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Heat transfer and convection onset in a compressible fluid: He near the critical point
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Heat transport if'He above its critical temperatufg, was studied along the critical isochore in a flat
Rayleigh-Beard cell (heighth=1 mm, diameteD =57 mm). The range of the reduced temperaterevas
5% 10 4*<e<2x10 1. The temperature differenceT(t) across the fluid layer as a function of the tilngas
measured for different values of the heat curigontil steady state was reached. The crossover was observed
from the regime dominated by the Rayleigh criterion for the convection onset to that controlled by the adiabatic
temperature gradiefATG), or “Schwarzschild criterion,” in good quantitative agreement with predictions.
The slope of the convective heat current versus the reduced Rayleigh number was found to be independent of
compressibility and the same as for still less compressible fluids. Plots of Nu versus Ra, both corrected for the
ATG effect, are presented for early-stage convective turbulencel(®<Ra<5x10%), with unexpected
results for the highest values ofP590. The evolution of the transiendsT(t) upon turningg on and off are
described. In the nonconvective regime, the observed transient relaxation curve agrees quantitatively with
predictions. In the convective regime, the shap@®{t) changes qualitatively with increasimgand with e.
In the Appendix, new data for the thermal conductivity are presented, the impact of the “piston effect” on the
temperature profiles inside the fluid is described, and the derivatiodTdt) in the diffusive regime is
outlined.
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I. INTRODUCTION viscosity andD+ the thermal diffusion coefficient of the
fluid) are typically of the order of 1, because the same
A common feature of many fluids is a very small value of mechanism(molecular collisionsis responsible for the dis-
their isothermal compressibilitg;. The assumption of low sipative flow of both heat and momentum. To exhibit a large
Bt is one of the several validity conditions of the so-calledvalue of Pr, a “regular” fluid must possess an unusually
Boussinesq approximatidi], often used in hydrodynamics. high value ofv (viscous organic oils, tar, ejcwhich intro-
The other “ingredients” needed for the Boussinesq approxi-duces experimental difficulties. Near the critical point how-
mation to apply include, for example, the requirement thatever, the transport is dominated by the long-range correlation
the fluid properties be temperature and density -independeeffects and as a resul)+—0, a signature of the so-called
within the layer under consideration and are discussed ificritical slowing down.” Therefore very high Prandtl num-
detail later in the text. bers, up to 590 in this paper, can be achieved despite the
The primary focus of our paper is to study the hydrody-very small value of the weakly divergent viscosity of near-
namic effects, which are specific to highly compressible flucritical He® (approximately 16.7«P). In this paper, we are
ids. This is achieved by designing the experimental setup anithterested in the effects of Pr values on the hydrodynamics,
the measurement method so as to preserve the validity of adind we find unexpected results for the largest values of Pr.
the assumptions made in the derivation of the Boussinesq We are studying a classical problem of Rayleighh8el
equations except for the assumption of the incompressibility(RB) convection with particular emphasis on the region very
Near-critical fluids are particularly convenient for studying close to the convection onset and also on the regime of be-
the influence of the larg8+ on the hydrodynamics because ginning turbulent convection for Rayleigh numbers<Ra
of the strong dependence @f; on the distance from the X 10°. Existing theorieg2,3] describe the onset of convec-
critical point. As a result, one can investigate both the highlytion for incompressible or only moderately compressible flu-
compressible and moderately compressible regime in thigls [4]. For a compressible fluid and fluid columns of large
same experiment. height, the “Schwarzschild"—or “adiabatic temperature
The second feature of near-critical fluids, which is takengradient” (ATG) criterion—replaces the usual “Rayleigh
advantage of in this paper, is the possibility to achieve exeriterion” in determining the onset of convection. The stabi-
tremely high values of the Prandtl number Pr as the criticalizing effect of the ATG on a large air column is well known
point is approached. The flow at large Pr is usually difficultin atmospheric sciencdd,5], but until recent experiments
to study experimentally. This is because in simple fluids 06,7] the ATG effect had been ignored in laboratory experi-
gases, the values of Pw/D+1 (with v being the dynamic ments, where it is usually much too small to be observed.
The assumption of fluid incompressibility, which is equiva-
lent to assuming that the layer is sufficiently thin, leads to the
*Present address: Department of Physics, MIT, Cambridgeso-called Rayleigh condition for the onset of convec{igh

MA 02139. According to this criterion, the mechanical stability of a hori-
TAuthor to whom correspondence should be addressed. Email accontal layer of a pure fluid heated from below is determined
dress: hm@phy.duke.edu by the strength of dissipative mechanisms characterized by
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the viscosity and thermal conductivity coefficients. The in-of them used in our experiments.

