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Convection in a very compressible fluid: Comparison of simulations with experiments
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The time profileAT(t) of the temperature difference, measured across a very compressible fluid layer of
supercritical *He after the start of a heat flow, shows a damped oscillatory behavior before steady-state
convection is reached. The results fof (t) obtained from numerical simulations and from laboratory experi-
ments are compared over a temperature range where the compressibility varies by a faetor Bfrst the
steady-state convective heat curréf™ as a function of the Rayleigh number Ra is presented, and the
agreement is found to be good. Second, the shape of the time profile and two characteristic times in the
transient part oA T(t) from simulations and experiments are compared, nafily., the oscillatory period,
and(2) t,, the time of the first peak after starting the heat flow. These times, scaled by the diffusiveptime
versus Ra, are presented. The agreement is goot,fdrp, where the results collapse on a single curve
showing a power-law behavior. The simulation hence confirms the universal scaling behavior found experi-
mentally. However fort, /7, where the experimental data also collapse on a single curve, the simulation
results show systematic departures from such a behavior. A possible reason for some of the disagreements, both
in the time profile and irt,, is discussed.
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[. INTRODUCTION the Schwarzschild criterion of the convection onset in com-
pressible fluid$6]. In the work of Ref[5] the Navier-Stokes
In a Rayleigh-Beard (RB) cell, the start of a constant equation together with an enthalpy equation were used, with-
heat flow across the fluid layer produces an initial rise in theout a specific term to simulate the piston effect, since the
temperature difference across this lay®T(t), with a tran- latter is implicitly taken into account in the work of the pres-
sient profile determined by the fluid convection dynamics,Sure forces term in the enthalpy equation. The simulations
and which then tends to a steady-state value, labAled ~ Were made_ in two dlmen5|o_ns, Whe_re the fluid was contained
Recently such heat flow experiments were carried[@g] N @ C?" ‘f[‘('th the qug hfelggl asdlnztheRe)}pt;r|mt_=iEt.ﬂ;l'he
on a very compressible fluid in its convective state, super@SPECt ratio was 4 in Refg3,4] and 2 in Ref[5] with the -
critical *He, along the critical isochoré) = p, , where the periodic boundary condition in the horizontal direction in
] — Mc»

critical temperature i3 .= 3.318 K. The fluid layer height in order to reproduce the conditions of the experimental cell

. ¢ ; with a large aspect ratio. The simulations in REef] ex-
the experiments wak=0.106 cm and the diameter of the tended until [Ra—Ra,|~4x10P for €=0.05 and until

cylindrical cell was 5.7 cm. For this large aspect ratio, the_1 7,105 for other values of. Simulation results in this
predicted critical Rayleigh number is Ral708, as was paper, except those @f=0.05 in Ref[3], are obtained using
confirmed by the experimenits]. Over the reduced tempera- the scheme in Ref4].
ture range 0.008e=(T—T;)/T.<0.2 where the experi-  The outline for the remainder of this paper is as follows:
ments were analyzed, the isothermal compressibility inirst, a general discussion of the profildsT(t) will be
creases by a factor of~40 as T, is approached. The made, with presentation of some examples and an appraisal
substantial change in the fluid properties alpRds reflected  of the degree of agreement between experiments and simu-
in large changes of the transient profile, where damped odations. Second, a comparison of the steady-state results from
cillations were observed after the first peak &T(t) for = experiments and simulations will be presented, expressed in
€=0.009. terms of the convection heat currgfit" versus the reduced
This paper compares the results of experimental data, arfdayleigh number ra=[Ra— Ra.]/Ra.. Third, a comparison
of simulations extending those of Ref&,4], for the time  of the transients frpm _experiments and simullatic_)ns will be
profile AT(t) in the regime where the fluid approachesMade by the examination of two “characteristic times,” the
steady-state convection. Reference is also made of recentine, of the first peak after the start of the heat current, and
published simulation results by Amiroudine and Zappbli ~ fosc: the oscillation period in the damped oscillatory decay.
In the simulations done in Ref§3,4], two new terms are BOth will be presented in a scaled form, again versHa
added in the heat conduction equation; the first takes into’ R@&]. This quantitative comparison illustrates well the
account the adiabatic heating taking place throughout the cef9rééments and deviations between simulations and experi-
(the “piston effect”), and the second accounts for the adia-MeNts, which will be discussed in the Conclusions.

