VOLUME 83, NUMBER 18

PHYSICAL REVIEW LETTERS

1 NovEMBER 1999

High Rayleigh Number Turbulent Convection in a Gas near the Gas-Liquid Critical Point
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SF in the vicinity of its critical point was used to study turbulent convection up to exceptionally high
Rayleigh numbers, Ra (up to 5 X 10'%) and to verify for the first time the generalized scaling laws for
the heat transport and the large scale circulation velocity as a function of Ra and the Prandtl number,
Pr, in avery wide range of these parameters. Both scaling laws obtained are consistent with theoretical
predictions by Shraiman and Siggia [Phys. Rev. A 42, 3650 (1990)].

PACS numbers: 47.27.Te, 44.25.+f, 64.70.Fx

Turbulent convection has recently attracted a lot of
attention due to the possibility to tune and control the
relevant parameters with unbeatable precision. Animpor-
tant issue in our understanding of the convective turbu-
lence is an experimental test of theoretical predictions on
the Prandtl number, Pr, dependence of global character-
istics, such as nondimensional heat transport, Nu(Ra, Pr),
and Reynolds number of the large scale circulation flow,
Re(Ra, Pr). The difficulty to measure the Pr dependence
in turbulent convection arises from the fact that in conven-
tional fluids it cannot be varied substantially but only by
changing the fluid which is not dways asimple task. The
verification of these scaling relations will be a crucial test
of the theory.

In this Letter we present results on the Pr dependence
of globa properties of the flow, namely, globa heat
transport, characterized by Nu, and large scale circulation
velocity, characterized by Re.

There are two possibilities to reach the high Ra number
convection regime: either to increase temperature differ-
ence across the cell or to vary physical parameters, which

appear inthe expression for Ra = %, where AT isthe
temperature difference acrossthe cell, g isthe gravitational
constant, « is the thermal expansion, and x and » are the
thermal diffusivity and kinematic viscosity, respectively.
The latter possibility was used successfully in compressed
gases (He and SF¢) at an amost constant value of Pr at
about 1 [1-4]. Another system in which this method can
be used is a gas near its gas-liquid critical point (CP). It
was realized along time ago that heat transport is enhanced
dramatically near T. [5]. But it was only recently shown
experimentally that the critical temperature difference for
the convection onset decreases drastically by approaching
T, due to strong variations of thermodynamic and kinetic
properties of a gas in the vicinity of CP [6]. Singular be-
havior of the thermodynamic and kinetic properties of the
fluid near T, provides the opportunity both to reach ex-
tremal values of the control parameter Ra and to scan Pr
over an extremely widerange. All these features make the
system unique in this respect [7,8].

However, the most exciting aspect of the system is the
possibility to perform laser Doppler velocimetry (LDV)
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measurements that we recently demonstrated [7,8]. Small
temperature differences used to reach high Ralead to rather
small fluctuations of the refraction index in the flow. It
gives us the possibility to use a standard LDV technique.
We discovered that the existence of the critica density
fluctuations provided us the possibility to perform LDV
measurements of the velocity field in a rather wide range
of closeness to the CP between 3 X 10™* and 1072 in
reduced temperature 7 = (T — T,)/T,, where T is the
mean cell temperature [7,8].

However, there are limitations and new features which
should be taken into account and studied. A strong depen-
dence of gas properties on the closeness to T manifests
itself in nonuniform distribution of density in a gravita-
tional field and variation of coefficients in the Navier-
Stokes equation with temperature and density. Theformer,
the well-known gravity effect [9], can be significant even
at 7 =~ 1073 and 10 cm height cell: the density difference
across the cell reaches 1% that leads to rather significant
variations in the fluid properties. Fortunately, a tempera-
ture gradient compensates the gravity when heating from
below [5], and strong convection reduces the characteristic
size of nonuniformity to one of about the boundary layer
height. Thisleadsto areduction of the density nonunifor-
mity to atolerant level much below 0.1%.

In the Boussinesg approximation fluid properties are
assumed to be constant despite the temperature gradient
across the cell, except for the buoyancy term. According
to [10] the degree of deviation from the Boussinesq ap-
proximation is adequately described by the ratio of the
temperature drop across the top boundary layer to the tem-
perature drop across the bottom boundary layer. Accord-
ing to our estimates measurements at Ra up to 103 can
be done while non-Boussinesq effects are still relatively
small. Inthedata presented the temperature drop ratio was
above 0.7. So small deviations from the scaling behavior
were observed at highest Pr and Ra.

There are other aspects related to the proximity to 7,
such as compressibility (besides adiabatic gradient) and
breaking down of the hydrodynamic description due to
the macroscopical size of thermodynamical fluctuations.
Simple estimates show that both these factors do not play
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any significant role in the range of parameters under
study [7].