crease of the fluid compressibility is expected to give rise to

a qualitatively different additional source of mechanical sta- Il. BACKGROUND

bility, described by the ATG, which does not depend on the ] ) ] )

dissipative coefficients. As a result, a compressible fluid Ve consider a horizontal fluid layer of heighand den-
heated from below remains stable and does not start convedLy  in the gravitational field with acceleratiqp The me-
ing until AT becomes much larger than the onset value calChanical stablllty of a layer of a c_ompressmle fluid was first
culated from the Rayleigh condition. Our goal was to ob-analyzed by Gitterman and Steinbef@S [9,10], as re-
serve the crossover in the convection onset from th&/iewed by Gittermarj1l], and very recently by Carteand
Rayleigh—to the ATG regime and to verify the correspond-Ugurtas(CU) [12]. In the limiting case for an uncompress-
ing stability calculationg9—17. |b[e f|.UId the onset conditioA TS given by the Rayleigh

Our heat transfer experiments with a RB cell are per-Criterion
formed in Hé close to the critical point, as defined by the D
reduced temperaturee=(T—T.) /T, with T.~3.318K AT o= RX ——Ls, (1)
(NPT-90 scalg We measure the temperature differedce apgh
across the fluid layer for a constant heat flgwboth in the ) - )
transientA T(t) and the steady-stateT () regimes, as will wh.ereR is the c_:ntlcal Rayleigh numbe(r~_1708 f_or aspect
be explained below. In the first part of this paper, we arer""_'“.o FZO‘_’)a while for a very CompreSSIbIe fluid near the
interested in the regime close to the onset of convection. weritical point, the ATG criterion dominates. The latter is de-
are measuring the heat dependence of the temperature difidfved from the requirement that the direction of the force
enceAT across the fluid layer at several different valueg of 2cting on any fluid particle when it is displaced adiabatically
along the critical isochorp=p.. These measurements span Py @ small distance is opposite to the direction of the dis-
approximately three decades By. This investigation was placement_. The rgsultlng stability conditions are as follows:
stimulated by our recent experiments on the density equilitn€ fluid will remain stable when heated from below as long
bration of 3He nearT, following a small disturbance of the @S the temperature gradient has no horizontal component
cell temperaturg13,14. One of the effects observed in that @nywhere in the fluid, and T<ATgq, where
work was the convective enhancement of the fluid equilibra- haT Co\ [ aT
tion rate. The magnitude of the temperature disturbance, nec- AT~ 9lap =pg (1_ _V) (_> )
essary to observe convection, was independent mfer at @ Cp Ce/\ P/,
least the range of 810 3<e<5x 10 2, where such stud-
ies were performed. These observations prompted us to do the two expressions abov€y andC,, are, respectively,
an experiment, which would directly test the available pre-the heat capacity at constant pressure and volume of the
dictions for the stability of a compressible fluid and, in par-fluid. We note that along the critical isochore, &s->T.,
ticular, verify the Schwarzschild criterion. where C,,/Cp—0, the ATG inequalityds/dz>0 can be

In the second part, we investigate the behavior of the fluidshown to reduce to the conditiafp/dz<<0. Heres is the
in its convective state. In the regime close to the onset wentropy andz the vertical coordinatgSee Ref[8] Chap. 1,
compare the convective heat flow as a function of the RayEg. (4.3)]. This means that for the fluid to remain stable, the
leigh number Ra with that obtained in other experimentszero-gravity density gradient due to the temperature inhomo-
Here Ra= apgh®AT/(vD+), whereap is the coefficient of geneity associated with the heat flowgp(dT)p(AT/h),
thermal expansion at constant pressgres the gravitational cannot be larger than the density gradient due to the com-
acceleration, andh the fluid layer height. In the regime of pression of the fluid under its own weight under isothermal
early turbulent convection we present the Nusselt number Naondition, (@p/JdP)tpg, as can be seen from E(®).
as a function of Ra for various Prandtl numbers Pr up to As mentioned before, the role of the adiabatic gradient
about 590, the largest number investigated so far. Here Naffect in noncritical fluids is negligible in laboratory experi-
=ATgx/AT, where for a given heat curregt ATy iS the  ments; for example, in liquidHe atT=2.6 K, which is well
temperature difference that would have been measured if theelow T, and for a layer of 1 mm thickness, we calculate
fluid had been in the nonconvecting stateor a more de- ATg=750uK, while AT, =1.3uK.
tailed discussion of Nu we defer to Sec. JV. In their pioneering work, Gitterman and Steinb¢8g-11]

In the third part, we study the transie®g (t) after turn-  developed a general expression that includes the crossover
ing the heat curreng on and off. In the nonconvective re- between the two limiting situations, and this was ugEs to
gime, the transient and corresponding relaxation times arealculate the curve for the onset of convectiortiite along
compared with predictions. In the convective regime we dethe critical isochore abovE. . This problem was reexamined
scribe the observed unusual temporal profiles of the transieit Ref.[12] where “matched asymptotic descriptions” tech-
and their evolution with changing and e. niques were used to derive linearized perturbation equations.