batic temperature gradient effect within plumes leading to Il GENERAL OBSERVATIONS ON THE PROFILES

AT VERSUS TIME

*Present address: Department of Physics, MIT, Cambridge, We briefly emphasize, as was done in R¢is2], that the
MA 02139-4307. experiments were done under conditions where the stratifi-
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X 80 § current, with the definition of the times,, t,,, andt,s and the
= 60 | slow exponential relaxation to the steady-state valua Df(dashed
= =02 line) with a time constanty,; . The recording is foe=0.02 with the
= a0 — expt. i heat flowg=1.69x10"7 W/cn?.
< ---- simul.
20 Simulations, however, always show damped oscillations in
the convective state.
o . . . L In Fig. 2, we present an enlarged segment near the peak of
0 50 100 150 200 AT(t) for a representative trace at0.02, which exhibits
t(s) and defines various characteristic times in the transient. We

will consider two of these times in this paper, namglythe
FIG. 1. Plots of the profildT(t) vs time for two values of the  peakt, of the first peak after the start of the heat current and

heat flowq (in 107 W/cn?) at e=0.2 and comparison between (2) the periodt,. of the damped oscillations. The profile
experiments and simulatior(s) q=3.89 (expd, 3.67 (simu) and  {ands asymptotically from below to the steady-state value
(b) 9=2.16 (expy, 2.10(simul). AT with a relaxation timer,,;, obtained by fitting this tran-
ésient tail with a simple exponential. We note that this tran-
jent tail has not been detected in the simulations either in

ef. [4] or in Ref. [5]. The transient shape, principally at
short times where the changesAf (t) are rapid, is affected
by the instrumentation time constant, and also the modulated
minimum shown in Fig. 2 makes an analysis of the oscilla-
tion amplitude decay rate uncertain. However, inspection of
the many recorded experimental traces shows that for a given
f (or compressibility, the rates for both the oscillations and
their amplitude decay increase with the heat current. For val-
ues large enough of at a givene, the first peak and the
oscillations become attenuated and averaged(8ee Fig. 4

which are not reproduced here. Considering that the exper of Ref.[2].) The “ke&l/ cause for”thls r(])bserr\]/atlpn IS thle .
mental data have not been corrected for the time lag intro: ecomes comparable or smaller than the instrumentation

duced by the temperature recording instrumentation with éime c_ons_tant. An averaging effect of the oscillations due to a
time constant ofr=1.3 s, the qualitative agreement is quite negative interference between nonsynchronous plumes that

satisfactory. However, asincreases and the compressibility results from the Iarge lateral d?mension (.)f the_ experimental
decreases, the disagreement between the transient regimeS§j! @S suggested in Ref]. This suggestion might be very

experiments and simulations becomes sizable. This can t{)& evant in the regime<0.009 \_Nhere no oscnlayons could
e observed, even when their expected period was well

in Fig. 1 ak=0.2 for t I f the heat fl . .
ie,; gx'”lo_'? anda2 1 10_9rw\;\(/:?r%/a§; io?]trast tﬁ: steoz\:zjy- above that of the instrumental time constéasg¢e Ref[2],

cation from gravity was small and where the temperatur
changes across the fluid were kept small enough that th
changes in the fluid properties across the fluid layer wer
smaller than a few percent. Thus the conditions for the ap
proximations in a Boussinesg-like fluid in the momentum
equation were maintained. In Fig. 9 in REf] a representa-
tive evolution is shown of the observed profileT(t) at
€=0.05 as a function of the heat curremt

Both experiments and simulations show over a certai
range of heat flovg and of temperature a damped oscillatory
profile AT(t) as shown in Figs. 1 and 2 of R¢8], Fig. 1 of
Ref. [4], both ate=0.05 and Fig. 2 of Ref[5] at e=0.01,

state value forAT reached in both the experiments and in S€C- no.
IS'T#Iat'O”S for thte Istame }’a":ﬁ qlfrema'”sl ”eazy tge Samde' Ill. COMPARISON OF STEADY-STATE RESULTS
T O o T o IN EXPERIMENTS AND SIMULATIONS

oscillations are seen, but rather a nonexponential decay of
the overshoot. This is the regime labeled “truncated oscilla- In Ref.[1] the steady-state experimental results were pre-
tions,” described in Fig. 2 of Ref2]. (See also remark7].) sented in terms of the dimensionless convective heat current
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&

