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Matched boundary layers in turbulent Rayleigh-Benard convection of mercury
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We analyzed temperature time series recorded in different positions across the boundary layers of a
Rayleigh-Bmard convection cell using mercutr=0.024 for Rayleigh number$Ra ranging from 16 to
108. In the whole range of Ra, several nondimensional quantities have unique, Ra-invariant profiles, if distance
is normalized by the thermal boundary layer thickness. This indicates an asymptotic regime of thermal turbu-
lence in which two boundary layers are coupled. Skewness and its time derivative of thermal fluctuations
reveal that temperature fluctuations are not buoyancy driven but passively swept by the mean circulation in
most of the cell[S1063-651X98)06401-0

PACS numbd(s): 47.20.Lz, 47.27.Te

The understanding of convective heat transport by a tur- The lower the Prandtl number, the smaller the ratio of the
bulent flow at very high Rayleigh number is of great practi-boundary layer thicknesses, /At. The Rayleigh number
cal as well as fundamental interest. An important goal is tdor this matching is expected to be RAOQ in liquid Hg (Pr
identify and characterize, if it exists, the ultimate regime of=0.024 [7]. It is thus convenient to study in Hg a turbulent
high Rayleigh number thermal turbulence. We chose aegime, otherwise difficult to realize in well controlled ex-
Rayleigh-Baard experiment, that can exhibit the main basicperimental conditions in higher Pr fluid.
features of hard turbulence in a simple geometry, and well In this paper, we describe some statistical properties of
controlled conditions. temperature fluctuations in the uppeold) boundary layer

In the late 1980s, the pioneering experimental work ofregion of the cell. We show that the profile of several statis-
Libchaber and co-workers on Rayleigh#®ed thermal con- tical quantities, such as mean, standard deviation, skewness
vection revealed a regime of turbulence called “hard turbu-S, flatnessF, and the skewness of the time derivatise of
lence” [1-5]. Using helium gas at low temperature allowed the temperature fluctuations, are independent of Ra if plotted
them to explore a wide range of Rayleigh numkieg), the  versus the nondimensional distance to the plate;. In our
control parameter of the system. The histograms of temperddg experimentS’S was observed to be negative outside the
ture fluctuations show an exponential-like long tail in theviscous boundary layer, implying that the temperature fluc-
center region of the cell. Since then, though a large numbeuations are not buoyancy driven but passively swept by the
of experimental and theoretical contributions has been donenean flow. The viscous boundary layer thickness evaluated
several open questions remain. An important and quite pecy the shifting power spectrum of temperature fluctuations
liar point is the existence of a large scale, stable mean flow imlso has a unique maximum at the Ra invar@nt; . This is
the cell. The origin of this flow is still unclear, but it obvi- evidence tha@,/\ is constant and only one length scale
ously strongly affects the heat transport across the cell byemains: the thermal and viscous boundary layers are
causing a strong wind along the thermally active plates. A€oupled.
the velocity vanishes on the sides of the cell, a viscous Our experimental setup is a RayleighsBed convection
boundary layer is created. Therefore, viscous boundary layeell, a vertical cylinder 10 cm in height and 10 cm in diam-
ers coexist along the hot and cold plate with the thermal onegter (aspect ratio J, filled with mercury (for details, see
where the temperature drop occurs. The structure of theg®,9]). The accessible range of Rayleigh number i§<1Ra
two layers is a key point to understand heat transfer proper<10®. The bottom plate is heated by a resistor at constant
ties of hard turbulence. power, and the top plate is cooled by water circulation. The

The boundary layers have been carefully investigated extemperature of the cooling water is regulated by a refrigera-
perimentally by Belmontet al.in pressurized gaSFg) and  tor. The rms temperature fluctuations in the plates, for the
water, by measuring the temperature fluctuations with aypical heating power, is 1% of the total temperature differ-
movable probd6]. They showed the existence of buoyancyence, AT=10°C, when 100 W power is supplied to the
driven structure, plumes, transporting heat to the bulk regiomottom plate.
through the boundary layers. They measured two length The temperature in the flow is measured by two 200
scales\t and\,, corresponding respectively to the thick- diameter thermistors, suspended on a 0.8 mm diameter
ness of the thermal and viscous boundary layers. Over thigame. This frame is moved vertically along the center line of
whole range 19<Ra< 10" accessible to their measurement, the cell by a stepping motor located outside the cell. As the
A, was found larger thak. However, they showed tha,  two thermistors are precisely placed at any positions in the
decreases faster with increasing Ra than at high Ra. upper half of the cell, we can investigate the structures near
Therefore, the two boundary layers are expected to match dhe cooled top plate in detail. Temperature fluctuations are
cross around at Ral0'* (for the Prandtl number Pr0.7). measured through an ac capacitance bridge with a lock-in
Thus the hard turbulence observed ingSHe, or water ex- amplifier (PAR124A). The signal is digitized with a 13 bit
periments is not the ultimate one. resolution digital spectrum analyz&iP3563A at sampling
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= 10 FIG. 2. Temperature profiles normalized By,, and AT near
A~ the top plate as a function af\; for Ra: (@) 8.0x 107, (O) 6.1
e | X107, (O) 3.5x10, (A) 2.0x10’, and (+) 6.0x10°. Inset
shows the temperature inversion, which is estimated about 10% of
total temperature differencAT around the center for Ra3.5
10 x10.
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convenient function (hyperbolic tangent of the non-

dimensional variablez/A. At this distance\, the stan-
FIG. 1. (@) The time series of temperature near the boundarydard deviatior{(T—(T))?)"* happens to be maximum, giv-

layers and at the center for R8.5x 107, herex;=4.2 mm and NG another way to evaluate the boundary layer thickness.

