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Abstract

A Rayleigh-B®nard cell has been designed to explore the RithriPr) dependence of tur-
bulent convection in the cross-over rang8:7 < Pr < 21 and for the full range of soft
and hard turbulences, up to Rayleigh numbd®a ' 10'. The set-up benets from the
favourable characteristics of cryogenic helium-4 in °uid méanics, in-situ °uid property
measurements, and special care on thermometry and calorimetinstrumentation. The
cell is cylindrical with diameter=height = 0:5. The e®ective heat transfeNu(Ra;Pr) has
been measured with unprecedented accuracy for cryogenic tuent convection experiments
in this range of Rayleigh numbers. Spin-o® of this study inckidmproved ts of helium
thermodynamics and viscosity properties. Three main resuligere found. First theNu(Ra)
dependence exhibits a bimodality of the °ow withj 7% di®erence inNu for given Ra
and Pr. Second, a systematic study of the side-wall in°uence revee@ measurable e®ect
on the heat transfer. Third, theNu(Pr) dependence is very small or null : the absolute
value of the average logarithmic slogelinNu=dInPr)gr, is smaller than 0.03 in our range
of Pr, which allows to disciminate between contradictory experants [Ashkenazi et al.,
Phys. Rev.Lett. 83:3641 (1999)][Ahlers et al., Phys.Rev.1tet86:3320 (2001)].

1 INTRODUCTION

Static equilibrium in a column of °uid corresponds to a balane between many parameters
such as the weight, the pressure gradient, the temperature di®ace, etc. The occurrence
of a small local perturbation can initiate a global convecti& motion. Rayleigh-B&nard
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convection is a reference con guration for convection stugk: a °uid cylinder (heighth,
cross sectional are®) located between two horizontal plates is subjected to a tengpature
di®erence (T between the plates. In our case the upper plate is regulated abrestant

temperature and ¢T results from a constant heat “uxQ applied at the bottom plate. For
high enough ¢T the convective °ow turns into a turbulent regime (for additional references,
see for example ref[]1]).

~ For a given °uid at mean temperature T with a mass densityz and for xed geomet-
rical conditions, the convective °ow is characterized by onsingle parameter ¢T or the
dimensionless Rayleigh number de ned as:

Ra = (@g:?l (1)

In this expression:
- ®is the constant-pressure thermal expansion coezxcient,
- g is the gravity acceleration,
- 9 is the kinematic viscosity,- the thermal di®usivity ; their ratio is the Prandtl number:

Pr=o°=. 2

The Nusselt number gives the apparent thermal conductivity intie cell:

_ _Qh
Nu_,ST 3

where, is the °uid thermal conductivity. In a given cell, Nu should depend only oRa
and Pr. The in°uence of the adiabatic gradient onRa and Nu have been compensated,
with the exact correction formula[P] :

CTi ¢ Tagi
Ra = Rayncor % (4)

¢T Qi ,S¢ Tagiap=h

Nu = Nu :
uncorr ¢T i ¢ Tadiab Q—

()

An additional correction due to the sidewall conductance is qied, according to the
formula proposed in section 4.2.

The unique properties of cryogeni¢He allow to control high Rayleigh number§[3[]4]5,
B, [7]. In particular, these were used in Grenoble to readRa higher than 210 in \high"
cells (aspect ratio 1/2, h = 20 cm) : in such conditions they obseed for the rst time
the Kraichnan regime[p] (also called theltimate regime) and its asymptotic limit[§], both
predicted forty years agq]9].

Helium gives also the opportunity to easily vary the Prandtl nurber[[Z0] over an unusual
range. We have done a speci ¢ study of ther variation e®ect in a small size cell (called
the mini-cell, aspect ratio 22, h = 2 cm), for 3:1(° < Ra < 10" corresponding to the
soft and hard turbulence regimes where experimentally conlied Pr can be achieved
independently ofRa (the lowest exploredRa in this work is below 1¢ and the convection
threshold was found to be the same as in the large cells, around@). This Ra range

fully covers the turbulent regimes preceding the transitiomowards the ultimate regime and
allows a comparison with other experiments using various °ug and also several models.
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Figure 1: a-Isobars and lines of maximum attainablRa in the density-temperature plane.
b- Semi log enlargement of the plot a, corresponding to the eapments described in the
text. The maximum Ra achieved within Boussinesq conditions in the @ high cell is 16",
The dark area corresponds to the 2-phases region.

Lines of maximum attainable Rayleigh numbers, hereafter datl isoRan.x curves,
have been calculated at various pressures and temperatures tiee mini-cell and for the
maximum temperature di®erence T« compatible with a Boussinesq criterioif[2], here
de ned as: ® T < 20%. This criterion is close to the one respected in the expeemtal
data for which ® T < 21%. In density-temperature coordinates is®an.x Curves are
shown on gureq]l-a andl]1-b as the thick full lines. Close to theitical point, the divergence
of ;-, easily accessible iiHe (22 bars, 5:2 K) is clearly illustrated by the extremely high
Ra which can be obtained in reasonable experimental conditio¢ T > 1 mK ). The thin
lines on gure[l-a correspond to isobars.

In the large cells[p,[T1], thePr variation is only obtained for Ra above 18°. Clear
understanding of thePr variation is dixcult in these cells due to the occurrence of ta ul-
timate regime. With cell dimensions divided by ten, theP r variation is already observable
around Ra = 10”.

It is worth noticing that the divergence in Ranax is due toC, in the relation i = C,"—l/g,

" being the °uid viscosity and C, the speci ¢ heat at constant pressure. The Prandtl

number varies as:Pr = £ . The C, divergence appears far away from the critical point
and gives a long range e®ect to the rapid variation &a and Pr. In various experimental
conditions, ¢ T has been widely varied up to three decades at roughly constaetnperature
and density. This is the largest excursion ever achieved in Rayyh-Bgnard experiments
within Boussinesq condition. This gives access to power law exgmt Nu versusRa at
constant Pr and independently of the °uid properties knowledge. Indegds temperature
and density in the bulk of the °ow are almost constant, the same haffor the He properties.
Thus, the power law exponent ofNu(Ra) is independent of possible error on the °uid
properties, if we except the adiabatic gradient correctionHowever these properties have
to be known precisely for theNu versusPr dependence studies.

1In our measurements, the average temperature and density slightly di®er fromre point to another.
These variations in the experimental conditions are precisely measured and the °uid mperties are recalcu-
lated for each point. If we make the unrealistic hypothesis that the °uid properties variation is estimated
with a 100% error, the resulting uncertainty of the e®ective power law of the NuRa) dependence would
be less than 4%.
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Figure 2: Scheme of the experimental set-up.

When this experiment was designed, the situation was the folling : two experiments[1p,
3] were given contradictory results, each being is agreemavith a di®erent theory. The
‘rst one, conducted over nearly 2 decades ¢fr (1 < Pr < 93) found aj 0:2 exponent
for the e®ectiveNu(Pr) power law, while the second experiment's data can be tted wi
a -0.01 exponent over 0.9 decade &fr (4 < Pr < 34). Our aim was to elucidate the
controversy and to expand the exploredPr range belowPr = 1. Our experiment allows
to vary the Prandtl over 1.5 decade, that is @ < Pr < 21 and for a large excursion dRa
numbers. The references [IL4,]16,]16] 17] presént-dependence studies conducted in the
Rayleigh-B®nard geometry for loweRa, much lower or higherPr, or for a much smaller
Pr range. The thermal control and measurement accuracy of ourgriment are unprece-
dented in cryogenics convection experiments f&ta > 3:1C°. It revealed two unexpected
e®ects : the side-wall e®ect and the bimodality.

This paper gives a detailed description of the apparatus (seah 2) and improvements
of *He properties ts (section 3). In section 4, we remind the three ma results : the

bimodality of the °ow, the side-wall e®ect and the Prandtl nurber dependence. Section 5
proposes some perspectives for convection studies.

2 INSTRUMENTATION

2.1 The Rayleigh-B$&nard cell design

The experimental set-up, presented on gurd 2, is placed in ayogenic vacuum. The £2
aspect ratio mini-cell (W = 2 cm), is also shown on "gur€g]3. The stainless-steel cylindrical
wall is 0:25 mm thick. It can hold pressures up to several tens of bars. The pgr plate is
part of a main Cu °ange which ensures the thermal link to the ligid He bath, through a
brass plate of measured thermal resistance (53 K/W at 4.3K) and adh conductivity Cu
post[18,[19[20[ 41]. The brass plate acts as a thermal resistamdgch allows to regulate
the top plate at temperatures di®erent from that of the He bath The lower plate is also
made of copper. In such a helium/copper set-up and for thRa numbers explored in
this study, the plates properties ( nite conductivity and heat capacity) do not alter the
dynamical formation of the coherent structures (plumes,.[2,[Z3].

Special care has been taken during the cell assembly. The ronghks of the plates
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Figure 3: 4 a- The Rayleigh-B&nard cell. 4b- Photograph oli¢ experimental set up (same
arrangement as on g[R ).

surfaces in contact with the °uid is estimated less than 2m. The silver soldering of the
wall and the copper rings ensure the connection to the platesofFall the cells developed
in our group, the side wall design is chosen in order to have a peaf cylinder along all
the active length of the cel[IB[ 19, 2d, P1]. The plates pdiglism is guaranteed by special
machining procedure performedfter the silver soldering: the distance between plates is
19.998 0.02 mm.