portion of the heat current to that conducted through the fluid (a) ]
at the transition to convection, which leads to the relaf®)n g g? Expt. data
i CONV— * & 1 v 0.
jM=(Nu—1)(ra" +1), ™ S10 e 0o :
. . . £ < 003
where Nu is the Nusselt number. Along the critical isochore S . 002
of a fluid, where the compressibility diverges &g is ap- X A 001
proached, Gitterman and Steinbd@] have shown that for  § %
the fluid onset of mechanical instability there is a crossover ~3
from the Rayleigh to Schwarzschildr “adiabatic tempera-
ture gradient) criterion asT,. is approached. Then it has + d@f\gﬂ%ﬁw
been showr{see Ref[10] and references thergithat at the 10° . I’ . . . .'-

onset of convection, the temperature drop across the fluid
layer is given by T

ATonsem ATr+T ATy, (2

where ATz=Ra,vD+/apglL?, the familiar Rayleigh term, <
andAT,=LgTap/Cp, the adiabatic temperature difference  $ 10
contribution (for ATg and AT.q see, for instance, Tritton's */;
monograpH 11]). Here v is the kinematic viscosityD the Q/

thermal diffusivity, ap the isobaric thermal expansion coef- z -
ficient, g the gravity acceleratiorl. the height of the fluid 8\8
layer, andCp the specific heat at constant pressure.
As has been described in some detail in Rgfs2], Nu
and Ra have to be corrected for the contribution from the 0
adiabatic temperature gradient. One then obtains 107 B i i i v i
-1 0 1 2 3 4
RAAT-AT,) (ATar—ATa0 10 10 10 . 10 10 10
Raon=—"77 — and Nu:orr_m (ra™) o
3 FIG. 3. The convective heat curreiff]y’ divided by the reduced
and hence Rayleigh number £3,=[Ra,— Ra.]/Ra Vs rd,,,, both corrected
for the adiabatic temperature gradient contributi@.Experimen-
rago=(Raor/Ra,—1) tal data at various values ef (b) Data from simulations at different
values ofe shown by symbols. The solid line is the average of the
and experimental data ia).
jcom=(NUgor— 1) (ra,,+1). (4)  tent with a straight roll convection predictidi2]. In Fig.

3(b), the experimental data are replaced by a solid curve
Here ATy is the temperature drop across the fluid in therepresenting its average, and the results from simulations are
diffusive regime for the same heat current producing the obshown by the symbols at various valueseofn the interme-
servedAT. Because botlic,’ and rd,,, vary over about five  diate range of &, these data points collapse on a curve
orders of magnitude for the range covered by the data, glightly above the experimental average, and also within
more sensitive way is to present the ratfd;/ray,,, versus  their scatter they tend to the same limiting amplitude of 1.3,
rag;. Furukawa and OnuK#] theoretically justified the va- as do the experiments. Therefore, they also imply straight
lidity of the scaling relations in terms of these correctedroll convection, a picture which is plausible in the two-
quantities. This is done in Fig(& where the points recorded dimensional2D) simulation which represents a cross section
close to the transition to convection and showing roundingof rolls in a geometry with parallel vertical periodic bound-
instead of a sharp convection onset have been omitted. Fuaries.
thermore the data foe<0.009, where no damped oscilla-
tions were obtained in the transients and for which no simu-
lations were carried out, have not been used in this figure. As
can be seen, within the scatter all the data points nearly col-
lapse on a common curve. Fofga<1, the data extrapolate
to a horizontal line with an amplitude of &®.1. This The mechanism responsible for the damped oscillations
asymptotic resultjco,=1.3r&,,, which represents data for a highly compressible fluid at constant average density
slightly above the onset of convection, has been discussed Imas been discussed most recently by Furukawa and Q#pki
Ref.[1] where it was concluded that the amplitude is consis-and by Amiroudine and ZappdlE]. From their simulations,