In the Appendix, we describe the new data for the thermaWith their method, which they claimed to be rigorous, CU
conductivity of H€ obtained during the measurements pre-showed that the\ T is the sum of the terms in Eqél)
sented in this paper. We also discuss the influence of thand (2):

Piston effect on the temperature dynamics in the diffusive
regime and consider two different boundary conditions, one AT onse= ATR+AT 4, 3)
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and they compared the numerical results over a wide rangeecause of the unexpected results obtained in this work at the
of reduced temperatures for the case of,@@th those ob-  highests; and Pr combinatiofithe data closest td), how-
tained from the expressions of GS. They found that the difever it was beyond the scope of our current program.
ferences between the two methods amounted to less then The heat dependence afT(q) as a function ofg was
0.2%. N . . _ determined at 22 different values efthe reduced tempera-
Near the critical point, experiments on convection wereyyre of the top plate. The heat transport was studied by mea-
performed by Assenheimer and Steinbgt§] who studied  gring AT(t) across the horizontal fluid layer for different
the convective flow pattern formation and dynamics along,q)es ofg, corrected for the heat flow through the side walls
several isochores, including the critical one. In their eXperit the cell. The temperature range was< B0 4<e<2
ments a room-temperature fluid, ;3kvas used over two de- 10~%, which corresponds to Prandtl numbers 530=2
cades ine to achigve a widg range of variapility for param- and to, compressibilities X 10 %= 8;=1x 10" ci?/dyn,
eters characterizing Rayleigh-Ba&rd convection. However, | th —2 4% 107 emdvn for the ideal -
because their cell was very thin, the expectel,(T) was arger thanfy=2. c yn for the ideal gas at
=3.5K andp=p.. Short accounts of this work including

very small in comparison witA T in their range of reduced h th d d X its h b q
temperatures and therefore was undetectable. More recen th the steady-state and transient results have been reporte

however, Ashkenazi and Steinbdry,7] observed the ATG 3_2% h . fth hanical stability of
for SFy in a RB cell ofh=10cm from the onset and disap- __Be€sdes the questions of the mechanical stability of com-

pearance of vertical velocity, and found agreement with prepressible fluids against convection and heat transport at large
dictions values of Ra, we were also interested in the transi&ftg)
Also recently, results of an experimental study of Convec_after.turmngq on and Of.f' This was S“m‘ﬂ'*?“ed by the_ sub-
tion in “He (T.=5.2K) over the temperature range betweenstantlal current interest in developing efficient numerical al-
-=5.

3.8 and 5.9 K and a wide density range (6:Q/p.<2) gorithms for computing compressible flows. Numerical
were published6,18]. This research, carried out Wifh a cell Simulations starting from the complete system of hydrody-

of 20 cm height and 10 cm diameter, focused on the dynamr—]amiC equations are being developed by Am_iroudine and
ics of highly developed turbulent states. In that work, theco-workers[26]. The experimentally recorded time depen-

presence of the ATG term discussed above was observed a gnceAT(t) provide data that can be directly compared to

corrected for. This plot then evidenced scaling for all thele results of such calculations, because the physical proper-

densities up to Ra of the order of ¥pand is described in ties of HE needed for such comparisons are available over a

detall in part Il of the thesis by Chavanh&9]. More re- wide range of reduced Femperature; PreIiminary compqri-
cently, measurements fivle were reported by Niemekt al sons have been made with the experimental transient profiles

in 3
20] at still higher values of Ra. in*Hef27]. . .
[20] g In the diffusive regimgwithout macroscopic convectipn

the theory for the temperature relaxation in a compressible
fluid at constant average density has been developed by
A. Motivation Onuki and Ferrel[28]. This relaxation does not follow the

usual diffusion equation at constant pressure due to the ex-

.AS mentioned bgfore, a fluid near the c,tr.|t|cal point is istence of adiabatic energy transfer or “Piston effect.” The
unique system which, compared to noncritical fluids, pos-

sesses unusually higBr and Pr values. The experimental _relz_ixation Cu_rveAT(t) as well as the temperature profile
) 7T - . . Inside the fluid can be calculated analyticalsee the Ap-
apparatus us_ed in this paper was designed W.'th the primar endi®¥. Measuring the relaxation curve in the diffusive re-
%%ar:lyc/)fcsot?ndpyrggsitgli i‘lourilg.Itllc—)|2?/vfeovretrheoﬁcrms\{nggt(;l?:s?ar;?: n gime allows for an irjdepender_]t check of the _e>.<perimental
=) vsq data also allow to explore fhe heat transfer at larg Setup. A_Iso, as explame_d later in the text, obtaining the cor-
esponding relaxation times allowed to correct the previ-

heat currents. This area is of interest due to the eXiStin%usly measuref29] values of the thermal conductivityand

predlctlons_ ofa umv_ersal power-law pehawor of the Nusselteliminate the inconsistenci¢30] between the calculated and
curve at high Rayleigh numbers, which were recently chal-