\,=2.5 mm. The temperature fluctuations are normalized by the In Fig. 2, one can see the profiles of nondimensidial

temperature differencé\T. (b) Histograms of temperature fluctua- versusz/At for several Ra. These profiles nicely collapse to

tions, normalized byAT and mean temperature of the top plate a unique curve, independently of Ra. In Figs. 3 and 4, one

Tiop, at various heights for Ra3.5x 10". The heights ar¢a) z= can see thak andF have unique profiles as well. This fea-

1.1 mm,(b) 5.4 mm,(c) 16.6 mm,(d) 36 mm, ande) 50 mm. The  ture is different from the case of pressurized;§Pr=0.7),

arrow pointsAT/2. as can be seen in the Fig. 3 of Rg8]. We note that the

mean temperature profile is slightly inverted in the central

frequency ranging from 5 to 26 Hz. Over 50 000 data pointsegion of the cell (T)/dz>0), indicating a stable stratifi-

are measured for each time series. cation of the fluid. Temperature inversion is about 10% of
We measured a temperature signal at different distancesthe total temperature differenceT. Since the typical fluc-

from the top plate, for different values of Ra. Samples oftyations in the center is 3% afT, buoyancy force is not

temperature signal in the boundary layers region and at thg@ominant.

center of the cell, and a few histograms are plotted in Flg 1. we also p|otted the skewness of the temperature time de-

Temperature is Gaussian near the plate. In the center, thgative, defined as

histogram shows exponential-like tails, a common character

of hard turbulence. In intermediate regions, the shape

changes, due to large low temperature excursions. To char-

acterize the evolution of those histograms, we calculated the

moments: the meanXT), the standard deviatior{(T

—(T)®2, and the nondimensional third and fourth order 3 3

. {(dT/dbd)

“@miany® ?

moments: the skewne&and flatnes$, defined as
T—(T))?
S= (! >Z 2/2' @)
(T=(TH w 0 v
T—(T)* | " TR
F= «—<>)> . (2) N ’ al S center] > ]
(T—=(T)2)? S
-3 . . . , zimm] -3
S characterizes the asymmetry of the distribution. Note that 0 4 st 12
negative(positive skewness corresponds to an asymmetry T

toward coldenwarmey temperaturest is useful to charac- FIG. 3. Overlap of several profiles; the skewn&s&olid sym-
terize large deviations of fluctuations. For instance, Gaussiag|g and the skewness of time derivati® (open symbols of
distribution corresponds t&=3, and exponential distribu- temperature fluctuations as a function of the distazieg for Ra:
tion to F=6. (O) 8.0x10, (¢) 6.1x 107, (O) 3.5x107, (A) 2.0x10', and

The boundary layer thickness; has been obtained in a (V) 3.0x 10°. Inset showsS andS’ as a function of from the top
previous work{ 8], from the best fit of the profiléT) with a  plate for Ra=3.5x 10".
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FIG. 4. The flatness of temperature fluctuatidghssersus the FIG. 5. The frequency shif* as a function ofz/\, for Ra:

distancez/\ 1. The symbols are the same as in Fig. 3. Horizontal(@®) 8.0x 107, (O) 6.1x 10/, () 3.5x 107, (¢) 2.9X 10/, (A)

lines denote==3 andF=6. They correspond to the values ex- 2.0x10°, (+) 6.0x1Cf, and (x) 3.0x 1(°. Inset showsa* with

pected for Gaussian and exponential distribution, respectively.  error bar as a function of the distanzdrom the top plate for Ra
=8.0x 10. The viscous boundary layer thickness is the position at

where which a* reaches its maximum.
d—T—T T @) Due to the high thermal conductivity of Hg and the large
dt 't fluctuations of temperature in thermal turbulence, a direct

measurement of the velocity fluctuations is difficult. In re-

in Fig. 3.S’ characterizes an asymmetry of derivatives of thecent studies, we used an indirect method developed by Bel-
signal. If buoyancy-driven structuréplumes exist near the monte et al. to evaluate the viscous boundary layer thick-
cold boundary layer, excursion away from the mgaool-  ness,\, [6,8,13. Because the highest frequencies of the
ing) is followed by a less rapid returfwarming. The former  temperature fluctuations are due to the advection of the
contributes to a decrease & while the latter contributes to Smallest “thermal structures” by the mean flow, the highest
an increase. As an outcome, cold plumes result in negativequency has to be higher where the mean flow is faster.
g, The viscous boundary layer thickness is defined as the