The cell is lled through a capillary closed with a cold needlgalve located in the main
helium bath. This capillary is connected in series with a cag#tance cell, that will be
further described, and the Rayleigh-B®&nard cell.

2.2 Experimental procedure

Each cell plate holds two Ge resistors from the same batch withode resistance values
and temperature dependence. The upper °ange is temperaturegulated with a PID
(Proportional-Integral-Derivative) analogue regulatorwith a fth Ge resistor. The tem-
perature di®erence @' between the plates in the Rayleigh-Bgnard cell is determed from
the measurement of the ratio of two Ge resistors using a resistaneio bridge operating
at 30 Hz with 11 A current amplitude[24]. The resistance ratio variation withand without
heating gives ¢T through the calibration of the resistors and the additional masurement
of the upper plate temperature. This procedure is valid evefor ¢ T larger than 1K, as
checked with the direct temperature measurement of each péatThe ratio without heating
(zero ¢T) is monitored during twelve hours before and after each measment cycle. In
less than one hour the equilibrium value is obtained, excepaifthe data close to the critical
point: in such conditions the thermal di®usion time divergesnal the used zero €T is the
one obtained at a lower density.

A ratio variation of 10' ®> at 5 K corresponds to 25K for ¢ T. The stability of the
set-up and electronic apparatus is better than 38K over 12hours. The radiation heat
losses are estimated to be around 10 nW which gives typically 38 for ¢ T. This is
of the order of the adiabatic gradient temperature di®eree§,[20] in the Zm high cell,
this e®ect limiting the smallest achievable ¥. More than 3 decades of variation of @
have been achieved for given mean temperature and densityorfr below the convection
onset up to the turbulent regimes. The Boussinesq criterion ®¢ T < 21%. Besides the
conductivity and viscosity never vary by more than 8% betweenhe bottom and top of
the cell. Still between the bottom and top of the cell, the costant-pressure heat capacity

5



and the expansion coexcient® vary by less than 10% for 88% of the points, they vary
by less than 20% for 95% of the points and by less than 40% for dflet points. In large

cells, an original thermocouple technique is more appropteathan a resistance bridge to
measure the temperature di®erence: theTt zeroing procedure is not compatible with the
large thermal relaxation times.

A four wires voltage standard (Electronics Development Couation) provides a con-
stant heating power on the lower plate. In order to limit localoverheating, the heater
is distributed on the surface. All the copper pieces are made oof a commercial non-
annealed Cu, which was characterized in another experimerits thermal conductivity is
around 400W=m:K. We have measured the wall thermal conductance between 4.5dan
6 K. For cross-validation, two measurements have been done with ampty cell and with
helium at 80 g=m?. After subtraction of the di®usive helium contribution both results
agree within 25%: in this di®erence 2% are explained by the cell desigh[2This side-wall
contribution is described by the tj 401 +44:75T in *W=K including the conductance
of the copper heating wires (33W=K at 4.5 K with 20% uncertainty) going to the lower
plate. The lower plate heat capacity, as measured by a relaxah method, is 73mJ=K
including addenda (Ge resistor holders and copper ring). Thedss plate heat leak has a
measured resistance of 58=W at 4:3K.

2.3 Densitometry

In order to determine theRa and N u with an absolute resolution of a few percent, a density
accuracy of 1%, at least, is needed. The dead volume comingniréhe Tling capillary
going to room temperature is too large to determine with enalh precision the He density
during the cell Tling procedure. We thus have performed amksitu measurement using a
capacitive probe located in a speci c cell, in order to have auoh better resolution. The

density is extracted from the Clausius-Mosotti relation:3-2 = 24, where?, %2 M, 3 are

respectively the permittivity, the density, the molar mass andhe polarisability of helium
(3 = 0:123296cmi=mol)[PF].

Two capacitances are placed in a ratio bridge. The two porousames of the \ac-
tive" capacitance (C ' 175 pF) are made out of printed circuits and @Lmm separated.
This capacitance is located in the capacitive cell and totgl immersed in helium. Under
these conditions the mechanical dependence with pressure é®éx minimized. On the
inner part of each frame a circular electrode (16 mm diamefbeis engraved together with
a guard ring. Special attention in the design reduces di®et&h contraction e®ect and
parasitic capacitances : no spurious e®ect were detected amdtemperature e®ects were
observed. The other capacitance@; = 9:4pF) made out of mica, is located at £ K in
the calorimeter vacuum. It is the reference one.

The bridge operates at 3 kHz. The ratio between both capacitaes is a direct mea-
surement of2. The density measurement range is P 140 kg=m?, under pressures from
0 up to 7 bars and temperatures between 4.5 and5%6K . Over ten days the stability is
10 > (§ 40g=n?), that is better than 0:1% in density forRa above 21(F. Two calibrations
of the capacitance ratio at the beginning and at the end of thexperiment agree within
30g=m?. The signal averaged over 36 has a resolution of 107 (less than 1g=n?), which
can be maintained over a few hours.

In principle k = % should be a constant over the density range. We have achieved low

and high densities calibrations. During the low pressure caliétion, the cell, connected to a
few litres reservoir at room temperature, is re%ulated at:832K . For pressures lower than
1000 mbar, no condensation occurs in the Tling line. In ordeto have stable operation
conditions we restrain the low-pressure calibration below 35@bars: a precise pressure
measurement gives access to the density through rgf.][26] . Aghidensity we measured
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Figure 4. Calibration of the density measurement cell. InsertDi®erence, in percent,
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the density following a procedure described below for the abat# temperature calibration
(see Thermometry). For example, with 3% W heating power applied on the bottom plate,
we extract a density of 11273 kg=m?® from the measured boiling temperature (088K
with ¢ T = 6:5mK).

The calibration results are summarized on guré]4 wherg% is plotted as a function

of the pressureP. % varies by 810 ° over the whole range and we have assumed a linear
variation versusP. Such behaviour is typical of a residual mechanical deformah. On
the gure insert the di®erence between density with and withdithe linear correction is
plotted versusYz This t%4s less than 6% and goes through a minimum at 0.15% close
to the critical density. In all the following we obtain the dersity from the linear pressure
correction and we estimate thézuncertainty to be about 01%.

When both cells are Tled and the needle valve is closed, no teerature dependence of
the capacitive signal is expected. However a3ds tiny reproducible (on a few months scale)
variation was observed as seen on gufg 5. This was explainedtbg helium compression in
the upper part of the Tling line close to the needle valve in termal contact with the main
helium bath at 4:22 K. We have evidenced a linear correlation through the compann of
the total measured density and the calculated density in the cdfary. The slope, plotted
on the insert of gure [ Is the ratio between the total volume adh the capillary dead
volume : the value 2384 is in fair agreement with a less precise value extracted from
a geometric determination. The§ 4 uncertainty on the volume ratio (due to the scatter
of points) corresponds to a measured density uncertainty less h#®:06% on the whole
densities and temperature range. It con rms by an independéemway our formerly quoted
0:1% density uncertainty. Note that this capillary e®ect has statly no in°uence on the
density measurement in the cells.

2.4 Thermometry

A one millikelvin uncertainty on the mean temperature givesan uncertainty up to 1% on
the Ra and Nu values, in the range of temperature and density of this experent. In order
to compare the various data issued from several referen¢es[25,[2],[28[ 29[ 30, 31, B2,133],
we use the ITS-9(Q[34] critical temperatureT. = 5:1954K and adjust the thermometer
in-situ calibration onto that value. This calibration procedure is illustrated on gure B at
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a density of 515 kg=m® where the condensation is expected aff = Tcj 474 mK. We
apply a small 125! W heating power and monitor both ¢T across the Rayleigh-Bgnard
cell and the gas density/4,s in the capacitive cell. The temperature of the upper plate
is slowly lowered. The sharp drop of ' and %3, is the signature of the condensation in
the cell. It is worth to note that the density measurement is mag precise than the ¢T
one[I2,[T9] to identify condensation and enables aviK resolution.

3 “He PROPERTIES

3.1 Thermal expansion coezcient

The reference “ts of Arp and McCarty[3D[26] account fofHe thermodynamics properties
over a wide temperature and pressure range:8} 15000K, 0j 2000MPa) but ignores
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the critical divergence, which has been tted by Kierstea@, [29]. Unfortunately, the tem-
perature and density validity ranges of the two ts do not ovelap. Besides, extrapolation
of the thermal expansion coezxcient from both "ts suggests up to526 dlscrepancy between
these ts, which is incompatible with the extrapolation uncetainty. Figure [] illustrates
this discrepancy for a density of4= 74 kg=nr.

In our experiment, the high sensitivity of the capacitive cellgives access t®, in a
temperature and pressure range overlapping both ts. The Raytgh-BEnard cell heating
increases the density in the capacitive cell. For low T across the convection cell, the
density variation is given by: +3&= &L 1/2(@% , Wherev,; and v, are the capacitive cell and
Rayleigh-B&nard cell volumes respectlvely The results asbown on gure[. We extract
the slope of these curves for T going to O, for given temperature and density conditions.
We have also done a correction[R1] to take into account the wohe of the 42 K Tlling
capillary below the needle valve: this correction represent few percent at low and high
densities and is smaller than %% between 40 and 8&g=m’. Each point corresponds to
ahTempgrature-Density condition which fully falls into the \alidity range of either one of
the two fts.

