal shields at various graded temperatures,
residing in a common vacuum space. The work-
ing fluid was cryogenic helium gas at a tempera-
ture of about 5 K.

Temperature fluctuations on the large-scale cir-
culation were measured by a pair of sensors with
nearly identical temperature sensitivities, placed
a radial distance w = 4.4 cm from the sidewall on
the horizontal mid-plane, aligned vertically and
separated by a distance d=2.54 cm (see figure 1),
and by another sensor placed on the same plane
180° around the circumference. To check the flow
in the center of the cell a sensor was put there too.
Our temperature signals were discrete time sig-
nals since the acquisition rate of the data was 50
Hz and the number of data points in a single run
was 2Y. The direction of the wind was arbitrary
and presumably fixed by initial perturbations, or
perhaps some small experimental artifact.
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Fig. 1. The probes used to measure the temperature
fluctuations. They are small (250 micrometer on
a side) cubes of doped germanium that have a very
sensitive temperature dependent resistance.
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ANALYSIS OF TEMPERATURE FLUCTUATIONS

In fig. 2, are shown the temperature fluctuations
measured simultaneously from one of the neighbor-
ing sensors near sidewall (upper plot) (temperature
fluctuations from the other neighboring sensor, not
shown, look very similar to the one shown) and the
sensor mounted at 180° around the circumference
(lower plot), for Ra=4x10" when the flow is fully
turbulent. Clearly plumes of opposite signs are seen
in the two sides of the flow: simultaneously one of
these two sensors measures a warm plume going
up and the other one a cold plume coming down
which tells that large scale motion near sidewall has
opposite sense. This means that the number of cells

established inside the container is odd.
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Fig. 2. Temperature signal measured simultane-
ously from two sensors mounted at 180° about
the azimuth, 4 cm from sidewall, Ra=4x10". They
indicate the opposite sense of flow and reversals.

Temperature fluctuations measured at the geo-
metrical center of the container, are analyzed by
autocorrelation function which is able to show if
a periodic feature is embedded in the measured
signal. First the signal is brought in standard form
with zero mean and unity standard deviation. The
autocorrelation is performed afterwards. The result
for almost the same Rayleigh number as above is
shown in figure 3. The lack of periodicity indicates
the absence of a large scale motion at the geometri-
cal centre of the cell (see e.g., Kugali [2]). This is in
very good agreement with the result found from
the raw temperature data measured near sidewall
shown in figure 2.

The autocorrelation of the signal measured for
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Fig. 3 The autocorrelation as a function of the
delay time, of the temperature fluctuations data for
Ra=1x10" taken from the probe placed in the
geometrical center of the cell.

Ra=4x10" from one of the neighboring probes near
sidewall (shown in the upper plot of figure 2) is
presented in figure 4. A period T of about 30 s cor-

responds to the period of the mean wind (see [9]).
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Fig. 4. Autocorrelation of the temperature signal
for Ra=4x10".

Say 0,(t) and 6,(t) are the temperature fluctua-
tions measured simultaneously by the neighboring
sensors. If the convective motion consisted only of
a steady wind with some periodic modulation, the
temperature signals from the sensors near the side-
wall would be identical, with a well defined phase
lag given by their separation and the magnitude of
the wind velocity. Define a short time correlation
between 0, (t) and 0,(t) as:

G@) = 30,40, (.,)

(see [4 and 11]) where t,is the i-th sample of a digi-
tized signal, T = t, - t, and the window width N
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used for calculating the correlation is approxi-
mately equal to one convective turnover time for
the large-scale flow (about 30 s) The delay timeT,,
for which G has a maximum defines the average
phase lag between the two signals 0,(t) and 0,(t).
The mean value of wind velocity V, is then given
by V = d/t,,. The direction of this vertical veloc-
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Fig 5. The upper plot shows the wind velocity, V(t),
smoothed. The lower plot shows the temperature
fluctuations. The plot of velocity is shifted upward by
14 cmy/s to avoid overlapping. The two upward spikes
in the velocity measurement plot show that the wind
changes direction and it corresponds to the relatively
warmer fluid passing by the sensors.

ity can be decided by the sign of the delay time
(which can be positive or negative) and the rela-
tive positions of the sensors. Clearly, the method
cannot resolve fluctuations that oscillate more
rapidly than N. Small value of N yields a large
variability of G(t) while a large value diminishes
the maximum of G(t).

Traces of temperature signal measured with
one of the two neighboring probes for Ra=4x10"
and of the wind velocity are shown in figure 5.
The two plots agree with each other. Temperature
signal has groups of cold peaks which are cold
plumes advected by the descending flow and
warm plumes advected by the rising flow.

It can also be seen that the wind reverses its di-
rection following the abrupt change of the tempera-
ture of fluid nearby the probes near sidewall. The
mean value of velocity is found to be 7 cm/s. Then
the mean path length of the wind is defined as: P
~V:-T=7cm/s 30 s =210 cm = 4-50 cm, where
4-50cm is the approximate perimeter of the cell
with aspect ratio of 1, of diameter and height 50 cm.
Therefore we conclude that the large scale motion is
essentially one roll like: up in one side and down in

212

the other side similar to the sketch shown in fig. 1.

CONCLUSIONS

No clear evidence of periodicity in the auto-
correlation function of the temperature fluctua-
tions measured for Ra = 1x10" at the geometric
center of the cell is observed. This indicates that
the mean wind at the geometric center of the cell
does not exist. On the other hand the autocorre-
lation of the temperature fluctuations measured
near sidewall for almost same Rayleigh number
has shown periodicity belonging to the period
of mean wind. The wind velocity is found to be
about 7 cm/s and the mean length of the wind
path is about 200 cm indicating that the mean
wind has the shape of one large cell of the order of
the size of the container. This result is confirmed
by plumes of opposite signs seen in the two sides
of the flow measured simultaneously from two
sensors placed near sidewalls at mid-height, 180°
around the circumference.
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