IV. TRANSIENT CHARACTERISTIC TIMES
IN EXPERIMENTS AND SIMULATIONS

A. Background information
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TABLE |. The ratioCp/Cy=7y for *He along its critical isoch- 1

ore for several values of the reduced temperatutée ratioB(y) 10 ('215””"' T 5' IR
of the diffusive times, calculated from Fig. 2 of Réfl3] (Be- . e 00091 O 005
hringeret al) and the diffusive timerp . [ O™ x 001 A 006
T A
e ColCy=y  B(M=mlm () 0 Moy Sow ooz
0.01 119 1.01 265 DE‘%A-.A_ " il
0.02 57.7 1.03 134 } 2 %%%{ T
0.03 38.1 1.06 92.0 10 F fose ? Tagy gy E
0.04 28.5 1.08 69.9 T “%
0.05 22.8 1.10 57.0 Y
0.07 16.5 1.13 42.2 5 o o
0.10 11.8 1.19 318 0
0.20 6.48 1.35 19.8 107 prrrmrrrr 3
- (b) Chévg%ta Furukawa |
i o &€=0.
these authors presented a detailed analysis of the time evo- Amiroudine e o.g
lution of the temperature in various locations in the fluid 10° b ¢ =001  x 01 |
layer. We refer to their description on how maxima and P o 0.05
. . Zose + 0.02
minima of AT(t) are produced by the “piston effect” that T, A 0.01
leads to the vertical flow of successive “warm” and “cold” v 0.009
fluid masses. The snapshots of the simulations by Chiwata 10" F 3
and Onuki[3] had already pictured the formation of plumes
during these processes, and the evidence of warm and cold expt.
vertical flows.
In the analysis of the experimental d4f, two charac- 10° I e ;
teristic times describing the remarkable oscillatory behavior, 10 10 10 10 10
tm andt.g., were discussed, which are shown in Fig. 2 for a (Ra*" - Ra))

representativA T(t) profile. The experimental results for the

time t, have not been analyzed before and are presented FIG. 4. The oscillation period,s. and the timery; for the
here. In order to keep the analysis of the results tractable, welaxation to the steady state, both scaled by the diffusion time
will not include t,, in this discussion. In the experimental vs[Rao—Ra]. (8) Experimental data at various values ©f(b)
data analysis, the relaxation timg; to the steady-state con- Symbols show the simulation data at different valueg,and the

vection was also presented in Rgf]. All the data oft,,.and
Ty At the various reduced temperatueescaled by the dif-

solid line is the average of the experimental datdain

fusion tim¢tDEL2/4DT, and plotted versus the Rayleigh r,(y)/7o(y=) decreases witle and tends to 1 foe<0.01.
number difference[ Ra,,,— Ra] were found to collapse The use of the timep=7,(y) %4 as a scale for the con-
within a scatter of=15% on two respective curves, an unex-yection transient characteristic times is therefore preferable

pected result.

to tp. It turns out that the choice afy as the scaling time

We now discuss the choice of the scaling time in the datgnhroyes the collapsing of the experimental data points for

for tosc andt, versus the Rayleigh number. As mentionedbotht

above, the diffusion timéy was used as the scale fig.in
the plot versug Ra..,,— R&.]. This timety was first used in
the Navier-Stokes equation leading to the simulations of Ref.
[3] under the conditions of constant average density and
valid for Cp/Cy=7y>1. In the absence of convectioty

can be related to the relaxation timg=L?/7?D; of the

B. Oscillatory period t,gc

osc @andt,. In the following sections we present and
compare these times obtained experimentally and from simu-
tJations.

In Ref. [2], Fig. 4 presentedl,s. scaled bytp and plotted

lowest diffusion mode in a RB—or in a standard thermalversug Ra,,,— Ra.]. The substitution ofp as a scale gives
conductivity cell[13]. However, over the experimental and a better collapsing of the data points than dggs particu-

simulation range where 0z2¢=0.009, the conditiony>1 is

larly at the lower values dfRa..,,— Ra.] where most of the

only progressively realized as decreases to 0.01. In Ref. data points at the higher values ©fie. Within the scatter of

[13] expressions for the solution af, as a function ofy
were derived. Asy—1, 7p—4L%/ 72D+, and this last value

+15% the data for 18<[Ra,,— Ra,]<5X 10° can be rep-
resented by a power law with an exponent-6®.52+0.02.