Determination of the geometrical coe+cien1;,V—2 is illustrated on “gure B (the capillary

volume introduces less than 1% correction on this formula arttjls correction is not shown
here but it is taken into account in the analysis of ref[[21])Figure @ shows the quantity

=_Ov ®usi=22 where ®. is an estimated® value from the literature[2$,[2D,[30].

StV i+ v Vg T
The xl-ax2|s is chosen in order to avoid the degeneracy for thetdaaken at same density
but at various temperatures. Most of the data are compatible h the value 11.158 0:25.

As expected the data using the values from ref[ ]|26] are very ieddle far from the
critical point, but they need a correction which rises up to abut 20% when approaching
this regime. The data from ref. [30] are in good agreement Withose of ref. [Z6] at low
density but need a correction of several percent at high densityin the critical region
ref. [29] appears to give the best agreement, as illustrated d¢figure [{. The various®
values are summarized in Table 1.
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Y2 T ®measur: 02@(22% ®VICA ®<ierstead Measur. vs.
Fit disagr.
(kg=n?) | (K) | (K'Y %) | (K'Y | (K'Y (%)
16.76 | 5.114| 0.387 5 0.395 -2
16.70 | 6.270| 0.266 6 0.266 0.1
514 |5.438| 2.23 3 2.311 -3.5
514 | 5573 1.72 4 1.716 0.3
51.3 5844, 1.11 4.5 1.128 -2
51.25 | 6.252| 0.762 4.5 0.745 2.5 Table 1
74.60 | 5.268| 14.7 14.001 5 '
74.31 | 5.305| 9.48 4.5 9.3682 1
74.21 | 5.346| 7.18 2.5 6.7188 6.5
74.06 | 5.503| 3.21 3 2.671 18
73.87 |5.999| 1.170 3.5 1.027 13
73.73 | 6.600| 0.616 3.5 0.587 5
112.3 | 5.260| 0.349 55 0340 2.5
112.6 | 4.725| 0.478 3.5 0.453 5.5
134.6 | 4.490| 0.1104 5.5 0.1115 -1




®heasur: - €Xpansion coexcient measurements, @ easur: total uncertainty on ®yeasur:
®umca : expansion coezcient estimated with McCarty and Arp 1990 2B ; ®xkierstead -
expansion coezcient estimated with Kierstead {2P].

In our Rayleigh-B®nard data analysis, the® coexcient and other thermodynamical
coexcients such as ¢, i C,) are obtained from the rst order partial derivatives of the
pressure versus temperature or density. Such a way of derivingoperties ensures the self-
consistency between thermodynamics parameters. As a conseqeeraking into account
our measurements we have corrected the ts at their source, the directly on the t of

(@P:@]l/QCA of ref. @] :
(@P=@= (@P=@tfica[1+ Fr:F)
with Fr = 4:62{ 0:658T and Fy,=0:246; 0:00117¢% 67y

Thus our recommendations are the following : in the criticakone as de ned by Kier-
stead (557 < %2 < 835 kg=n? and T < 5:362K) use the Kierstead 1, out of this range,
use the Arp and MacCarty[2B] t with the above correction if boh Fr and F., are pos-
itive and if the total relative correction F1:F., is larger than 3%. With this correction,
Kierstead t (unchanged) and Arp and McCarty t (modi ed and extrapolated) reconnect
much better.

We should mention here thatC, cannot be derived from the state equation. In the
zero-density region,C, is known exactly (perfect gas) and in the critical region, it hs
been tted by Moldover[ZT]. In between, we resorted to exachermodynamics relation to
bridge to either one of these two regions.

3.2 The transport properties : viscosity and thermal conducti vity

A tof “He viscosity in the range 4 20K and 0j 10 MPa has been proposed by Stew-
ard and Wallace[3p]. In our range of parameters, the t is an tarpolation of isothermal
measurements at 4, 5, 6 and 18 conducted by these authors. Along the critical iso-
chore, comparison with viscosity data of Kogaet al.[B6] and Agostaet al.[33] shows +7%
deviation at 5:2 K andj 7% at 7K. However Steward and Wallace measurements at 4,
5 and 6K are in a few percent agreement with the literature, includig the 2 references
mentioned above, but their data at 1K di®er signi cantly from the literature. It ap-
peared that this 10K isothermal entails a strong bias on Steward and Wallace t down
to the lower temperatures : this is consistent with a concern garding a contamination
of helium, due to a defective puri eff3]7]. Consequently, weedived a new interpolation
between the 4, 5 and & isothermals above 7&g=m® and with additional data along the
critical isochore[3p], in the zero-density limit (ab-initiocalculation of ref. [3B]), and on the
vapour-liquid curve[2%]. Concerning viscosity, there is a&ir need of new measurements
in the range & | 10K and aboveYz. We have no data in this range but this lack of
information makes doubtful the interest in publishing our t.

The thermal conductivy has been estimated from a specially dgsied new t through the
data of Acton and Kellner[31,[3R]. We re-computed the densityada of these papers, which
had been estimated with the 1973 "t of McCarty[[30], even in theritical region. Our new
't agrees within 8§ 2% with the published[3]L,[32] and unpublisheld[B6] data of Actoand
Kellner. Whenever it was possible, our convection measuremsritave been conducted
at the same mean temperatures as the one employed by Acton andllder, in order to
minimize interpolation errors.
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4 EXPERIMENTAL RESULTS AND ANALYSIS

The remaining of this paper presents the heat transfer measurenis and their conse-
guences. First we consider thdlu(Ra) relation. Our high accuracy onNu gives access to
two new e®ects : the bimodality oNu and the side-wall conductivity in°uence on heat
transfer. We then turn to the Nu(Pr) dependence.

4.1 Bimodality

On gure [IQ we showNu as a function ofRa. In order to display all data with an increased
vertical resolution, Nu is arbitrarily re-normalized by Ra%3!. For comparison, we display
the data at Pr = 0:7 and 11 from ref. [B]. The change in slope aRa ' 1C¢° | 2:1C°
corresponds to the soft-hard turbulent transition in £2 aspect ratio cel[[39]. In the soft
regime, the exponent ofNu vs. Ra is close to 0.25 (interpolation over only 1.5 decade),
while in the hard turbulence regime the exponent is close to3l, in between the 27 and 1=3
predictions of traditional theories[4P]. It is interesting b note that the exponent averaged
over these two regimes is close to=2. Another possible interpretation of the exponent
change would be to reject the soft-hard transition picture andather see a continuous
variation of the exponent resulting from a linear combinaisoof two power laws, although
the abruptness of the exponent change doesn't fully t in this joture.

For 2:10' < Ra < 2:10%, points can be gathered into two subsets which di®er by roughly
5j 7% in Nu. Such a data bimodality cannot be taken into account by the urertainties,
which are twice smaller than thisNu gap, nor by aPr dependence. Switches from one set of
data to the other occur varying ¢T under quasi-constant mean temperature and density
conditions (see for exampléPr ' 0:95) : this de nitely rules out that the bimodality
would come from an improper helium property estimation in theT-Y2plane.A numerical
simulation conducted for the same cell geometfy]J41] recenfiyund that two types of large
scale °ow can t the cell. This mechanism of bimodality is consistt with the invariance
of the Nu gap (in log scale) observed in our data.

We cannot decide if the bimodality reveals spurious e®ect dfe boundary conditions or
a macroscopic degree of freedom of the °ow with a slow dynamics. the rst hypothesis,
each mode could be stabilized by the thermal inertia of cell hadaries (for instance,
an ascending wind warms up the nearby side-wall which -in turn&nhance an ascending
convection) and the switching from one mode to the other shoulsk hysteretic. We are not
able to precise more what is the anchoring mechanism. The secdrybothesis has drastic
consequences since the very slow dynamics (at least hundredsuohiover times) ruins -for
practical reasons- the present de nition oNu : indeed a clean averaging procedure would
request a time duration incompatible with a laboratory expement.

In this paragraph, we present a practical di®erence betweehet cryogenic and room
temperature experiments. These latter ones are illustrated qutitatively with water as
the working °uid. The characteristic time of convection is :

s
Ra:Pr:h
t=h’=. = —__ 6
®¢T:g ©)

