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Observation of the Ultimate Regime in Rayleigh-Bénard Convection
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In a low temperature He gas Rayleigh-Bénard experiment, Rayleigh numberd @fotm more than
10" are explored. Local velocity is estimated through the time lag between two closeby temperature
probes. This allows characterizing of the high Rayleigh regiRe> 10'') as a fully turbulent one,
possibly corresponding to the asymptotic regime predicted by R. Kraichnan [Phys. BluitZ74
(1962)]. [S0031-9007(97)04440-2]

PACS numbers: 47.27.Jv, 67.90.+z

The Rayleigh-Bénard problem [1] (natural convectionPr = 0.025), an anomalous behavior of Nu for the highest
in a cell heated from its flat horizontal bottom) has raisedRa obtained(~10°) has been interpreted as a possible
constant interest in the last few decades. This is due botbccurrence of the asymptotic regime [7].
to its important implications in the atmospheric, oceanic, The experiment we present here covers the whole range
or industrial context, and to the intellectual challenge ofof Ra from the conductive regiméNu = 1) up to the
understanding the interplay between the thermal boundamargest Ra obtained in a laboratory experiment. The cell
layer and the buoyancy flow. is a vacuum isolated cylinder whose height= 20 cm is

In the Boussinesq approximation [1], fluid properties arewice its diameter (aspect ratid = 1). Top and bottom
assumed constant despite the temperature gradient betwesiites are made of 2.5 cm thick copper. The top plate is
the top and bottom plates, except for the buoyancy forcgooled by a liquid helium bath and regulated via a high
which linearly depends on temperature. In this contextresolution proportional integrate derivative controller [8]
the Nusselt number Nu (effective conductivity of the allowing less than 0.1 mK variations. The bottom plate is
cell normalized to the purely conductive one) dependgoule heated with a constant power. The cell is filled with
on a few nondimensional parameters: the cell geometrhelium at various average densities, both above and below
through its aspect ratio; the Prandtl number=Pr;; and  the critical one(=69.6 kg/m3). The quantity of helium
the Rayleigh number Ra gaAh’/vk, whereg is the introduced in the cell is measured at room temperature
gravity acceleratione is the constant pressure thermal ysing a calibrated volume.
expansion,A =T, — T; is the difference between the  The temperature differenck is measured using a spe-
bottom and the top plate temperaturkss the cell height,  cjally designed thermocouple AupebTi [9]. It allows
v is the kinematic viscosity, and is the heat diffusivity, evidencing and characterizing the adiabatic gradient ef-
respectively. fect (across our cell it corresponds to 0.4 mK7at/m?,

The Nu behavior at large Rayleigh numbers has beethe |owest density, up to 0.8 mK close to the critical
recently reviewed by Siggia [2]. Experiments using lowpoint). Once this effect has been corrected, more than
temperature helium gas as working fluid [3,4] allow athree decades of Ra can be covered with a single density.
large range of Ra covering, due to the variationvoénd Helium properties were determined using the Arp and
«x with the gas pressure up to the critical point. Theypccarty [10] interpolation formulas far from the critical
revealed a power law regime N FfaV with y close to5  point, and the Kierstead formulas in its neighborhood [11].
[4]. The neat difference witly = 3 invalidates theories Correct use of these formulas requires accurate thermome-
where top and bottom boundary layers are independentry measurements. The temperature we determined for
corresponding to the heat flug being independent ol the critical point was within 1 mK of the Ref. [11] value.
[2]. The result also differs from the expected asymptoticMore details about the experimental setup are given in
regime predicted by Kraichnan [5}, = % whereQ does Refs. [9] and [12].
not depend orw or x but essentially on their ratio Pr.  Average velocities in the cell are obtained from a couple
In this asymptotic regime, both the heat and momentunof 200 wm cubic thermometers, made of silicon-doped
(velocity) transport would be turbulent in the boundaryarsenic [13]. They are aligned on a vertical axis=
layers. Some measurements [6] of the velocity and therm&.3 mm away from each other. They are equidistant from
boundary layers width for P&= 1 up to Ra= 10'' show the plates, 2 cm aside the symmetry axis of the cell. The
that the velocity boundary layer is larger than the thermaphase¢ of the cross correlation spectrum between the
one, but decreases more rapidly when Ra is increasetlyo temperatures they measure has a characteristic shape
suggesting a transition (toward the asymptotic regime?) foversus the frequency [14], going from zero to 18then
Ra= 10'°. For a low Prandtl number fluid (in mercury the frequency increases [Fig. 1]. The frequengywhere
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| | | of Ra in a similar cell (twice bigger), Wet al. pointed out
V4 a transition they observed via the shape of the temperature
fluctuation spectrum, but seemingly not in the Nu versus
B - Ra dependence [15].

Figure 3 shows the dependence of RéPwersus Ra.
The exponent of Pr was empirically determined by mini-
mizing the points scattering. Note, however, that it well
corresponds to some prediction% (n Ref. [2]). The
» a transition at Ra= 10'! is not visible on this graph. It
suggests that its origin is not in the bulk behavior and that
a single mechanism is responsible for the Re dependence
-180 - across the whole range.

