
RAPID COMMUNICATIONS

PHYSICAL REVIEW E OCTOBER 1997VOLUME 56, NUMBER 4
Temperature fluctuation properties in sodium convection

S. Cioni,* S. Horanyi,† L. Krebs, and U. Mu¨ller‡

Forschungszentrum Karlsruhe GmbH, Institut fu¨r Angewandte Thermo und Fluiddynamik, Postfach 3640,
D-76021 Karlsruhe 1, Germany
~Received 9 December 1996!

Experimental investigations have been carried out on some aspects of temperature field in sodium convec-
tion. Using spectra, histograms, and structure functions the properties of the temperature fluctuations were
analyzed. It was found that, at Ra.53106, the maximum Rayleigh number reached in this experiment, the
temperature field behavior was mainly diffusive. The frequency spectra showed a very clear scaling with a
slope of24. It was also found that, over the whole range of Rayleigh numbers checked, the probability density
functions~PDF’s! of the temperature fluctuations were Gaussian shaped, whereas the PDF’s of the temperature
differences were well fitted by stretched exponential tails.@S1063-651X~97!51009-9#

PACS number~s!: 47.27.Te
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Rayleigh-Bénard convection, a fluid layer heated from b
low and cooled from above, has been studied for a long ti
The majority of this work has been devoted to the lar
Prandtl number fluids in different geometries. A few num
bers of studies have dealt with the low Prandtl number fl
~@1–3#!. While earlier studies focused on the global he
transfer and flow patterns, more recent interest arised in
statistical properties of turbulence~@4#!. A new regime of
turbulence, corresponding to the Bolgiano-Obukhov scal
seems to occur at moderate Prandtl number@4,5#. By con-
trast, experiments in mercury@6# suggest that temperatur
fluctuations are passively transported by turbulence at
Prandtl number, in agreement with theoretical expectati
@7#.

Thus, the main aim of this paper is to characterize
moderate Rayleigh number regime at a very low Pran
number (Pr.531023) @8#. In order to do this, the propertie
of the turbulence regime have been characterized by m
of various statistical quantities such as histograms, freque
power spectra and structure functions of local tempera
fluctuations. In this paper, we will study the temperature fi
for different Rayleigh numbers at different locations insi
the cell.

The experimental setup has been detailed in Horanyiet al.
@9# ~see also@1#!. Here, we give only the main features. Th
experimental cell was a vertical cylinder 110 mm high a
520 mm in diameter, corresponding to the aspect ra
G5D/H54.72.

The control parameter of this experiment was the hea
power. Thus, the experimental boundary conditions w
fixed heat flux at the bottom and fixed temperature at the
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The mean working temperature was 570 K@10# and the Ray-
leigh number ranged from 23105 to 53106.

The measurements presented in the present paper
obtained from two rake probes near the center as show
Fig. 1. Each rake consisted of nine thermocouples span
from the bottom to the top plate as shown in Fig. 1~b!. We
shall focus on the results at 15 mm from the top plate, as
presence of the mean flow allows us to relate the time
main to the spatial one by means of the Taylor hypothe
~for further details on the flow pattern inside the cell as w
as on the heat flux measurements, see@9#!. Furthermore, the
data presented here were obtained using a 53104 data set
sampled at 10 Hz, which corresponds to 100 times the t
over time~see below!.

The study of the shape of the probability density functio
~PDF’s! is related to the problem of intermittency, which is
fundamental problem in turbulence~see Ching@11# for ap-
plication to the Rayleigh-Be´nard convection!. In fact, inter-
mittency in space and time is responsible for the deviat
from the Gaussian statistics.

In Fig. 2~a! we show a temperature fluctuation time ser
and the corresponding PDF at Ra.1.53106 @12#, taken at a
distanceH/8 from the top plate, corresponding toz/l th.1

ent

ic
- FIG. 1. ~a! Schematic drawing of one plate~top view!. The dots
indicate the horizontal location of the two vertical rakes.~b! Each
rake consisted of nine thermocouples. Quotas are in mm.
R3753 © 1997 The American Physical Society
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@12#. In order to calculate the time derivative]T/]t from the
digitalized temperature fluctuationsTi we estimate the time
derivative using a centered difference@13#

dTi5
~Ti 112Ti 21!

2
,

and divide by the sampling time stepDt50.1 sec@see Fig.
2~b!#.

The normalized PDF of the temperature fluctuations a
of its derivatives are shown in Figs. 2~c! and 2~d!, respec-
tively. The dashed line represents the Gaussian distribu
with the same mean standard deviation as the turbulent
nal @Fig. 2~c!#. As can be seen from Fig. 2~c!, the histogram

FIG. 2. ~a! Typical time recording of the temperature fluctu
tions normalized by the root-mean-squaredDc and ~c! the corre-
sponding PDFP(u) with u5(T2^T&)/Dc at H/8 from the top
boundary for Ra51.53106. The dashed line in~c! represents the
Gaussian distribution.~b! Time derivative and~d! the correspond-
ing PDF at the same Rayleigh number, whe
u85(]T/]t)/(^]T/]t&)1/2. The dashed lines in~d! represent the fit
by a stretched-exponential tiles, withb51 for uuu.2 ~see text!.