However, we observed th&' is positive from the top distance to the plate where this maximum occurs. This
(cold) plate to the center in this experimesee Fig. 3 This ~ method relies on the assumption that the size of the smallest
character is very different from that of hard turbulefizg].  thermal structures does not change too much in this bound-
Note also thaS’ curves have a unique profile. ary layer region. The highest frequency was determined as

These quantities have been measured by other authors e frequency at which the power spectrum reaches the back-
the boundary layer of a slightly heated or cooled surfaceground noise level.
where temperature is passively mixed by the turbulent flow In this paper we developed a reliable method to evaluate
[10,11). Along a heated plates’ <0 andS>0, whereasS’ the highest frequency of the signal. For each value of Ra, the
>0 andS<0 was observed along a cooled plate. Thereforepower spectrum of temperatuRg,(f) at the distances are
S'S<0 in the case of a passive scalar. The opposite sign hagifted on the frequency axis to fit a reference spectrum
been found in SE gas hard turbulence convectic®S>0 P, (f), minimizing the quantity
(S<0,S'<0), outside the thermal boundary layers of the top
plate [12]. This feature was explained by the existence of 1 ([ p 2

: : - o Pyaf)
active thermal structures driven by buoyancy, plumes, which Er(a)= _j In—=—"| df, (5)
were observed in a water experimdnt3]. In the present fe=fu P,(f)
situation, we found tha® S <0 outside of viscous boundary
layer as shown in Fig. 3. In fact, the sign®fS defines three . .
distinct regions, as can be seen in Fig. 3. Inside the viscouvs\/here}cH 's the frequency at which the level @rzo(f) be-

boundary layerS'S>0. Fromz/A;=A\, /\1=0.6 to about COMeS a fixed valu#, and f. is the cutoff frequency at
which it sinks into noise level.

6, S'S<0. In the central region, of stable temperature strati- . > . . .
fication, S'S>0. However, in this region where the mean The valuea™ for which Er takes a minimum is the ratio
of characteristic high frequencies of the two spectra. The

velocity is small or null,S'S>0 may not imply that buoy- X )
ancy is dominant. Actually, there are several indications of €ference spectrurR, (f) is a power spectrum at an arbi-

the passive character of temperature fluctuations in the cedary distancez,. We chosez, where the spectrum has the
tral region of the cell, in low Pr hard turbulen®,14]. The  maximumf.. Therefore, the maximum value of the best fit
mean, large scale flow is driven by buoyancy only within aparametera™ is 1 atz=\,. The lower cutoff,f,, was
thin layer along the walls, the viscous boundary layer, wherevaried by changind®, from —45 to —80 dB, buta™* did
S'S>0. Outside of viscous layer, plumes are not active. Thenot change. The nondimensional profile of the characteristic
turbulence in the rest of the cell is energy fed by the sheafrequency,a™, is plotted in Fig. 5 versug/\¢ for several
along the boundary layer, mixing temperature as a passivBa. The position of the maximum ef* does not depend on
scalar. Ra. Thus the ratio of two length scales is constant/\;

fH
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10 the matching of the two layers. In a previous arti9¢, we
have shown from the same data sgt<Ra %2%%02 which
¢ is significantly different from the scaling relation expected if
t { ¢ the boundary layer is laminddiffusion limited): Ao 1/Nu
_ o Ra 225099 f two boundary layers are matched, the ther-
[ SR mal boundary layer is no longer diffusion limited. In that
IS case, two exponents need not be the same. The regime of
h matched boundary layers is expected to exhibit different sta-
tistical properties than that seen at lower Rayleigh number.
In fact we observed the new regime and showed peculiar
statistical properties of boundary layer, i.&,S<0. That
corresponds to the absence of plumes. We hope these obser-
Ra vations will motivate further experimental or numerical in-
FIG. 6. Thickness of the thermal and viscous boundary layers a¥estigations, and the construction of a consistent and global
a function of Ra, (O) is evaluated by shifting power spectrum of theoretical picture of thermal hard turbulence.
tempera_ture fluctuation&T_ (@) is determined_ by the position of We are grateful to M. Sugawara for building the experi-
the maximum rms_fluctuatlor{Q]. The dashed line shows the slope mental cell and to J. A. Glazier, A. Belmonte, Y. Sawada, S.
~0.20 for comparison. Cioni, S. Ciliberto, and B. Castaing for stimulating discus-
sions. This work was supported by the Japanese Grant-in-
=0.63+0.05. In the range of Ra investigated here, the twoAid for Science Research Fund from Ministry of Education,
boundary layers are coupled as shown in Fig. 6. Science and CulturéNo. 08454104 and 09440146A. N.
We may have reached in our Hg experiment the ultimateacknowledges support from the EC/JSPS joint fellowship
regime of hard turbulence which was expected to result fronprogram and the warm hospitality of Tohoku University.
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