Contrary to the compressed gas convection [2—4], here
one cannot cover the wide range of Ra for one value of
Pr. On the other hand, the data presented cover the range
of Ra from 10'° at low values of Pr far from 7, and
AT = 12 mK up to the largest attainable in a laboratory
Ra=5 X 10 at high values of Pr close to 7,.. The
whole range of the reduced mean temperature was 1.6 X
1072 > 7 >2 X 107*. And finaly, as aresult of large
compressibility and relatively large cell height the adia-
batic temperature gradient was observed [11]. This effect
will be discussed below.

The experiment we present here was done with a high
purity gas Sk (99.998%) in the vicinity of T. and at the
critical density (p. = 730 kg/m?). This fluid was cho-
sen due to the relatively low critical temperature (7, =
318.73 K) and pressure (P, = 37.7 bars) and well-known
thermodynamic and kinetic properties far away and in the
vicinity of CP. Thisgaswaswidely used to study the equi-
librium critical phenomena. The cell is a box of a cross
section 76 X 76 mm? formed by 4 mm Plexiglass walls,
which are sandwiched between a Ni-plated mirror-polished
copper bottom plate and a 19 mm thick sapphire top plate
of L = 105 mm apart.

The cell is placed inside the pressure vessel with two
side thick plastic windows to withstand the pressure differ-
ence up to 100 bars. So the cell had optical accesses from
above through the sapphire window and from the sides.
The pressure vessel was placed inside a water bath which
was stabilized with rms of temperature fluctuations at the
level of 0.4 mK. The gas pressure was continuously mea-
sured with 1 mbar resolution by the absolute pressure
gauge. Together with a calibrated 100 () platinum resis-
tor thermometer they provide us the thermodynamic scale
to define the critical parameters of the fluid and then to
use a parametric equation of state developed recently for
SFs [12].

We should point out here that it is not obvious at all that
the critical parameters, defined at equilibrium conditions,
can be used for a strongly nonequilibrium state to define
closeness to CP. On the contrary, as suggested by theory
[13] and experiment [14], turbulent flow in a binary mix-
ture near its consolute CP can suppress the critical concen-
tration fluctuations. At Re comparable with that achieved
in our experiment, Pine et al. [14] observed the critical
temperature depression up to 50 mK. We used the en-
hancement of the heat transport near CP as an indicator
of the closenessto CP. The critical pressure and tempera-
ture obtained by this procedure agree within =10 mK with
those defined independently by light scattering at equilib-
rium conditions [7].

The heat transport measurements were conducted at the
fixed heat flux and temperature of the top sapphire plate,
while the bottom temperature was measured by a calibrated
thermistor epoxied init. Local temperature measurements
inagasweremade by three 125 pm thermistors suspended
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on glass fibers in the interior of the cell (one at the center,
and two about half way from the wall). Loca vertica
component velocity measurements at about L /4 from the
bottom plate were conducted by using LDV on the critical
density fluctuations [7,8]. Shadowgraph visualization was
used mostly to get qualitative information about structures
and characteristic time and length scalesin the flow mostly
of the top and bottom boundary layers.

From the measurements of the heat transport and,
particularly, of the velocity we realized that at a small but
finite temperature difference, much larger than defined
by the critical Ra for convection onset, there exists a
mechanically stable state. This temperature difference
AT,q is defined by the adiabatic temperature gradient for
the convection onset AT,4/L = gTaC,' [11], where
C, is the heat capacity at constant pressure. As follows
from thermodynamics and critical divergences of thermo-
dynamical parameters as T approaches T, the adiabatic
temperature gradient saturates at afinite vaue AT,q/L =
gp(aP/aT); !, which for SFs and L = 10.5 cm gives
AT,g =95mK for 7 <1072 So with available
temperature stability and resolution it can be mea

sured. Then, as shown in [5], Ra should be modified as
Ra = gL3a(AT—AT,,)

The most sensitive probe to detect the convection onset
in our case was the local velocity measurements. The re-
sults of the mean vertical velocity V,, and rms of vertica
velocity fluctuations V, measurements at 7 = 8 X 1074
are presented in Fig. 1. Both signals show a clear transi-
tionat AT,y = 9.5 £ 0.5 mK, which agrees well with the
theoretical value [7,15]. These measurements were done
for several values of the reduced temperature in the range
8 X 1073 >7>2 X 107*. It was found that AT,q(7)
is constant and independent of 7 in agreement with the
theory [5]. This value of AT,q was used further to cor-
rect the Ravalues. Asaresult of this correction for each
Pr both Nu vs Ra (Fig. 2) and V, vs Ra (Fig. 3) depen-
dences show scaling laws in arather wide range of Ra[7].
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FIG. 1. LDV measurements of the mean V,, (squares) and
rms V, (circles) vertical velocity component. Inset: the same
data with higher resolution.
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FIG. 2. Nuvs Ra open squares (uncorrected) and full squares
(corrected) data at Pr = 27.