' ' ! L According to Siggia [2], the product PrRéu — 1) is
0 2 4 6  a measurement of the average viscous dissipation in the
Frequency (Hz) cell, in units wherex = 1, h = 1, andA = 1 (v = Pr).
FIG. 1. Phase of the cross correlation spectrum between thlé the whole fluid is turbulent, this average dissipation

two thermometers. Data are obtained by averaging 1604vould be proportional tovg/h and thus REPr in the
samples of 2000 points each. For this point in liquid He,previous units. On the other hand, if dissipation mainly

Pr= 0.6, Ra= 10'%, andA = 100 mK. occurs in laminar boundary layers, it concerns a fraction
Re /2 of the volume. The average viscous dissipation
(v(6v/8x)?) is then in the Siggia units proportional to
Pr(RePyRe /2)2Re"!/2 = Pr*Re'/2.

0

Phase (Degrees)

¢ = 90° thus determines a characteristic time, which in
turn measures a characteristic velocity = wod. The In Fig. 4 we show the ratio REr>/RaNu — 1) versus

Reynolds number we deduce is Revoh/v. The phase Re in log-log scale (open symbols correspond to a constant
of the cross correlation spectrum between the thermo- randtl number Pe 0.7). Note that Re up t@ X 10°

couple signal and one thermometer has a similar evolutio ; o g ; .
the frequency it defines being 70 times smaller, in goo ave been obtained. The neat trﬁnsmon visible in this
agreement with our interpretation (the distance being 7 lagram We." correqunds to Ra10". Itshows thatin
times larger). he last regime thle fluid should be fully turbulent. Before
Figure 2 presents the compensated quantity R&”. the transition, the slope is in good agreement with lami-

It shows that the range between Ra3 x 107 and Ra=  nar velocity boundary layers. _
10" is compatible withy = % as already claimed in In the following we stress that the last regime, after the

several previous works [2]. At Ra 10! a transition transition, is compatible with logarithmic corrections to an

occurs towards a new regime. Note that, for the same vaIu%symptOtICIIke relation Nuc Ra/%. - Indeed, a turbulent
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FIG. 2. Full symbol: compensated quantity NRe®/” for the ~ FIG. 3. RePt’? versus Ra. The 0.72 exponent of the
whole data, showing the = % range(3 X 107 = Ra= 10! Prandtl number has been determined by minimizing the points

and the transition. The dispersion at high Ra could be duscattering (for Ra> 10'°, Pr values can differ up to a factor
to a Prandtl number dependence. Open symbols: same f&f 5 at a given Ra). No transition is visible on this more than
0.6 < Pr< 0.73. The transition is clearly visible. (Note the 7 orders of magnitude range. The straight line haS%tPMpe
shifted right hand scale.) (RePP7? = 374 X 1072Ra/?). The best fit gives a 0.49 slope.
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FIG. 4. Compensated quantity #&2/RaNu — 1). Open
symbols correspond td.6 < Pr< 0.73. The highest Re FIG.5. Logarithmic dependence of the ratiRePyNu)'/2.
plateau suggests a fully turbulent state. The straight line ha®pen symbols correspond to tf%eregime(Ra< 10'). Solid
a % slope, showing that the low Re points are coherent with dine is a linear fit for the Ra> 10'! points(0.6 < Pr < 6).
laminar boundary layer.

tive transport supersedes the diffusive one in the boundary
boundary layer flow on a hot plate results in a logarithmic@Yers has to be elucidated in each case. The proposed de-
temperature profile [16]: pendence of qqordma_te_s versus Prin _Flg. 5 have_ thus to be
taken as empirical, minimizing the points scattering [17].
T, — T(y) = *Q [In YV | f(Pr)}, To conclude, the behavior of a typical velocity in our
Avs K ' Rayleigh-Bénard cell allows us to characterize the tran-

wherey is the distance to the platep? is the momentum Sition we evidenced at Ra 10''. The average viscous
flux (stress) from it, angh and A are the fluid density and dissipation goes from a laminar to a turbulent boundary
heat conductivity, respectively. For this simplified discus-layer type. The dependence of Nu versus Ra in the high
sion we take Prandtl number of order 1 and we neglect th&ayleigh regime is the most rapid ever observed on such a
variations of the additional terrfi(Pr). Using the defini- 3 decades range, yielding to the highest Nusselt numbers in

tion of Nu = Qh/AA, we obtain, up to numerical factors: & laboratory experiment (close16). This behavior is co-
herent with the long ago announced asymptotic regime [5].

hvs _ N hv. (1) The authors acknowledge numerous and fruitful dis-
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ho. RePr tion of results prior to publication. F. Chilla benefited

= . (2) from a European Community grant (Human Capital and
K In(hv../x) Mobility). B. Castaing is affiliated with Institut Universi-
Using the dissipation behavior in the turbulent regimetaire de France.

PrRaNu= Ré&’Pr? and relations (1) and (2), we obtain

1/2
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