At a given Ra and Pr, the caracteristic timetye and tyaer in helium and water obeys
: s

twater - hwater . (®:¢ T)He
tHe hHe .(®:¢ T)Water

to

(7)
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

6.963 4.489 0.566 3.326 4.681 44 0.14 3.65 0.84 3.049E6 11.4
6.961 4.490 0.566 5.102 6.557 44 0.20 3.65 0.84 4.277E6 12.8
6.954 4.491 0.566 7.801 9.353 44 0.29 3.65 0.84 6.094E 6 13.9
6.954 4.491 0.566 7.801 9.353 44 0.29 3.65 0.84 6.094E 6 13.9
6.955 4.493 0.566 12.05 13.19 44 0.41 3.65 0.84 8.591E6 15.5
6.947 4.496 0.566 18.56 18.67 44 0.57 3.65 0.84 1.212E7 17.1
6.947 4.496 0.566 18.56 18.67 44 0.57 3.65 0.84 1.212E7 17.1
6.779 4.557 0.563 28.02 26.38 44 0.79 3.67 0.83 1.542E7 18.2
6.779 4.557 0.563 28.02 26.38 44 0.79 3.67 0.83 1.542E7 18.2
6.779 4.557 0.563 28.02 26.58 44 0.79 3.67 0.83 1.554E7 18.1
6.779 4.557 0.563 28.02 26.58 44 0.79 3.67 0.83 1.554E7 18.1
6.944 4.499 0.566 25.59 24.66 44 0.76 3.65 0.84 1.595E7 18.0
6.774 4.556 0.563 34.47 30.98 44 0.93 3.67 0.83 1.809E7 19.3
6.774 4.556 0.563 34.47 30.98 44 0.93 3.67 0.83 1.809E7 19.3
6.773 4.557 0.563 34.44 31.88 44 0.95 3.67 0.83 1.861E7 18.6
6.773 4.557 0.563 34.44 31.88 44 0.95 3.67 0.83 1.861E7 18.6
6.933 4.502 0.566 35.49 32.03 44 0.98 3.66 0.84 2.060E7 19.5
6.933 4.502 0.566 35.49 32.03 44 0.98 3.66 0.84 2.060E7 19.5
6.768 4.556 0.562 42.34 37.37 44 1.1 3.67 0.83 2.178E7 19.7
6.768 4.556 0.562 42.34 37.37 44 1.1 3.67 0.83 2.178E7 19.7
6.767 4.556 0.562 42.33 37.67 44 1.1 3.67 0.83 2.196 E7 19.5
6.767 4.556 0.562 42.33 37.67 44 1.1 3.67 0.83 2196 E7 19.5
6.761 4.556 0.562 52.59 43.87 44 1.3 3.68 0.83 2.552E7 21.1
6.761 4.556 0.562 52.59 43.87 44 1.3 3.68 0.83 2.552E7 21.1
6.761 4.556 0.562 52.58 44.07 44 1.3 3.67 0.83 2.564E7 21.0
6.761 4.556 0.562 52.58 44.07 44 1.3 3.67 0.83 2.564E7 21.0
6.927 4.507 0.567 49.03 42.06 44 1.3 3.66 0.84 2.690E7 20.7
6.754 4.555 0.561 64.95 50.96 44 1.5 3.68 0.83 2.959E7 22.7
6.754 4.555 0.561 64.95 50.96 44 1.5 3.68 0.83 2.959E7 22.7
6.752 4.556 0.561 64.90 52.56 44 1.6 3.68 0.83 3.049E7 21.9
6.752 4.556 0.561 64.90 52.56 44 1.6 3.68 0.83 3.049E7 21.9
6.910 4.514 0.566 67.79 54.84 44 1.7 3.66 0.84 3.471E7 22.1
6.910 4.514 0.566 67.79 54.84 44 1.7 3.66 0.84 3.471E7 22.1
6.742 4.556 0.560 80.12 62.65 44 1.9 3.68 0.83 3.620E7 22.8
6.742 4.556 0.560 80.12 62.65 44 1.9 3.68 0.83 3.620E7 22.8
6.741 4.557 0.560 80.12 63.05 44 1.9 3.68 0.83 3.642E7 22.6
6.741 4.557 0.560 80.12 63.05 44 1.9 3.68 0.83 3.642E7 22.6
6.906 4.518 0.567 81.43 63.96 44 1.9 3.66 0.84 4.029E7 22.9
6.731 4.557 0.560 98.04 73.04 44 2.2 3.68 0.83 4.204E7 24.2
6.731 4.557 0.560 98.04 73.04 44 2.2 3.68 0.83 4.204E7 24.2
6.729 4.558 0.560 97.98 75.04 44 2.2 3.68 0.83 4313E7 23.4
6.729 4.558 0.560 97.98 75.04 44 2.2 3.68 0.83 4313E7 23.4
6.893 4.523 0.566 98.01 73.90 44 2.2 3.66 0.84 4616 E7 24.0
6.893 4.523 0.566 98.01 73.90 44 2.2 3.66 0.84 4.616E7 24.0
6.716 4.559 0.559 121.4 88.33 43 2.6 3.68 0.83 5.050E7 24.9
6.716 4.559 0.559 121.4 88.33 43 2.6 3.68 0.83 5.050E7 24.9
6.716 4.558 0.559 121.4 88.33 43 2.6 3.68 0.83 5.051E7 24.9
6.716 4.558 0.559 121.4 88.33 43 2.6 3.68 0.83 5.051E7 24.9
6.886 4.529 0.567 17.7 85.94 44 2.6 3.66 0.84 5.332E7 24.9
6.699 4.560 0.558 151.2 105.2 43 3.1 3.68 0.83 5.972E7 26.2
6.699 4.560 0.558 151.2 105.2 43 3.1 3.68 0.83 5.972E7 26.2
6.698 4.561 0.558 151.1 105.6 43 3.1 3.68 0.83 5.992E7 26.1
6.698 4.561 0.558 151.1 105.6 43 3.1 3.68 0.83 5.992E7 26.1
6.872 4.536 0.567 141.6 100.1 44 3.0 3.67 0.84 6.150E7 25.9
6.680 4.563 0.557 184.0 124.1 43 3.7 3.68 0.83 6.982E7 27.2
6.680 4.563 0.557 184.0 124.1 43 3.7 3.68 0.83 6.982E7 27.2
6.679 4.564 0.557 183.9 124.3 43 3.7 3.68 0.83 6.989E7 27.1
6.679 4.564 0.557 183.9 124.3 43 3.7 3.68 0.83 6.989E7 27.1
6.670 4.565 0.557 201.6 133.8 43 4.0 3.68 0.83 7.490E7 27.7
6.670 4.565 0.557 201.6 133.8 43 4.0 3.68 0.83 7.490E7 27.7
6.669 4.566 0.557 201.5 135.1 43 4.0 3.68 0.83 7.556E7 27.4
6.669 4.566 0.557 201.5 135.1 43 4.0 3.68 0.83 7.556E7 27.4

with obvious notations. In helium and water cells, the smallestanvection times are
obtained at the highest®:¢ T which -given Boussinesq conditions- are typicaly&.¢ T)pe =
0:2 and ®:€¢ T)waer = 0:02. TheRa explored in thishye = 2 cm experiment are achievable
with water for hyaer = 20 cm typically, which gives tyaer =the = 10. We can state more
generally that the times scales in cryogenic helium are ty@mlly 10 times smaller than in
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

6.656 4.567 0.556 228.0 147.5 43 4.4 3.68 0.83 8.202E7 28.6
6.656 4.567 0.556 228.0 147.5 43 4.4 3.68 0.83 8.202E7 28.6
6.654 4.569 0.556 227.9 149.9 43 4.4 3.68 0.83 8.321E7 28.0
6.654 4.569 0.556 227.9 149.9 43 4.4 3.68 0.83 8.321E7 28.0
6.643 4.570 0.555 253.0 160.5 43 4.7 3.68 0.83 8.873E7 29.2
6.643 4.570 0.555 253.0 160.5 43 4.7 3.68 0.83 8.873E7 29.2
6.642 4.570 0.555 253.0 161.3 43 4.8 3.68 0.83 8.912E7 29.0
6.642 4.570 0.555 253.0 161.3 43 4.8 3.68 0.83 8.912E7 29.0
6.630 4.573 0.555 280.6 173.8 43 5.1 3.68 0.83 9.541E7 30.0
6.630 4.573 0.555 280.6 173.8 43 5.1 3.68 0.83 9.541E7 30.0
6.628 4.573 0.555 280.5 175.7 43 5.2 3.68 0.83 9.636E7 29.6
6.628 4.573 0.555 280.5 175.7 43 5.2 3.68 0.83 9.636E7 29.6
6.613 4.576 0.554 311.5 190.1 43 5.6 3.68 0.83 1.035E8 30.5
6.613 4.576 0.554 311.5 190.1 43 5.6 3.68 0.83 1.035E8 30.5
6.613 4.576 0.554 311.5 191.0 43 5.6 3.68 0.83 1.039E8 30.4
6.613 4.576 0.554 311.5 191.0 43 5.6 3.68 0.83 1.039E8 30.4
6.610 4.577 0.554 319.0 194.0 43 5.7 3.68 0.83 1.054E8 30.6
6.610 4.577 0.554 319.0 194.0 43 5.7 3.68 0.83 1.054E8 30.6
6.608 4.578 0.554 318.9 195.4 43 5.8 3.68 0.83 1.060E 8 30.4
6.608 4.578 0.554 318.9 195.4 43 5.8 3.68 0.83 1.060E 8 30.4
6.573 4.585 0.552 395.6 231.0 43 6.8 3.69 0.83 1.231E8 32.1
6.573 4.585 0.552 395.6 231.0 43 6.8 3.69 0.83 1.231E8 32.1
6.572 4.585 0.552 395.5 231.9 43 6.8 3.69 0.83 1.235E8 32.0
6.572 4.585 0.552 395.5 231.9 43 6.8 3.69 0.83 1.235E8 32.0
6.529 4.596 0.551 491.7 275.4 43 8.0 3.69 0.82 1.434E8 33.6
6.529 4.596 0.551 491.7 275.4 43 8.0 3.69 0.82 1.434E8 33.6
6.528 4.596 0.551 491.6 276.6 43 8.1 3.69 0.82 1.439E8 33.5
6.528 4.596 0.551 491.6 276.6 43 8.1 3.69 0.82 1.439E8 33.5
6.477 4.610 0.549 611.7 329.5 43 9.5 3.70 0.82 1.665E8 35.1
6.477 4.610 0.549 611.7 329.5 43 9.5 3.70 0.82 1.665E8 35.1
6.476 4.610 0.549 611.7 330.1 43 9.6 3.70 0.82 1.668 E 8 35.0
6.476 4.610 0.549 611.7 330.1 43 9.6 3.70 0.82 1.668 E 8 35.0
9.699 5.500 0.959 13.52 11.82 45 0.30 3.87 0.84 8.627E6 15.7
9.693 5.501 0.959 19.51 16.05 45 0.41 3.88 0.84 1.171E7 16.9
9.687 5.500 0.958 28.17 21.66 45 0.56 3.88 0.84 1.579E7 18.3
9.680 5.501 0.958 40.63 29.53 45 0.76 3.88 0.84 2.149E7 19.6
9.669 5.499 0.957 58.61 39.78 45 1.0 3.88 0.84 2.892E7 21.3
9.655 5.500 0.956 84.57 54.14 45 1.4 3.88 0.83 3.921E7 22.9
9.636 5.499 0.954 121.2 72.75 45 1.9 3.88 0.83 5.247E7 24.7
9.608 5.498 0.951 174.8 98.07 45 2.5 3.88 0.83 7.029E7 26.8
9.573 5.499 0.949 253.9 131.3 44 3.4 3.88 0.83 9.325E7 29.5
9.525 5.500 0.945 365.8 179.0 44 4.6 3.88 0.83 1.255E8 31.6
9.461 5.499 0.939 527.4 240.9 44 6.2 3.88 0.83 1.664E8 34.3
9.372 5.502 0.932 760.4 324.2 44 8.2 3.88 0.83 2.185E8 37.2
9.260 5.500 0.922 1096 434.1 44 11 3.89 0.83 2.846 E 8 40.6
9.859 4.808 0.824 2.153 2.584 46 0.082 3.68 0.90 3.078E6 12.7
9.856 4.809 0.824 4.475 4.787 46 0.15 3.68 0.90 5.741E6 14.5
9.854 4.809 0.824 6.488 6.560 46 0.21 3.68 0.90 7.886 E 6 15.5
9.851 4.806 0.823 9.390 8.929 46 0.28 3.68 0.90 1.077E7 16.6
9.847 4.806 0.823 13.56 12.05 46 0.38 3.68 0.90 1.453E7 18.0
9.843 4.807 0.823 19.53 16.21 46 0.52 3.68 0.90 1.954E7 19.6
9.842 4.809 0.823 28.27 22.26 46 0.71 3.68 0.90 2.681E7 20.8
9.832 4.808 0.822 40.80 30.11 46 0.96 3.68 0.90 3.621E7 22.5
9.818 4.808 0.822 58.82 40.80 46 1.3 3.68 0.90 4.892E7 24.3
9.800 4.807 0.820 84.89 54.75 46 1.7 3.68 0.90 6.538E7 26.5
9.773 4.809 0.819 122.4 73.81 46 2.3 3.68 0.90 8.743E7 28.7
9.745 4.808 0.817 176.4 99.28 46 3.1 3.68 0.89 1.169E 8 31.1
9.700 4.809 0.814 254.5 133.1 46 4.2 3.68 0.89 1.547E8 33.9
9.639 4.808 0.809 367.0 178.9 46 5.6 3.68 0.89 2.049E 8 36.9
9.556 4.809 0.804 529.0 240.3 46 7.5 3.69 0.89 2.690E 8 40.1
9.447 4.807 0.796 762.6 321.5 46 10 3.69 0.89 3.502E8 43.8