is the same as for a fluid relaxing at constant pressure. lin Fig. 4(a) we present these data and in Figo)its average,

general 7o(y)=B(y)L% w?D+, where B(y)=(m/qoL)?,
obtained from Fig. 2 of Ref.13] with q, the wave number

obtained by a fit to a power law with a corrective term for the
larger Ra values. Also in Fig.(8) we show by symbols the

of the lowest modeB(y) is presented in Table | for several results from the simulations by the Kyoto gro(tgio of the
values ofe relevant to the experiments and simulations inpresent authors, A.F. and A.O., and Y. Chiwatad by Amir-
this paper. As can be seen in this table, the raticoudine and Zappoli5] at various values of. The agreement
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B B B A B the region ofe<0.009 where no damped oscillations are ob-

»
| 3\ (@ | served 2]. In Fig. 5b) the solid curve represents the average
1005' M 3 of the experimental data, as obtained by a polynomial fit.
n ] Symbols show the results from simulations at various values
& AA% ] of e. The data from Ref[3] at e=0.05 and those in the
1ok © 0.0091c 0.05 L i present research are found to be internally consistent. How-
tp/TD g Z 8'8% : 8'(1)7 %5%5& ] ever, contrary to the experimental results, the simulation data
v 003 e 014 do not collapse on a single curve. This discrepancy is ex-
, o 004 x 0.17 : pected from the profileaT(t) shown in Fig. 1 where the
107 e 02 - 3 peak in the simulations lies at substantially longer timygs
" = 5e-4d s+ 3203 T ] than for the experiments. A possible source for the discrep-
| x 5e-3 - 1.16e-3 . ancy between simulations and experiments will be consid-
S ered below.
T ";'I T T T T T T
P (b) 1 V. DISCUSSION
3 average expt data 3 First we present general comments on transient observa-
Chiwata Cr ] tions in Rayleigh-Beard convection. After the start of a heat
o £=0.05 1 current at constant pressure, an overshohTr(t) is rou-
oty A;“:'rglfgl'”e 3 tinely observed in Boussinesq fluids. The origin of the over-
tp/TD Furukawa ] shoot is a certain “inertia” of the fluid immediately after the
A £=02 heat flux is applied: Even though the final state is convection,
107k . :::(%15 i initially the fluid remains stationary andT(t) follows the
v £=0.02 ] solution of the thermal diffusion equation. As the fluid begins
+ £=001 to move, the trace shows an overshoot with a peak;at
ooDes 0.009 . . followed by a transition to the steady-state value in the con-

I — — vective regime as described, for example, by Behrifhgdt.
10° 10’ 1¢* corr 10 10 10' Thus,t, approximately describes the time that it takes for the
Ra™ - Ra layer to develop convective motion.
In a compressible fluid, the nonconvecting state during
FIG. 5. The time of the first peak,, scaled by the diffusion the initial transient is expected to persist up to a value
time 7p, vs [Raor—Ra]. (@) The experimental data, where the AT, " greatly exceeding the stability thresholT nee

symbols denote the various values ©&t which the experiments  given by Eq.(2), derived for a linear temperature and density
were carried out(b) The curve representing the average of the gistribytion in the vertical direction. This result farT,

. . . instab
experimental data frorte), compared with the results from simula- was obtained by EI Khouri and Caslé15] via a linear sta-
tions, shown as symbols at the various valueg.of

bility analysis and is a direct consequence of the strongly
mighomogeneous vertical density and temperature distribution
with pronounced boundary layers generated by the Piston
ffect[16]. A clear example can be seen in Figa)lof Ref.

4], which presents transient curves fer0.05. The simu-
lated trace essentially coincides with the zero-gravity result
(Eq. (3.3 in Ref. [4]) up to AT(t) of the order 28QuK,
while the stability criterion[Eq. (2) in the present papér

In the experiments, the initial rise of the measured trangives only 7uK. Another example is obtained by comparing