. : measured values af
lenged by several experimental and theoretical groups
[7,21,23. Performing such measurements on critical fluids is
desirable because it allows to study flows at large Prandtl
numbers unattainable otherwise. However, the comparison The low-temperature section of the apparatus including
of our data to those by other groups is limited by the fact thathe RB cell is schematically shown in Fig. 1. The fluid layer
in our experiments, the effects due to anomalously lg#ge is bound by two 1.5-cm-thick horizontal copper plates sepa-
and anomalously large Pr cannot be separated. The comparated by a~0.3-mm-thick stainless steel spacing wall that is
son then relies on the proposed method to “correct” for thesoldered onto the bottom plate without leaving any gaps.
compressibility-related effects by utilizing the so-called “po- This wall, a poor heat conductor, is soft soldered to the bot-
tential temperature” in the analysiSec. IVA D). tom plate and extends beyond the top plate via a tight fit,
This problem can be solved in the future by performingleaving a small gap of 0.02 mm. An indium ring between the
measurements in several cells that have different fluid layetop plate and the spacer provided a vacuum-tight seal. The
thickness, because the compressibility effects decrease wittopper surfaces facing the fluid are made parallel to 0.025
the layer height. Such a study would be especially interestingym or better. After the cell was mounted on the cryostat, it

I1l. EXPERIMENT

B. Apparatus and procedures
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Cu Shield (1.7K) The density of the fluid was determined via its dielectric
\ constant in a separate cell, thermally anchored to the

To He-4 stage temperature-controlled platform, to which the top of the RB

Ge Thermometer . R
. in OFHC copper cell was attachedsee Fig. 1. A capillary (not shown from

capillary mounting post the density cell and valves at room temperature enabled fluid
sample Eapacitve wiring exchange with a gas handling system and the RB cell. The
density cell ratio-transformer bridge system was of the same type as in

previous experiment{9] and permitted a density resolution
of 8plp.=1x10"° nearp.. The techniques for density and

VPB j\_|

| I | @ | S| temperature calibration and measurements used in this paper
. | are analogous to those in previous thermal conductivity and
' 4 shear viscosity experimenfg9,32,33.
P L The critical temperaturd; was located by determining
ss wall the compressibilityB; at p. from density measurements

§3 along an isotherm at the temperatdr&nown from theT-90
| heater |[@ |] heater | scale. By identifying8t with the data by Pittmaet al.[34],
|- - the value ofe of this isotherm was determined, and therefore

37 mm Ge Thermometer T.. The uncertainty was estimated to be=+1x10*.
= The absolute value was found to Bbg=3.3189(10) K, con-
|| OFHCCopper sistent withT,=3.3190(10) in other experiments described
] suinless Steel (ss) in Ref.[14], but slightly higher tharT .= 3.3169(10) K from