water for givenRa and Pr. More than 330 data points are plotted on gurdg 10, eacNu
has been averaged over typically 1 hour and after a relaxatidime of a few hours {4 is
a few tens of seconds). Obtaining so many data would have requirabout one year and
half of continuous operation in water. If the bimodality resits from a macroscopic degree
of freedom, it is likely that the observation of two modes wasgssible in our experiment
thanks to the small times scales involved.
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

16.75 5.114 1.34 0.9123 1.027 52 0.041 3.59 1.1 4.002E6 12.7
16.75 5.114 1.34 1.544 1.555 52 0.061 3.59 1.1 6.169E 6 14.2
16.75 5.114 1.34 2.639 2.361 52 0.093 3.59 1.1 9.468E 6 16.2
16.67 6.256 1.76 8.892 6.374 48 0.17 3.91 0.91 1.171E7 16.7
16.75 5.115 1.34 4.481 3.562 52 0.14 3.59 1.1 1.437E7 18.6
16.74 5.116 1.34 7.613 5.308 52 0.21 3.59 1.1 2.149E7 21.6
16.73 5.117 1.34 12.87 8.200 52 0.32 3.59 1.1 3.323E7 24.0
16.72 5.120 1.34 21.83 12.63 52 0.50 3.59 1.1 5.107E7 26.9
16.62 6.269 1.76 66.67 33.10 48 0.88 3.91 0.91 6.021E7 25.8
16.70 5.123 1.34 37.02 19.60 52 0.77 3.59 1.1 7.886 E7 29.8
16.67 5.128 1.34 62.70 30.19 51 1.2 3.60 1.1 1.203E8 33.2
16.54 6.290 1.77 182.7 74.63 48 2.0 3.92 0.91 1.325E8 32.5
16.62 5.136 1.34 106.1 45.94 51 1.8 3.60 1.1 1.804E8 37.6
16.55 5.148 1.34 179.6 69.93 51 2.7 3.61 1.1 2.685E8 42.4
16.36 6.336 1.77 498.2 167.0 47 4.3 3.94 0.90 2.808E8 40.7
16.44 5.167 1.34 304.0 107.1 51 4.1 3.61 1.0 3.973E8 47.5
15.96 6.440 1.77 1360 374.3 47 9.3 3.97 0.88 5.590E8 50.6
16.28 5.195 1.35 514.4 163.7 51 6.1 3.63 1.0 5.767E8 53.2
16.04 5.239 1.35 870.4 251.0 50 9.1 3.64 1.0 8.181E8 59.1
15.14 6.680 1.78 3710 852.2 46 19 4.06 0.85 9.851E8 60.5
15.68 5.307 1.35 1472 386.6 50 13 3.67 1.0 1.121E9 65.1
15.16 5.415 1.35 2491 601.2 49 20 3.72 0.97 1.466 E9 70.4
51.24 6.253 3.59 0.4621 0.3145 62 0.023 3.00 1.9 1.605E7 17.9
51.24 6.253 3.59 0.7604  0.4293 62 0.032 3.00 1.9 2.335E7 20.7
51.24 6.253 3.59 1.230 0.6107 62 0.045 3.00 1.9 3.487E7 22.8
51.24 6.252 3.59 1.335 0.6560 62 0.049 3.00 1.9 3.776 E7 22.8
51.24 6.252 3.59 1.987 0.8675 62 0.065 3.00 1.9 5.120E7 25.5
51.23 6.253 3.59 3.197 1.245 62 0.093 3.00 1.9 7.513E7 28.4
51.23 6.253 3.59 3.247 1.263 62 0.094 3.00 1.9 7.628E7 28.4
51.22 6.254 3.59 4.771 1.699 62 0.13 3.00 1.9 1.037E8 31.0
51.21 6.254 3.59 6.594 2.173 62 0.16 3.00 1.9 1.338E8 33.6
51.20 6.253 3.59 8.284 2.602 62 0.19 3.00 1.9 1.611E8 35.3
51.20 6.254 3.59 9.725 2.941 62 0.22 3.00 1.9 1.822E8 36.8
51.19 6.254 3.59 13.26 3.715 62 0.28 3.00 1.9 2.309E8 40.0
51.16 6.255 3.59 21.27 5.366 62 0.40 3.00 1.9 3.344E8 44.9
51.16 6.255 3.59 24.37 5.909 62 0.44 3.00 1.9 3.690E 8 46.9
51.15 6.255 3.59 24.22 5.943 62 0.44 3.00 1.9 3.705E8 46.3
51.13 6.255 3.59 24.22 5.968 62 0.44 3.00 1.9 3.717E8 46.1
51.14 6.255 3.59 24.36 5.977 62 0.44 3.00 1.9 3.725E8 46.3
51.15 6.255 3.59 24.36 5.970 62 0.44 3.00 1.9 3.725E8 46.3
51.16 6.255 3.59 24.36 6.016 62 0.45 3.00 1.9 3.756E8 45.9
51.12 6.256 3.59 34.12 7.750 62 0.57 3.00 1.9 4.828E 8 50.4
51.11 6.256 3.59 38.63 8.573 62 0.63 3.00 1.9 5.345E8 51.8
51.06 6.258 3.59 54.71 11.24 62 0.83 3.01 1.9 6.978 E 8 56.4
51.03 6.259 3.59 61.09 12.26 62 0.90 3.01 1.9 7.599E8 57.9
51.05 6.257 3.59 61.22 12.27 62 0.91 3.01 1.9 7.623E8 58.0
50.94 6.261 3.59 97.45 17.67 62 1.3 3.01 1.9 1.088 E9 64.9
50.96 6.262 3.59 97.58 17.73 62 1.3 3.01 1.9 1.092E9 64.7
50.89 6.263 3.59 123.2 21.36 62 1.6 3.01 1.9 1.309E9 68.2
50.81 6.265 3.59 154.4 25.40 62 1.9 3.01 1.9 1.544E9 72.4
50.82 6.265 3.59 154.6 25.55 62 1.9 3.01 1.9 1.556 E9 72.0
50.72 6.268 3.59 195.5 30.52 62 2.2 3.02 1.9 1.841E9 76.8
50.63 6.270 3.59 245.1 36.72 62 2.7 3.02 1.9 2.197E9 80.4
50.37 6.278 3.59 388.5 52.91 62 3.8 3.03 1.8 3.085E9 89.6
49.97 6.290 3.59 619.1 76.76 62 5.4 3.05 1.8 4.302E9 99.6
49.99 6.291 3.59 619.0 76.85 62 5.4 3.05 1.8 4.309E9 99.5
49.40 6.308 3.59 985.0 112.0 61 7.7 3.07 1.8 5.932E9 110
49.04 6.320 3.60 1240 135.3 61 9.2 3.08 1.8 6.902E9 115
48.59 6.335 3.60 1569 164.4 61 11 3.10 1.7 8.009E9 121