The heat transport measurements were done in the range
1.6 X 1072 > 7 >2 X 107*. In order to keep Pr con-
stant, 7 was kept constant, while AT changed during the
measurements. Therange of r waslimited from the higher
temperature end by mechanical stability of constructing
materials (mostly Plexiglass) and from the lower end by
the temperature stabilization of the system. Heat trans-
port measurements were also conducted far away from
CP a P =20 bars, T =303 K, and the density p =
0.18 g/cm?, which corresponds to Pr = 0.9, and at P =
50 bars, T = 323 K, and p = 1.07 g/cm?, which corre-
spondsto Pr = 1.5. The datafar away from CP cover the
range of Ra between 10° and 5 X 10!? with the tempera-
ture differences acrossthe cell from about 0.1till 10 K. By
making all appropriate corrections for heat losses through
thelateral walls, gas, and insulation outside the cell, and for
atemperature drop across the top sapphire plate, we found
that the data on the heat transport far away from CP arein
good agreement witha2/7 law for 10° = Ra= 5 X 10'?
[2]. These data combined with the heat transport measure-
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FIG. 3. V, vs Ra circles (uncorrected) and triangles (cor-
rected) data at Pr = 93.

ments in the same cell in the vicinity of CP for higher val-
ues of Pr can be scaled and presented in a power law form:
Nu = 0.22Ra3*0-83pr=02=0.04 (Fig 4). Just afew points
at the highest Pr and Ra deviate from this scaling due to
the non-Boussinesq effect. This scaling is consistent with
the predictions of Ref. [16].

Recently the Pr dependence of Nu was the subject of ex-
perimental studies[17,18]. In Ref. [17] by comparison of
various experimental data on the heat transfer in water and
mercury the authors came to the conclusion that Nu should
increase with Pr in odds with the theories and our results
presented. These data were taken on different convection
cells of different aspect ratios. On the other hand, rather
accurate measurements of Nu vs Ra in water with Pr be-
tween about 4 and 7 show a slight decrease of Nu but with
amuch smaller exponent than predicted [18]. So the prob-
lem is still controversial, particularly in light of the recent
theoretical reconsiderations of the scaling laws [19].

Wevisualized astructure of thelarge scale flow by using
the shadowgraph technique through the top and side win-
dows. The large diameter with narrow focal width imag-
ing optics enabled us to visualize narrow slices across the
cell and scan it in both vertical and horizontal directions.
The flow was recorded at various Ra and Pr. This vi-
sualization confirmed the picture of up- and down-going
circulation jet flow along the cell diagonal, which forms
the top and bottom turbulent boundary layers. The bulk
of the cell appears homogeneous. The turbulent character
of the flow at the boundary layers is seen as a rapid and
“violent” horizontal motions [7,8].

The circulation frequency, which corresponds to the
travel time of a fluid element passing through one cycle
of the large eddy, is observed as a peak in the power
spectra for both the velocity and temperature fluctua-
tions (see Fig. 5 inset). We also measured directly by
LDV the large scale circulation velocity. However, the
best results were aobtained by extracting the peak fre-
guency from the velocity power spectra at various Ra and
Pr which can be presented in a power law form: Re =
2.6Re43+002pr=075=0.02 (Fig, 5). Here Re = 4f,L%/v,
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FIG. 4. Nuvs Rafor different Pr.
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FIG. 5. Re of the large scae circulation vs Ra for differ-
ent Pr: circles—27; up-triangles—45; down-triangles—93, dia-
monds—190. Inset: power spectra density of vertical velocity
fluctuations at Ra = 3 X 10'2 at Pr = 93.

and f, isthe peak frequency. The data from the low fre-
quency peak in the temperature spectra far away and close
to CP and from LDV measurements are consistent with
this scaling law. We point out that Re reaches values up
to 10° at the highest values of Ra. The dependence of Re
on Pr has amost the same exponent (within the measure-
ment uncertainty) as one found recently in convection in
helium for the much more narrow range of Pr [20] and
agrees rather well with the theoretical prediction 5/7 in
Ref. [16]. However, the scaling of Re with Ra differs sig-
nificantly and is close to 3/7 rather than to 0.5 [20].

We can dso verify consistency of the exponents of
both scaling laws obtained by using one of them, e.g.,
for Re, and the exact relation for the dissipation in a
bulk turbulent regime PrRa(Nu — 1) ~ Re*Pr? [16]. The
resulting scaling relation Nu ~ Ra’2°Pr~023 js consistent
with that found experimentally. Together with the unified
scaling law in the whole range of Ra and Pr under
studies for both transport mechanisms it suggests that a
single mechanism is responsible for these scaling laws.
Moreover, our data did not indicate any signature of the
transition to the asymptotic regime in the heat transport,
discovered recently at relatively low Pr and Ra > 10'!,
There are two possible explanations to this fact: either at
higher Pr the transition occurs at higher Ra or the scatter
in the data for different Pr does not allow usto observe the
transition.
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