_ _ experiments of Ref(34] after the correction, 6.9 mK, from
_ FIC_;. 1. Schemat_lc presentation of the Iow-temperature assembhya Tsg to the Tgo “He scale.
including the Rayleigh-Beard gnd t.he dgnsﬂy cells. All Ge ther- During the experiments, the temperature of the top plate
mometers are mounted and wired identically. was controlled at a fixed value with a short-term stability of
+0.8 uK for most experiments and with slow drifts typically
was leveled to ensure that these surfaces were horizontal {ithin 3—5 uK over tens of hours. In a measurement, the
better than 0.5°. Two Germanium temperature sensors wefgower was applied to the bottom plate and a change in the
mounted on the top plate of the cell, which could be inter-temperature difference across the flid(t) was measured
changeably used for the temperature control and monitoringas a function of time and its steady-state value recorded. To
Another sensor was mounted on the bottom of the cell tdmprove the resolution, we averaged the results of 5-40
measure the temperature differences across the fluid layemeasurements for each heat, depending on the magnitude of
The power was supplied to the bottom plate by a commerciaA T, to reduce the scatter due to the equipment noiseG@®
metal film resistor used as a heater. uK. Because of the time limitations, lengths of individual
The cell heighth was chosen to allow measuring the pre-traces did not exceed about 1800 s takea=aR x 10~ 3. All
dicted AT,q4 from the ATG with sufficient accuracy while the results were obtained over a period of 8 months continu-
minimizing the diffusive fluid relaxation time, which is pro- ous data recording.
portional toh? and diverges a§—T,. As a compromise, We calculate the heat flug through the fluid layer by
we choseh to be 1.06 mm, for which we calculat®T,qy  subtracting the fraction of the heat that travels through the
~3.6uK and relaxation times of the order of 1®and 10 s  side wall from the total power applied to the bottom plate.
at e=102 and 101, respectively. Another advantage of The thermal resistance of the sidewall was measured before
this choice forh was that it permitted reaching both the introducing the sample into the cell. The sidewall is treated
asymptotic “Rayleigh” and “ATG” regimes as well as in- as a heat conductor parallel to the fluid layer and it is as-
vestigating the crossover region between tH8d]. The cell sumed that no heat is exchanged between the fluid and the
was filled with *He via a 0.1-mm inner diameter stainless- sidewall. Without convection in the cell, this was demon-
steel capillary to a density within 0.5% @f by monitoring  strated to be a very good approximation in a recent numeri-
the capacitive density cell connected in parallel, and theral simulation of thermal transport experiments in similar
sealed off from the sample handling system. The amount oéxperimental geometries in normal Hey Murphy [35],
sample within the capillary was estimated to be less thatboth for steady-state transport and for time-dependent diffu-
0.5% of the fluid mass in the RB cell. sive transport at low frequencies. The presence of convection
The germanium resistor thermometry using ac bridge sysin the cell in general is expected to make this assumption
tems had a temperature resolution of @R. These bridges weaker, in particular in highly turbulent states characterized
enabled controlling the temperature of the upper plate antly a nonlinear temperature profile across the fluid |4gét.
measuringAT. We used commercial metal film resistors as Because the top plate temperature is kept constant during
low-temperature standards in all three bridges and found thahe heat flow, the average fluid temperature increasesquith
they performed as good as the traditionally used wire-wound he values of Ra, Nu, and Pr have been calculated for aver-
resistors. The typical time constant of the phase-sensitivage values ofe, and care was taken to ensure that the
detectors was either 0.3 or 1.25 for different measurementshanges in parameters for a giverof the top plate were
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only of the order of a few percent for the highest values of sk T l ] SARRARLN RLALARA) RAALARM) RARMLE
used. 2= ¢ y
Finally we briefly consider the thermal boundary resis- ur, *° 1 &L S A
tanceR,, at the interface between the parallel copper platesat 15 - L/ gy~ e=0005 1
and the fluid. It is difficult to measur®, in a “normal” o | A .
fluid as opposed to superfluitHe where many measure- ’ o Aeea v i
ments have been reportéfdr a review see Ref.37]). The 0.5 - A]T< — AT,
measurements in the normal phase of ligfite by an ac 25 wes g  fuod

method[38] give a much larger value well above the super- AT 5,
fluid transition than do more conventional dc measurement<"* 15
by Lipa and Li[39], and have been questioned in R&f5].
Based on the results of R¢B9], we estimate that th, for
He under our experimental conditions will be negligible in
comparison with the thermal resistarite. of the bulk fluid. 0
A divergence oR,, nearT for fluids is expecte@40], but no

specific predictions have been made.

In our data analysis, we assumed Rygto be zero. This is FIG. 2. (8) The Nusselt numbeA Ty /AT(t=), as a func-
certainly a good assumption in the diffusive regime and igion of heat fluxq for e=0.05, showing the sharp onset of convec-
supported, for example, by the agreement between thtion. (b) The onset signaturéchange in the slopein the AT(t
steady-state conductivity and the relaxation-time measure==) vs q curves, as shown by the horizontal arrow on the top
ments(see Sec. IVB1 It is conceivable that the correction curve.(c) and(d) Similar plots close to the critical point where the
due toR,, could become significant at large enough Nu num-onset signature becomes increasingly more rounded &s de-
bers. This subject can only be addressed agin He* has ~ creased.
been studied separately, in particular closd o

10

80 0 40 80 120
q (nW/cmZ) q (nW/cmZ)

Finally, we deal with the transient fluid response after the
IV. RESULTS heat flow is turned on and off, as measuredM¥(t), ana-

) ) ) lyze the data in the diffusive regime, and present the evolu-
In this section we first present the steady-state data ofgp, in the convective regime.