48.06 6.353 3.60 1981 200.4 61 13 3.12 1.7 9.229E9 126
47.43 6.375 3.60 2501 244.1 61 15 3.14 1.7 1.052 E +10 131

45.99 6.429 3.61 3804 351.1 60 21 3.20 1.6 1.292 E +10 141

Let us now present a consequence of this bimodality for room t@erature convec-
tion cells, assuming that bimodality results from the slow-dynamss degree of freedom.
In heat transfer measurements or visualisation, the possibilityot be in a slow transient
mode-°ipping should be considered. The resulting transient-ggme uncertainty may be
a delicate experimental issue for “ow characterization stude and a limiting factor for
precise measurements, at least without new speci c¢ cell design.
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

51.29 5.844 3.07 2.011 0.7785 66 0.088 2.80 2.5 9.386 E7 30.8
51.28 5.845 3.07 3.236 1.108 66 0.12 2.80 2.5 1.371E8 34.4
51.27 5.845 3.07 5.202 1.571 66 0.18 2.80 2.5 1.978E8 38.9
51.25 5.845 3.07 8.352 2.252 66 0.25 2.80 2.5 2.866 E 8 43.6
51.22 5.845 3.07 13.41 3.247 66 0.37 2.80 2.5 4.166 E 8 48.8
51.19 5.847 3.07 21.51 4.687 66 0.53 2.80 2.5 6.018E 8 54.7
51.18 5.847 3.07 21.50 4.705 66 0.53 2.80 2.5 6.034E8 54.4
51.18 5.846 3.07 24.46 5.168 66 0.58 2.80 2.5 6.640E 8 56.5
51.15 5.847 3.07 30.80 6.199 66 0.69 2.80 2.5 7.956 E 8 59.6
51.13 5.848 3.07 34.49 6.781 66 0.76 2.80 2.5 8.685E8 61.1
51.12 5.848 3.07 38.77 7.430 66 0.83 2.80 2.5 9.522E8 62.9
51.08 5.848 3.07 49.05 8.921 66 1.00 2.81 2.5 1.140E9 66.6
51.05 5.849 3.07 55.30 9.798 66 1.1 2.81 2.5 1.248E9 68.5
51.03 5.849 3.07 61.40 10.61 66 1.2 2.81 2.5 1.351E9 70.5
50.98 5.850 3.07 77.09 12.71 66 1.4 2.81 2.5 1.609 E9 74.2
50.94 5.851 3.07 88.65 14.21 66 1.6 2.81 2.5 1.791E9 76.6
50.91 5.851 3.07 97.84 15.29 66 1.7 2.81 2.5 1.924E9 78.8
50.83 5.853 3.07 123.5 18.43 66 2.0 2.81 2.4 2.298E9 83.0
50.77 5.854 3.07 142.1 20.58 66 2.3 2.82 2.4 2.549E9 85.7
50.74 5.855 3.07 154.9 22.00 66 2.4 2.82 2.4 2717E9 87.7
50.62 5.857 3.07 196.1 26.58 66 2.9 2.82 2.4 3.240E9 92.3
50.53 5.859 3.07 227.8 29.98 66 3.3 2.83 2.4 3.616E9 95.4
50.48 5.859 3.07 247.3 32.10 66 3.5 2.83 2.4 3.859E9 96.9
50.33 5.863 3.07 310.4 38.33 66 4.1 2.83 2.4 4.519E9 102
50.18 5.866 3.07 365.0 43.94 66 4.7 2.84 2.4 5.093E9 106
50.13 5.867 3.07 391.5 46.30 66 4.9 2.84 2.4 5.338E9 108
49.69 5.875 3.07 584.9 64.13 66 6.7 2.85 2.3 7.035E9 117
49.37 5.883 3.07 736.8 77.60 66 8.0 2.87 2.3 8.181E9 123
48.98 5.892 3.07 937.2 94.60 66 9.5 2.88 2.3 9.521E9 129
48.52 5.902 3.07 1180 115.0 65 11 2.90 2.2 1.094 E +10 135

47.94 5.915 3.07 1502 141.1 65 13 2.92 2.2 1.254E +10 141

47.29 5.931 3.08 1891 172.5 65 16 2.95 2.1 1.413 E+10 146
51.34 5.572 2.72 1.239 0.4834 70 0.083 2.67 3.4 1.172E8 33.8
51.33 5.572 2.72 2.000 0.6756 70 0.12 2.67 3.4 1.715E8 37.7
51.32 5.573 2.72 3.217 0.9666 70 0.17 2.67 3.4 2.533E8 41.5
51.30 5.573 2.72 5.169 1.351 70 0.23 2.67 3.4 3.612E8 47.5
51.31 5.573 2.72 5.171 1.359 70 0.23 2.67 3.4 3.638E8 47.2
51.31 5.573 2.72 7.900 1.859 70 0.32 2.67 3.4 5.036E8 52.6
51.28 5.573 2.72 7.886 1.861 70 0.32 2.67 3.4 5.037E8 52.4
51.29 5.573 2.72 7.854 1.858 70 0.32 2.67 3.4 5.038E8 52.3
51.30 5.572 2.72 9.728 2.174 70 0.37 2.67 3.4 5.935E8 55.4
51.28 5.573 2.72 9.901 2.199 70 0.38 2.67 3.4 5.979E8 55.8
51.28 5.573 2.72 12.21 2.599 70 0.44 2.67 3.4 7.118E8 58.2
51.26 5.574 2.72 12.48 2.632 70 0.45 2.68 3.4 7.172E8 58.8
51.24 5.573 2.72 13.32 2.781 70 0.47 2.68 3.4 7.584E8 59.4
51.27 5.573 2.72 15.41 3.079 70 0.53 2.67 3.4 8.451E8 62.2
51.24 5.573 2.72 15.78 3.154 70 0.54 2.68 3.4 8.624E 8 62.2
51.24 5.573 2.72 19.46 3.669 70 0.63 2.68 3.4 1.007 E9 66.2
51.20 5.574 2.72 21.37 4.002 70 0.68 2.68 3.4 1.093E9 66.5
51.19 5.574 2.72 24.52 4.430 70 0.75 2.68 3.4 1.211E9 69.2
51.15 5.574 2.72 30.87 5.303 70 0.90 2.68 3.4 1.447E9 73.0
51.16 5.574 2.72 30.87 5.309 70 0.90 2.68 3.4 1.448 E9 72.9
51.13 5.575 2.72 34.26 5.779 70 0.98 2.68 3.4 1.571E9 74.4
51.11 5.575 2.72 39.05 6.388 70 1.1 2.68 3.4 1.737E9 76.9
51.06 5.576 2.72 49.37 7.657 70 1.3 2.68 3.4 2.070E9 81.5
51.00 5.576 2.72 62.46 9.235 70 1.6 2.68 3.4 2.479E9 85.9
50.93 5.577 2.72 79.02 11.09 70 1.9 2.69 3.4 2.951E9 90.9
50.84 5.579 2.72 100.0 13.34 70 2.2 2.69 3.3 3.507E9 96.2
50.77 5.579 2.72 123.8 15.69 70 2.6 2.69 3.3 4.092E9 102

50.75 5.580 2.72 123.7 15.76 70 2.6 2.69 3.3 4.095E9 101

4.2 Side-Wall conductivity

A second outcome of this experiment was the nding of a signi & and unexpected
in°uence of the side-wall conductivity on the apparent Nusseltumber, as also discussed
in references[[42[ 43, #4] : typical side-walls found in theefature are responsible for
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