sientAT(t) after the start of the heat flow across the fluid the simulations in Fig. 2 of Ref5] at e=0.01 with calcula-
layer is affected by the time constant of the thermometetions under zero gravity, which also shows the two curves
circuitry, 7=1.3 s as described in Rdfl]. This is especially  coinciding until close td,. Hence the simulations},5] are
so at short times, when theT(t) increases rapidly, and as a qualitatively consistent with the predictions of linear stability
result the measured value of the time at the first peak has tanalysis.
be corrected. This was done by comparing the shift in time We now recapitulate the main findings of the comparison
between the calculated rise AfT(t) in the conducting re- between experimental data and simulations for a supercritical
gime (Eq. (3.3 of Ref.[4]) and the recorded curve for sev- very compressible fluid®He. Starting witht ., which is the
eral values ofe andq. This shift was between 2 dr3 s and characteristic time determined farthest away from the start of
t, was obtained after a crude correction was made by sulthe heat flow, both experiments and simulations in the scaled
tracting 5t=2 s from the measured time at the peak. Therepresentation are in good agreement. By contrast, as shown
timest, used in this analysis ranged from100 to~7 s.  inFig. 5,t, is systematically larger in the simulations than in
Figure. %a) shows the scaled representatiyl 7, of the the experiments, the difference becoming more important as
experimental times versyRa,,,— Ra.]. There is excellent e increases. An intriguing puzzle is why all the experimental
collapse of the data for all the values @feven extending to t, data at the various values efcan be cast into a scaling

appears to be good, though the simulations indicate so
small systematic deviations from collapse on a single “uni-
versal” line. The basic reason for the apparent power la
with an exponent of-1/2 remains to be understood.

C. Location of the first peak att,
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representation, while the simulation data cannot. has been reported. This fluid is supercritical®Hgong the
This disagreement fd, is surprising: at large where the  critical isochore and over a temperature range where the
compressibility of the fluid has become smaller, a “simple” compressibility varies by a factor e£40. The temperature
Boussinesq behavior should be recovered. A possible origiprofile AT(t) across the fluid layer in a Rayleigh-Bard cell
of this discrepancy is the imperfection of the temperatureafter the start of a heat flow was investigated in both experi-
control of the top plate during the experiment. The signalments and simulations. The damped oscillations in the tran-
from the control thermometeld] is recorded by a circuit sient after the start of the heat flow and with a petigdare
with a time constant of 1.25 s and 6 dB/octave rolloff. There-of particular interest. They are a consequence of vertical

fore, temperature fluctuations with frequencies above a fewhass flows that result from the “piston effect” triggered by
hertz cannot be detected. The average temperature noisetife plumes—both of these moving up and down.
estimated to be about £K/\Hz rms. Because of very high ~ The comparison of the steady-state results, expressed in
thermal conductivity of the top plate materi@xygen-free  terms of the convection current versus the Rayleigh number,
high conductivity copperit seems reasonable to assume thatshows good agreement in general. However, the comparison
this perturbation produces no horizontal temperature gradief the transient results shows some systematic discrepancies,
ents. It is therefore possible that small parasitic fluctuationgvhich appear to become more important as the compressibil-
of the top plate temperature could speed up the developmeity decreasesi.e., as the distance from the critical point in-
of the convecting state, hence producing an overshoot with areasesand as the Rayleigh number decreases for a géven
smaller peak amplitude arig than the simulations do, which  This can be clearly seen by examining the respeciiVét)
have no noise. We would anticipate that once the convectioprofiles at various temperatures. The agreement is best for
is almost fully developed, the influence of the fluctuationsthe oscillation period where the simulation results and the
mentioned above would not be noticeable anymore. Hencexperimental data can be represented in scaled form versus
they might not affect the periotl,¢; of the damped oscilla- the Rayleigh number. The absence of noise in the simula-
tions, which would explain the good agreement between extions, in contrast to a physical system, might be a possibility
periment and simulations and also that in the steady-statir the discrepancy. In addition, as mentioned earlier in this
condition[17]. paper, the simulations carried out independently by two re-
We mention here that in the experimefit$ a rounding of  search groupg4,5] do not detect the slow relaxation of
the onset point on the steady-stat€(q) measurements was AT(t) to the steady-state, or the region of truncated oscilla-
reported and also attributed to the top plate noise. The roundions observed in the experiments. These discrepancies re-
ing was found to become more and more pronounced as th@ain to be understood.
critical point was approached, i.e., the effect of the fluctua- Note added in proofRecently, simulations were carried
tions would have to be increasing with decreasingrhe  out in which a random temperature noise with a rms ampli-
effect of time-dependent boundary conditions on convectionudeA was imposed on the top surface temperature of the RB
in a compressible fluid appears to be an interesting and opegell. The most systematic studies were made=a0.05 and
question. We suggest future studies, both experimental anglith 0<A<10 uK. It was found that with increasing the
numerical ones, that would focus on the transient response @bnvection developed faster after the instability lifi5]
a fluid layer in a RB cell to an externally imposed smallwas reached. As a resuly decreased, bringing simulation
perturbation of the top surface temperature. This could bend experiment in agreement for a valuefodf the order of
done either via random noise with a rms amplitude of a fewl 4K rms, which is consistent with the noise estimated in the
microkelvin or via a sinusoidal modulation at various fre- experimentsee Sec. Y. We intend to describe elsewhere the
guencies with similar amplitude. Here we note that experitesults of these studies.
ments with sinusoidal modulation &T in a RB cell were
carried out by Niemela and Donnel[{8], who also refer to
earlier experimental and theoretical modulation work. The ACKNOWLEDGMENTS
amplitude of their modulation, however, was much larger
than in our suggested investigations, where the conditionﬁ1
and purpose of the perturbation are quite different from thos%]c
in Ref.[18].