AT() versusq and their discussion, namely, for the heat
flow in the diffusive regime and just above the convection
onset. Second, we present convective heat current data up to A. Steady-state data
the highest Rayleigh numbers we have used and where the
density variation across the fluid layer is calculated to be less
than~5%. The conditions in our experiment with compress-  In a nonconvecting layer, we expect the measux&gq)
ible *He are such that the first three Boussinesq criteria A, B{o represent diffusive heat transport and to be given by
and C, described in Tritton’s bodk] [Eqs.(14.78—(14.80]  ATgi(q) =gh/N, where\ is the thermal conductivity of the
are satisfied. These are, respectivély, the relative density fluid. When the fluid is driven into convection, the slope
changedpl/p. across the fluid layer due to the temperaturedAT/dq suddenly decreases with increasing
changeAT is very small(in practice less than a few percent ~ Figure 2a) shows a plot ofATy /AT versusq for e
in our experiment (2) the density stratification due to the =0.05 with a sharp break in the slope, the signature of the
earth’s gravity is also smallat most~4% in our arrange- onsetATgx was calculated from the values pfobtained in
ment, namely, at=5x10"4), and(3) AT,4/T<1, whichis  experiments described in the Appendix. Three representative
certainly satisfied. plots of AT versusg, showing a sharp kink, are displayed in
The last remaining condition of the validity of the Bouss- Fig. 2(b), where the arrow indicates the onset of convection.
inesq approximationAT,;<AT (see the following section As T. is approached further, the transition becomes less
is obviously not satisfied in our experiment, and therefore theharp, and the rounding prevents its unambiguous determi-
flow that we observe is not a Boussinesq flow. This leads taation fore<5Xx 10 3. This is shown in Figs. @) and 2d)
the change in the stability condition, which we address firstfor e=0.005 and 0.002, and it suggests that with diverging
Second, we describe the “correction” for the adiabatic ef-compressibility, the mechanical stability of the fluid might
fects via the so-called “potential temperaturé’ The use of  possibly be getting more sensitive to the temperature control
this correction allows to establish a correspondence betweeguality, and possibly to a small tilt, if any, of the RB cell
the measurements of the {Re) curve in a fluid with a non-  from the horizontal. It then appears reasonable to determine
zeroAT,qand the predictions for a Boussinesq fluid. We will AT nset @S @ crossing point of a linear extrapolation of the
show that based on the proposed correction, measurememd (q) curve from above the onsédotted straight lineand
done relatively close to the convection onset in a compresghe ATy#(q) line (dashed straight line which is based on
ible fluid effectively probe the Nusselt curve of a truly the amended conductivity data of RE29] (see the Appen-
Boussinesq fluid obtained at much larger values of Ra. Thiglix). We performed this analysis and compared the results
will permit a comparison of the data with those of much lesswith theory as shown in Fig. 3. Here the solid line is ob-
compressible fluids and also with predictions. tained from the expressions for th€l .derived in Refs.

1. Convection onset
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FIG. 3. Comparison of the experimentally determin®d e
versuse (symbols with theory (lines). Main figure: linear plot.
Inset: semilogarithmic plot in the region where the ATG is domi-
nant. The “error bars” represent the approximate width of the tran-
sition, resulting from the rounding of the onset feature, which in-

creases as$ is approachefisee Figs. &) and Z2d) and the text for . ) .
explanationg describing the fluid can be restored if the real temperature

is replaced with the potential temperatuse This point

[9-11] and where static and transport propertiesigé ob- ~ S€TVeS as the basis for “correcting” the various quantities in
tained in this laboratory were uséefs.[34], [29], [32] and & Nigh compressibility regime, wheAT~AT,qy, as de-
references therein to earlier workVithin computational ac-  Scribed in Sec. IVA2. .
curacy, the same solid line is also obtained from Etjs(3) To demonstrate the use éfwe present the onset data in
as per the recent analysis of REE2]. For comparison, we terms of thg corresponding critical Ral_elgh number. Ra
also show curves representing the individualx(e) and the convection onse\ T, as a function of the redu_ced
AT.{ ) from Egs.(1) and(2). The agreement is very good, temperature_e. Note that th_e property of stat_ed above im-
and this represents the first systematic study of the convednediately yields the prediction of CU as given by the Eq.
tion onset crossover into the regime where the ATG domi{3): If true, one expects the “corrected” Raleigh number

FIG. 4. The ratio Rg1708 versug where Rg/1708 is given by
Eqg. (1) and where the corrected number (Rg, is obtained as
explained in the text. The ratio (Ra,,/1708 agrees with the ex-
pected value of unity.

nates. Régorr:
In this and the next section, we will often be making use .
of the so-called “potential temperatured defined asfd=T _ apgh B
—T.4 T being the temperature of the fluidlyy is an arbi- Rayor= D7 X[AT—ATy] (6)
trary solution of the equation
aT AT,y to take the valugR=1708 at the onset, regardless of com-

<= R 4) pres_sibility. This implies thaA T ,sei- AToq= ATr, Which is
X precisely Eq(3).

whereAT .qis defined by Eq(2). Thusé is defined to within F'Q}”e 4 Showstth(f \I/?alule-s_, ?]t the Eonvectlol_nd Of‘sft of the

an arbitrary constant, however, as will be seen below, only raw, - or uncorrected, Rayleigh number Résolid circles

and the “corrected” Rayleigh number Ra (open squargs

the change\ 6 across the fluid will be needed. ; Sl L
The potential temperatur@ is useful because of the fol- '€ “corrected” data in Fig. 4, divided by 1708, show the

lowing property, discussed in Refl] [Egs. (14.112 and expected value qf unity.independent ef with Igss than
further equationk Suppose the fluid under consideration sat-=19% €rror. The increasing scatter and uncertainty with de-
isfies the criteria of the Boussinesq approximation, describe@r€@singe reflects the subtraction in E(d) of the two terms