FIG. 3. Skewness of the temperature fluctuations~a! and its
derivatives~b! at Ra.1.63106 versus height. The circle-star poin
corresponds to the location of the results shown in this paper.
d

n
ig-

is very close to the Gaussian distribution, verifying that tu
bulence has not fully developed. On the other hand,
PDF’s of temperature differences is well fitted by
stretched-exponential form@11#

r~u!5r~0!e2cuuub, c,b.0.

Note that b52 corresponds to Gaussian distribution a
b51 corresponds to exponential distribution, whileb,1
indicates a flatter intermittent distribution.

At that location these PDF’s are symmetric, the cor
sponding skewness factors@14# S andS8 respectively, for the
fluctuations and its derivatives are,S50.055 and
S8520.079. Figure 3 shows the skewness factorsS andS8
as functions of the cell’s height. Similar results have be
obtained by Belmonte and Libchaber@13# but at moderate
Prandtl number and larger Rayleigh number.

The spectra of temperature fluctuations provide a furt
test for the characterization of the turbulent regime. As e
phasized by Chasnovet al. @15#, there are few published con
tributions that bear directly on the problem of the tempe
ture field behavior in turbulent fluid at low Prandtl numbe
Also, given the variety of theoretically published laws~i.e.,
exponential,217/3, 213/3, and23!, the problem of scal-

FIG. 4. Frequency spectrum of temperature fluctuations
Ra51.53106 andh595 mm~a! Log-log plot; ~b! log-lin plot. The
two vertical dashed lines correspond to the fit region.

FIG. 5. Log-log plot ofRs vs r /L at Ra.1.63106. The symbols
are1, s51; s, s52; 3, s53; * , s54. Curves have been verti
cally shifted by15 (s51), 15 (s51), 12.5 (s52), 0 (s53),
22.5 (s54). The vertical dashed lines represent the fit range of
scaling exponents given in Table I~see text!. ~b! Log-log plot ofR2

vs R1 .
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ing behavior in the conductive subrange still awaits an
swer. It is well known@16# that for Prandtl numbers less tha
1 the temperature fluctuations spectra in the conduc
range for a passive scalar are given by the relat
ST(k);SV(k)k24, whereSV is the velocity spectrum.

Using the mean velocity~computed from the correlation
between two probes~see@4# and @9#! we can relate the time
domain with the spatial one. The mean velocity measure
Ra51.53106 was V.2.5 cm/sec. Figure 4 shows the fr
quency power spectrum for Ra.1.53106 at 15 mm from the
top plate. The log-lin plot of Fig. 4~a! shows clearly that the
spectrum can best be fitted by a power law than by an ex
nential one. In fact, the log-log plot@see Fig. 4~b!# is well
fitted with a power exponent equal tof L.23.96. The latter
ranges from 0.24 Hz~corresponding to the integral sca
L.V/ f L! to 2.0 Hz.

This means that at this Rayleigh number, neither the
called inertial-convective subrange~characterized by ak25/3

spectrum! nor ~for largerk! the so-called inertial-conductiv
subrange~characterized by a Batchelor spectrum in;k217/3

@17#! were observed. Thus, there is a range of wave num
~read frequency! k for which the velocity spectrum iscon-
stantwhile fluctuations for the temperature field are in th
conductiverange. The reason for this could be found in t
fact that as the Reynolds number was not high enough
develop any ‘‘inertial’’ subrange, the temperature spectr
fell off before the viscous cut-off could occur.

Furthermore, the spectra at 1.5 cm as well as in
middle of the cell were perfectly superimposable. Th
means that at this Rayleigh number the whole layer of
dium was dominated by diffusive effects. It is of interest
examine whether this dissipative scaling can be obser
even from the structure functions.

The structure functionRs , of order s, is defined by the
following relationship:

TABLE I. Scaling exponent for the temperature structure fun
tions Rs wheres is the order.

s51 s52 s53 s54 s55 s56

js 0.86 1.67 2.42 3.09 3.70 4.26
es

a 60.01 60.03 60.04 60.05 60.08 60.09

aes represent the error bars.
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Rs~r !5^uT~x1r !2T~x!us&5^udT~r !us&.

Figure 5~a! showsRs versusr for s51,2,3,4 correspond-
ing to the turbulent signal given in Fig. 2. We should stre
the excellent agreement between the estimation of the m
velocity and the fact that the structure functions become
for r /L51, as commonly observed in ordinary turbulenc
The best fit ofRs over the range indicated by the vertic
dashed lines of Fig. 5~a! gives the scaling exponents reporte
in Table I.

A more effective way of studying the turbulence regime
provided by the extended self-similarity~ESS! introduced by
Benzi et al. in 1993 @18#. As pointed out by Benziet al., if
we suppose that the temperature structure functions of o
s follow a scaling law of this kind,

Rs~r !;r js,

the s-order structure function versus thet-order structure
function has to follow the following scaling:

Rs

Rt
;r D~s,t !,

where

D~s,t !5
js

j t

is the so-calledself-exponentfor the temperature field.
ESS supports previous conclusions inferred from the

quency spectra. In fact, Fig. 5 shows that as the s
exponentD~2,1! is equal to21.98, the temperature field i
fully conductive @remember that in the dissipative rang
D(s,t)5s/t#.

In this paper some properties of the temperature struc
field have been investigated experimentally. The results
the present investigation have demonstrated that the temp
ture field at these Rayleigh numbers in sodium liquid w
purely dissipative: the Gaussian distribution of the PD
proves this. Furthermore, a regime characterized by af 24

scaling law in the temperature fluctuation spectra has b
observed experimentally.
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