50.73 5.579 2.72 126.6 16.06 70 2.7 2.69 3.3 4.175E9 102
50.65 5.580 2.72 155.2 18.73 70 3.1 2.70 3.3 4.817E9 107
50.50 5.583 2.72 196.4 22.70 70 3.7 2.70 3.3 5.702E9 113
50.32 5.585 2.72 247.6 27.46 70 4.4 2.71 3.2 6.733E9 118
50.32 5.585 2.72 247.7 27.43 70 4.4 2.71 3.3 6.734E9 118
50.11 5.588 2.72 312.1 33.12 70 5.3 2.71 3.2 7.894E9 124
49.86 5.592 2.72 393.4 40.02 69 6.3 2.72 3.2 9.203E9 130
49.47 5.597 2.72 524.9 50.90 69 7.8 2.74 3.1 1.107 E +10 138
49.09 5.602 2.72 661.5 61.88 69 9.2 2.75 3.1 1.276 E +10 144
48.64 5.610 2.72 833.1 75.40 69 11 2.77 3.0 1.454 E +10 150
48.09 5.618 2.73 1051 92.35 69 13 2.79 2.9 1.644 E +10 155
51.35 5.436 2.55 2.003 0.6070 72 0.14 2.58 4.3 2.622E8 43.6
51.34 5.436 2.55 3.222 0.8512 72 0.20 2.58 4.3 3.814E8 48.8
51.33 5.437 2.55 4.904 1.163 72 0.27 2.58 4.3 5.310E 8 53.7
51.34 5.436 2.55 5.089 1.195 72 0.28 2.58 4.3 5.495E8 54.1
51.34 5.437 2.55 5.091 1.216 72 0.28 2.58 4.3 5.590E 8 53.0
51.32 5.436 2.55 8.051 1.672 72 0.39 2.58 4.3 7.805E8 60.9
51.29 5.437 2.55 8.308 1.726 72 0.40 2.58 4.3 8.026 E 8 60.8
51.29 5.437 2.55 8.307 1.758 72 0.41 2.58 4.3 8.179E8 59.5
51.30 5.437 2.55 9.741 1.940 72 0.45 2.58 4.3 9.093E8 63.4
51.28 5.437 2.55 12.22 2.303 72 0.53 2.58 4.3 1.081E9 67.1
51.28 5.437 2.55 12.22 2.316 72 0.53 2.58 4.3 1.086 E9 66.6
51.25 5.437 2.55 13.34 2.474 72 0.57 2.58 4.3 1.159E9 68.1
51.25 5.437 2.55 15.42 2.751 72 0.63 2.58 4.3 1.291E9 70.9
51.22 5.438 2.55 19.49 3.295 72 0.76 2.58 4.3 1.546 E9 74.9
51.20 5.438 2.55 21.39 3.575 72 0.82 2.58 4.3 1.674E9 75.8
51.19 5.438 2.55 24.54 3.939 72 0.90 2.58 4.3 1.844E9 79.1
51.15 5.438 2.55 30.90 4.704 72 1.1 2.58 4.3 2.194E9 83.6
51.11 5.439 2.55 34.29 5.163 72 1.2 2.59 4.3 2.400E9 84.6
51.10 5.439 2.55 38.88 5.644 72 1.3 2.59 4.3 2.617E9 88.0
51.04 5.440 2.55 49.18 6.790 72 1.5 2.59 4.2 3.125E9 92.8
51.04 5.439 2.55 49.18 6.803 72 1.5 2.59 4.2 3.136E9 92.6
50.96 5.440 2.55 62.22 8.174 72 1.8 2.59 4.2 3.726 E9 97.9
50.88 5.441 2.55 78.72 9.850 72 2.2 2.59 4.2 4.435E9 103

50.77 5.442 2.55 99.60 11.86 72 2.6 2.60 4.2 5.258E9 109

50.65 5.443 2.55 126.0 14.26 72 3.1 2.60 4.1 6.191E9 115

50.62 5.443 2.55 125.8 14.34 72 3.1 2.60 4.1 6.206 E9 115

50.65 5.443 2.55 126.0 14.28 72 3.1 2.60 4.1 6.208E9 115

50.49 5.445 2.55 160.6 17.38 72 3.8 2.61 4.1 7.351E9 121

50.31 5.447 2.55 201.8 20.90 72 4.5 2.62 4.0 8.589E9 127

50.09 5.449 2.55 255.6 25.36 72 5.3 2.62 4.0 1.007 E +10 134
49.82 5.451 2.55 323.4 30.83 72 6.4 2.63 3.9 1.171 E+10 140
49.50 5.455 2.55 409.2 37.55 71 7.6 2.65 3.8 1.352 E+10 147

49.50 5.455 2.55 409.3 37.56 71 7.6 2.65 3.8 1.353 E+10 146
49.12 5.459 2.55 518.0 45.86 71 9.0 2.66 3.8 1.551 E+10 153

48.67 5.464 2.55 655.6 56.17 71 11 2.68 3.6 1.759 E +10 159

73.59 6.598 4.99 33.61 6.679 58 0.41 2.67 1.7 4.937E8 48.7
73.51 6.599 4.99 62.90 10.88 58 0.68 2.68 1.7 8.059E8 56.8
73.38 6.602 4.99 117.1 17.63 58 1.1 2.68 1.7 1.305E9 66.3
73.16 6.608 4.99 219.7 28.83 58 1.8 2.69 1.7 2.122E9 77.4
72.80 6.617 4.99 410.9 46.97 58 2.9 2.70 1.7 3.425E9 90.3
72.22 6.632 5.00 768.3 76.96 58 4.7 2.72 1.7 S5.515E9 105

71.29 6.657 5.00 1436 126.1 58 7.6 2.74 1.7 8.758 E9 122

69.75 6.699 5.01 2683 208.8 58 12 2.79 1.7 1.368 E +10 140
67.85 6.754 5.02 4451 317.2 58 18 2.86 1.6 1.912E +10 156

overestimation of Nu up to more than 20%. We have conducted a speci ¢ study, both
theoretical and experimental for thin wall cell§[7]1].

As discussed in ref.[J11], the in°uence of thin walls can be chategzed by a dimen-
sionless number, called the side-wall numbé¥. This number is the ratio between the
conductance of the empty cell and that of the °uid at rest. Typtal values ofW for ref-
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p T P Q AT AT adiab a.AT w Pr Ra Nu

(kg/m3)  (K) (bar) (W) (mK) (nK) (%)

73.80 5.999 3.82 9.635 2.086 64 0.24 2.45 2.7 4.582E8 47.4
73.75 5.999 3.82 18.06 3.383 64 0.39 2.45 2.7 7.515E8 55.1
73.68 6.000 3.82 33.71 5.466 64 0.63 2.45 2.7 1.222E9 64.3
73.57 6.002 3.82 63.07 8.868 64 1.0 2.45 2.7 1.988 E9 75.0
73.38 6.005 3.82 117.4 14.38 64 1.7 2.46 2.7 3.222E9 87.2
73.07 6.009 3.82 220.2 23.46 64 2.7 2.46 2.7 5.238E9 102
72.57 6.017 3.82 411.7 38.29 64 4.4 2.47 2.7 8.478E9 118
71.75 6.029 3.82 769.8 62.83 64 7.3 2.49 2.7 1.367 E +10 137
70.43 6.050 3.83 1439 103.4 64 12 2.53 2.6 2.163 E +10 159
68.25 6.085 3.83 2687 173.0 64 19 2.58 2.6 3.330E +10 181

73.93 5.501 2.85 9.674 1.414 70 0.45 2.14 5.9 1.937E9 74.5
73.86 5.501 2.85 18.08 2.258 70 0.73 2.14 5.9 3.156E9 86.7
73.74 5.502 2.85 33.69 3.600 70 1.2 2.15 5.9 5.095E9 102
73.54 5.503 2.85 62.81 5.777 70 1.9 2.15 5.9 8.245E9 119
73.22 5.505 2.85 117.2 9.362 70 3.0 2.15 5.9 1.340 E +10 138
72.71 5.508 2.85 218.6 15.12 71 4.9 2.16 5.9 2172 E +10 161

71.87 5.513 2.85 409.9 24.71 71 8.1 2.18 6.0 3.526 E +10 188
70.51 5.520 2.86 759.9 40.41 71 13 2.20 6.0 5.613E+10 216
74.01 5.346 2.55 7.743 0.8621 75 0.58 1.95 11 4.408E9 99.5
73.82 5.346 2.55 19.44 1.666 75 1.1 1.95 11 9.053E9 126
73.44 5.347 2.55 49.22 3.339 75 2.3 1.96 11 1.873 E+10 158
72.63 5.349 2.55 125.3 6.790 75 4.8 1.96 11 3.950E +10 199
71.62 5.351 2.55 234.5 10.99 75 7.9 1.97 11 6.581 E +10 233
73.97 5.304 2.47 12.24 1.006 76 0.97 1.86 14 9.892E9 131

73.85 5.304 2.47 19.47 1.396 76 1.4 1.86 14 1.420E +10 148
73.65 5.305 2.47 31.04 1.982 76 1.9 1.86 14 2.079 E +10 165
73.39 5.305 2.47 49.31 2.777 76 2.7 1.86 15 2.991 E +10 187