The authors thank Fang Zhong for his efficient help with
e formatting of several figures in this paper and the fitting
datasets. One of the authdid.M.) is greatly indebted to
S. Amiroudine and to P. Cadefor correspondence and dis-
cussions. The helpful comments of R. P. Behringer and P.
Carles on the manuscript have been greatly appreciated. This
A systematic comparison of the results from experimentaivork was supported by NASA Grant No. NAG3-1838 and
and 2D simulation convection studies of a compressible fluidby the Japan Space Forum under Grant No. H12-264.

VI. CONCLUSIONS

[1] A.B. Kogan and H. Meyer, Phys. Rev. @3, 056310(2001). [5] S. Amiroudine and B. Zappoli, Phys. Rev. Le®0, 105303
[2] H. Meyer and A.B. Kogan, Phys. Rev. @b, 056310(2002. (2003; S. Amiroudine(private communication

[3] Y. Chiwata and A. Onuki, Phys. Rev. Le&7, 144301(2002). [6] L.D. Landau and E.M. LifshitzFluid Mechanics Course of
[4] A. Furukawa and A. Onuki, Phys. Rev.@b, 016302(2002. Theoretical Physics Vol. 6Pergamon, Oxford, 1959

056309-6



CONVECTION IN A VERY COMPRESSIBLE FLUID. .. PHYSICAL REVIEW E 68, 056309 (2003

[7] It is useful to present this boundary in terms of the Rayleigh[13] R.P. Behringer, A. Onuki, and H. Meyer, J. Low Temp. Phys.
number differencéRa2"- Ra,] versuse, where the transfor- 81, 71(1990.
mation from the former representatiof Ty, {€) to the  [14] R.P. Behringer, Rev. Mod. Phy57, 657 (1985.
present one was done via H@) of Ref.[2]. The zone diagram  [15] L. El Khouri and P. Carlg, Phys. Rev. B6, 066309(2002.
in this format shows that the boundary height remains constant16] These authors have also estimatel, ., from an analysis of

d _ - i . .
at[ Ry~ Ra,]= 850+ 200 for 0.05<€<0.2, and then rises experimental data corrected for the instrumental time lag, and
steeply as further decreases. A plot is available as a pdf from have found them to be consistent with their calculations for
one of the authorgH.M.). scenarioga) and(b) where the initial rise oA T(t) is not too

[8] G. Ahlers, M. Cross, P. Hohenberg, and S. Safran, J. Fluid rapid and the correction can be carried dutEl Khouri and P.

9 Me((:;.llq 297(1(1932.8 inb 3. Apol. Math. Me@. 305 Carles (private communicatior.
SIS |ttermar.1 and V. Steinberg, J. Appl. Math. MecH, [17] The absence of noise in simulations, its presence in a physical
(1971); M. Gitterman, Rev. Mod. Phy&0, 85 (1978
[10] P Carll‘es éndl B Ugu'rtas V'Physk.:a [ga ég (1999 ' system, and the resulting impact on the growth of perturbations
[11] D.J. Tritton, Physical Fluid DynamicgOxford Science, Ox- in the convective state were pointed out to one ofti1.) by
P. Carle (private communication

ford, 1988, Sec. 14.6. . | I h
[12] A. Schlueter, D. Lortz, and F. Busse, J. Fluid Me2B, 129 [18] ?i‘i)‘sl_/\)l'emea and R.J. Donnelly, Phys. Rev. L&, 2431

(1965.

056309-7