above, except the requirement that become pomparable as the ATG term in B).domi-
nates. For this reason, the data 0+ 0.03 are not shown
D=gaphT/CpAT<1 here.
or equivalently 2. Heat current just above the convection onset
AT <AT (5) Our second purpose was to study the initial convective

state and determine the convection curigft’, which is the
(notations as in Refl1]). This is precisely the case for the ratio of the convective portion of the heat current to that
experiments described in this paper. It can be shidyrthat  conducted through the fluid at the transition. This definition
under such conditions, the Boussinesq form of the equationgads to the relatiofi3]
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[T T T LT F] Ll UL B R B The transformed data of Fig(& are shown in Fig. &)
@ o 2.0 - © g for raf,,< 1.6 that emphasizes the initial slogén the con-
10 — O - vecting state. The large scatter for 0.04 and 0.03 is due to
conv g ¢ . com“5 the transformation fromA T to A#, but is random about the
o o licom 10 average shown by the straight line. The sl@&emains un-
S o ", ¥ changed for 0.08 €<0.2 with S=1.3+0.1, as an examina-
O at® 0.3 tion of individual plots for a given value o shows. This
0 T 0.0 [P - corresponds to a compressibility range between<x1@ °
L o0 12 3 10 o . 1 and 1.4 10 ®cm?/dyn and is to be compared witl$
(ra*) =1.23, 1.25, and 1.20 for liquitHe between 2.1 and 2.6 K
+ 02 7 005 - 0.03 + 0.009 (whereSwas obtained from the data in Fig. 2[d@f1]), liquid
o 01 o 004 * 0.02 O 0.005 “He at 2.4 K[42] and distilled water at 30 °¢43] in RB

cells with similar aspect ratios. Also for comparison, the
compressibilities for these fluids are X307, 2x 108,
and 4x 10 *cm?/dyn, respectively, while their Pr numbers
re 0.8, 0.5, and 6.#1-43.

It is known that the initial slope of*°™(ra*) is strongly

FIG. 5. The convection currerjf®" versus the reduced Ray-
leigh number r&. (a) Obtained directly from the measurédr(q)
curves, such as shown Fig. (b) Data restricted to those near the
onset for rd,,<1, corrected to take into account the presence of the®
ATG, as explained in the text. Note the difference in both the ver-

tical and horizontal axes scales. dependent on the flow pattern formed at the convection on-
set. The experiment with water was the only one provided
jOM=(Nu—1)(ra* + 1) @) with a shadowgraph optical arrangement that clearly showed

the pattern to be one of concentric ro{See Fig. 2 of Ref.
versus the reduced Rayleigh number* &Ra— R6€b3/ [43].) We note that shadowgrgph experiments on licftkie
Ragbs and where by Woo.dcraftet al. [44] also |nd|cate_that _at thg onset of
convection, concentric rolls are obtained in their cell con-
NUu= AT/ ATops ® figuration. For such a pattern with zero-velocity amplitude at
the center, the predicted slope is 0[@3, while for straight
is the Nusselt number, with T, the observed temperature rolls it is 1.42[2]. The experimental slopes agree best with
change across the fluid layer. For ka0, AT o= ATqi . It the straight roll prediction, and we note that nonconcentric,
was of particular interest to check whether the initial slopedlmost straight parallel rolls, have been observed by Cro-
djcvd(ra*) of the data in the convective state is indepen-duette[45] with a cylindrical container when the Rayleigh

dent of compressibility, and how it compares with results offumber is increased very slowly. In spite of the uncertainty
other fluids in cells with a similar aspect ratio. about the form of the convection pattern, it is noteworthy

In Fig. 5(a), a plot of ] versus ra is presented for that the slopes for the fluids we have mentioned are all con-
various reduced temperatures, where agamthe tempera- Sistent with one another, regardless of the compressibility
ture of the top plate. FoE<1x 10 2 the rounding of the that varies over a factor of-10°> between water andHe
transition to the convective state did not allow us to deternearT.. (The effect from the different Prandtl numbers in
mine the slope near ¥a=0. Chavanng19] has used the these fluids on the predicted slofiz 3] is calculated to be
concept of the potential temperature different@ men-  insignificant)
tioned above to propose relations that correct both Nu and The data ofj ¢or(rag,,,) for various values ot are found
Ra for the effect from the ATG. Then, instead of E6). one  to collapse onto a single line in a logarithmic plot fof a
obtains numbers up to 10 This is shown in Fig. 6, where the data
points departing from the common cur{aee in particlar the
. ) two solid triangle$ simply reflect .the uncertainty .a.iTonset.
ATops ATqg for low values ofe due to rounding of the transition. This

serves as an experimental “proof” of the property of the
Substituting the ajusted parameters.Raand Ny, into  potential temperatur@ stated in Sec. [IVA 1. For compari-
Egs. (5) and (6) we obtain the corrected heat current andson, we also show the line representing the datéHm gas
reduced Rayleigh numbers where the relations take the fokt various densitief19,18, carried out in a cell of 10 cm
lowing simple form: height and 5 cm diameter, extend to much highgr raum-
bers well into the turbulent regime.