72.97 5.305 2.47 78.47 3.995 76 4.0 1.86 15 4.464 E +10 206
72.42 5.307 2.47 125.5 5.624 76 5.7 1.86 15 6.422 E +10 235

73.31 5.267 2.40 49.19 2.162 77 3.4 1.69 21 5.231E+10 226
134.6 4.487 4.25 0.7283  0.4873 24 0.0054 1.54 0.73 3.810E6 13.0
134.6 4.487 4.26 1.161 0.7187 24 0.0080 1.54 0.73 5.713E6 14.0
134.6 4.487 4.26 1.532 0.8766 24 0.0098 1.54 0.73 7.008E 6 15.2
134.6 4.487 4.26 1.847 1.041 24 0.012 1.54 0.73 8.366 E 6 15.4
134.6 4.487 4.26 1.934 1.046 24 0.012 1.54 0.73 8.398E6 16.1
134.6 4.488 4.26 2.441 1.291 24 0.014 1.54 0.73 1.041E7 16.5
134.6 4.488 4.26 2.948 1.529 24 0.017 1.54 0.73 1.238E7 16.8
134.6 4.488 4.26 3.086 1.540 24 0.017 1.54 0.73 1.246 E7 17.5
134.6 4.488 4.26 3.086 1.542 24 0.017 1.54 0.73 1.248E7 17.5
134.6 4.488 4.26 3.883 1.856 24 0.021 1.54 0.73 1.506 E 7 18.3
134.6 4.488 4.25 4.674 2.223 24 0.025 1.54 0.73 1.809E7 18.4
134.6 4.488 4.26 4.892 2.263 24 0.025 1.54 0.73 1.841E7 19.0
134.6 4.488 4.26 6.177 2.740 24 0.031 1.54 0.73 2.233E7 19.9
134.6 4.489 4.26 7.433 3.246 24 0.036 1.54 0.73 2.651E7 20.2
134.6 4.488 4.26 7.778 3.314 24 0.037 1.54 0.73 2.707E7 20.8
134.6 4.489 4.26 9.818 3.963 24 0.044 1.54 0.73 3.240E7 22.1
134.6 4.489 4.26 12.36 4.810 24 0.054 1.54 0.73 3.939E7 23.0
134.6 4.490 4.26 15.62 5.829 24 0.065 1.54 0.73 4.780E7 24.0
134.6 4.490 4.26 19.68 6.976 24 0.078 1.54 0.73 5.728E7 25.5
134.6 4.491 4.26 24.82 8.435 24 0.094 1.54 0.73 6.932E7 26.7
134.6 4.492 4.26 31.28 10.12 24 0.11 1.54 0.73 8.327E7 28.2
134.5 4.493 4.26 39.48 12.18 24 0.14 1.54 0.73 1.003 E8 29.7
134.5 4.494 4.26 49.70 14.66 24 0.16 1.54 0.73 1.209E 8 31.2
134.5 4.496 4.26 62.69 17.48 24 0.20 1.54 0.73 1.444E8 33.2
134.5 4.497 4.26 79.04 21.08 24 0.24 1.54 0.73 1.744E8 34.9
134.4 4.500 4.26 99.60 25.28 24 0.28 1.55 0.73 2.096 E 8 36.9

erence experiments range from nearly 0 up to 3.5. Points onuge [I1 gather our heat
transfer measurements (restricted to the lower \modality").

The starting point are the same as referencé J42] : the wall is @ontact with a °uid
of nearly uniform temperatureT through a lateral boundary layer. In contrast with ref-
erence [[42], we do not take the the thickness of the boundaryéa as constant (model 2
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of [[B2]]) nor proportional to 1:p Re (model 1 of [[4PR]]) but proportional to the thermal
ENu. It results in an exchange length between the
wall and the bulk proportional to 1= Nu. Another di®erence with referencd [42] is that

we consider this exchange length as extending the e®ectiveaof the plate, instead of
considering the calculated °ux as a thermal leak. This pointfoview is clearly con rmed
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Figure 10: NuRai 3! ys. Ra in the mini-cell. 2 Pr' 0:73j 0:76; Pr' 0:82; 0:84,%
Pr' 0:89; 0:90,¥ Pr' 085; 1:1£ Pr' 1:6j L9, nPr' 21 25,¢ Pr' 26 27,
« Pr' 29 34, Pr' 36j 43,« Pr' 59 60,4 Pr' 11,HPr ' 14; 15, For
comparison, large cell[8] data are plotted with the symboIsN Pr' 0.7, i Pr' 1.1.

by numerical simulation[4B]. ANu correction based on the leak, rather than corrected
exchange surface, gives a poorer t on the experimental datkeg¢s of 2 decades d®a are

well corrected).Our picture result in an asymptotic correctin in = W fully con'rmed by
our compilation [1].

The closed analytical correction formula we derived has an jmdtable parameter ac-

counting the proportionality between the lateral boundarylayer thickness and the plates’
thermal ones.

We derived a closed-analytical correction formula for the Nudsenumber with one

adjustable parameter (continuous line of "gur¢ 11). CallingN umea and Nu.o, the measured
and corrected Nusselt numbers :

NUmea = NUcor(1 + f(W)) (8)
with
A2 r 2W i NUcor
W)= (18 =i ) (©)
and
A=0:38 (10)

The dependence of this correction with the Nusselt itself has beealidated for Rayleigh
numbers covering 4 decades (and for various values/). On the gure, the vertical arrows
represent the correction magnitude numerically estimated byerzicco[4B].
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Figure 11: Nu:Rai %3! vs. the square root of the side-wall number W. The symbols are
experimental data obtained in the lower mode, for 20< Ra < 5:1¢° in h = 2 cm and 20cm
cells. The vertical bars represent the magnitude of the side-Waorrection estimated from
numerical simulations by Verziccg[43]. The solid line is therpsent analytical model with
one adjustable parameter.

The present analysis has numerous consequences. First it exptasome surprising
results and discrepancies between published results, as detiile ref. [I1]. Second, the
correction onNu being Ra dependent, it changes théNu(Ra) apparent exponent, at least
for Ra < 10'°. The examination of several published results indicated thathe measured
exponent -often close to 27- are signi cantly underestimated. Values larger than 0.3 ar
obtained after correction (some experiments claiming a=2 exponent are not subject to
side-wall correction[2]L]). Thirdly, it should be noted that he side-wall e®ect mimics a
Ra dependent exponent, which could be falsely interpreted as amdication of non-power
law behaviour of convection. Finally, the wall-°uid interection is likely to introduce a new
length scale in the convection problem if the wall thickness ison-uniform (°anges, large
o-ring,...). Such artefact could also cause apparent non-pemaw behaviour.

On the other hand, we can consider as very good news that such amportant e®ect
can be corrected. It could modify the °ow itself in such a way thano comparison would
be possible between the unperturbed and the perturbed case. Aswhdy Verzicco[4B], it
is indeed the case when the conductance of the wall is too higBur experimental study,
presented on “g.[1]l, shows that the wall number well correlatebe various data which
shows the pertinence of the correction.

All the data presented in this paper are side-wall corrected. Netthat the magnitude
of the bimodality presented above is not a®ected by this coatéon.

4.3 Prandtl number dependence

Our experiment has been designed to study the in°uence of Prahacumber near the

di®usivity cross-overPr ' 1. We nd a very small -if any- Prandtl number dependence
over 1.5 decad€[45]. This dependence corresponds to an egpbrsmaller (in absolute

value) than 0.03 in a power law picture. This result is compatie with ref. [L3] but not

with ref. [L3]. Also, the 2=7 theories[4p[47] predict an exponent 1=7 ' j 0:14 which is

incompatible with our result.

21



0.45—————————————————————

0-35f

Nu.Ra*?

Pr

0.25 M| n PR | n P | n MR | n
1 10 100 1000

Figure 12: Nu:Rai ¥ versusPr with -from bottom to top- Ra = 10%2° (light gray),
Ra = 10° (dark gray) and Ra = 10%° (black). The value Ra = 10%2° corresponds to the
beginning of the hard turbulence regime for aspect ratio j = (. 2 present data in the
lower mode,« present data in the upper modest - data from ref. [I3], i =0:5and 1 (-
corresponds taRa = 10°%), = ¢ data fromref. [If], i =1 (¢ : Ra=10%, - : Ra = 10°).
The lines are from Grossmann and Lohge[48] model with adjustalpgarameters tuned by
these authors on thet - data restricted to aspect ratio j = 1.

A comparison with the prediction of Grossmann and Lohdge[48] (G.)can be performed
using their 5 "tting parameters adjusted to "t the data of ref. [L3]. It should be emphasized
that the Ra and Pr overlap between the data of ref[[13] and ours is limited as sk on
“gure [2. Consequently we are testing a prediction of the G.Lheory : an extrapolation
on the lowerPr side. We nd a good agreement since this prediction falls withithe error
bar of nearly all of data (‘'gure[I2). We should mention here arther recent test [1}] of G.L.
theory on the higherPr side. These data are also in good agreement with the prediction
as shown on gure[ 2. These three set of data are for two di®eremipact ratio (j =0 :5
and 1), but once the wall e®ect corrected, the in°uence of tlaspect ratio seems wedk[42].
In particular, all the set of data from the di®erent groups suggst that the transition from
the low Prandtl regime to the high Prandtl one occurs in the nghbourhood ofPr * 1
and not 0:1 as proposed by Kraichnap[4q] 9].

5 CONCLUDING REMARKS

We have measurementNu(Ra) and Nu(Pr) dependences which are both incompatible
with the 2/7 and 1/3 theories[40], at least under their presentdrm. The Grossmann and
Lohse theory[4B] can account for our data but the discriminatiy testing of the 5 ttings
parameters have to be made on a larger range Rl and Pr numbers.

The bimodality e®ect indicates that the mean °ow con nemenhas a signi cant in-
°uence (up to few percents) on the precisBu(Ra) dependence and this in°uence should
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hold for all aspect ratio of order 1. Since con nement e®ectmlti-modality, poor spa-

tial homogeneity on boundary layers, ...) are not consideredylpresent theories, their
predicting power is indeed limited in precision. This darkes the perspective that very
preciseNu(Ra) measurements can discriminate between competing theorieshi3 conclu-

sion is reinforced by the boundary conditions in°uence on thglobal heat transfer, such
as side-wall conductivity [IL,[42][43] and hole-burning e@sdn plates[49,[2R[23]. This
underlines the importance of alternative approaches to pbe@ the heat transfer mechanism
and (in)validate theories. It also calls for a new generationfaell design with a speci c
attention dedicated to the mean °ow and thermal boundary caoditions. For example, the
in°uence of the large scale “ow on the heat transfer suggests thiairge aspect ratio cell
could be required to observe true power law scalings.
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