ATy — AT
Nucorr: diff ad

jcon=[1+C(e)]j®" and rg,,=[1+C(e)]ra*.

(10 3. Early stages of convective turbulence
The factor C(e)=(Ra/1708)QAT,4/AT), where Ra is the Several series of measurementsAdF versusq were car-
uncorrected Rayleigh number, expresses the relative strengtled out over a large range gf but where the heat flow was
of adiabatic effects compared to dissipative forces and dilimited so as to satisfy the Boussinesq conditions. This re-
verges asT—T.. The result is that both®®" and r& are  striction becomes more severe &g is approached. Foe
rapidly “stretched out” by the corrective transformation as =5x10 %, or (T—T.)=1.7 mK, measurements were there-
T. is approached. fore taken forAT=70uK, or ~0.03(T—T.). As mentioned
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10° gy | |
= 2
E 100 F o *%ny
10 - : r o]
E Nucorr : 2/7 power law :"‘/z" :
3 ey
10" + 02 E 10' E ',,J;;;#"‘#a @
u O 01 ] = M o 5x10° (586) 3
. v 005 i gy A 114x10°203) ]
oo 107 £ o 004 5 s * 5x107 (748) T
corr E - 0.03 ] - + 001 377 A
- * 002 - 0 o 005 7@
10' A 001 g 10 : — ;
= = 5 7
2 R ] 100 100 10" 10
10° m 0002 ] Ra .
E cony * E
. Jeorr Z130x(1a )y 3 FIG. 8. Ny, versus Ra,, at larger Ra,, and highest Pr num-
10" — — -Chavanne, He' T=1/2 bers. The dashed line again has an arbitrary amplitude.
|||||u_|] |||||u_|] |||||||_|] |||||||_|] |||||u_|] |||||E
10" 10° 10! 10 10° 10 10° mental work has been given by Grossmann and LdGde
(ra*) [22]. These authors have presented a systematic theory for
Corr

the scaling of Nu and the Reynolds number in strong RB
FIG. 6. The convection currenfS™ versus (r&)., (Symbol3 ~ convection and have identified various zones that are char-

in the convective regime. Also shown are the data’fée (dashed acterized by the relative importance of certain contributions
line) at various densities for the cell with=1/2, used by Chavanne from boundaries or bulk in the dissipation during the heat
et al. transport. In their Fig. 2 they present the phase diagram of

these zones in the Ra-Pr plane. The high-precision measure-
before, the temperature of the top plate was kept constant,nts of Xuet al. with Ra between 1and 13° could be

and hence the average fluid temperature increased with tr}ﬁted by the predictions of Grossmann and Lok&).
heat current. This led to an increase of.fRaand to a de- Similarly to Ref.[21], we present in our Fig. (B) the

__more sensitive ratio Ny,Ra,~' versus Ra,, Where the

rla‘%(ponen(Z/?) is a convenient representation of experimental
data over a large range of R22]. The very recent extension

of the GL theory to Prandtl numbers over 12 decades up to
N op [46] will permit a comparison of our results with theory
in the near future. We note in Fig(l) the systematic change

in the slope of the data curves as Pr is increased over a
ycomparable range of Rq. The uncertainty in the param-
eters of°He at a givere causes an uncertainty of the order of
+5% in the absolute value of Nu and Ra. As a result, the
Ehange of Nu with Pr at constant Ra for®0Ra< 10° can-

Rot be estimated with precision, but it appears to be of the

for all three parameters. In Fig(& we show a logarithmic
NUgorr Versus Ra,, plot for Ra,,<10’. For this range of
Ra..;, our experiments can be compared with the very rece
ones by Xuet al. [21] These authors worked with RB cells
using acetone with Pr4.0. The measurements by Chavanne
et al.[19,1§ at comparable values of Pr as well as those b
Ashkenazi and Steinber§7] were done at substantially
higher values of Ra than ours.

There has been strong interest in convective turbulenc
and the most recent summary of both theoretical and exper

[T OL18 ey order of 10% or less.
L e Ts7: this work N b, While the data with Pr numbers below50 show a
w ool o LB ok i | smooth increase of Nu with Ra and follow the expected
3 0L oy };;3;,_'_/ 13 #ﬂ““‘ power law, those at the _hlghe_st Pr numbers shqw a surprising
8 : & ] 3 2z anq unexplained behavior. Figure 8 'shows a rise of the data
g I z 19,01 M % points for P=293 and 586 above this power law, followed
Z |2 #Tpoverlaw 1 E Qedgﬁgzrm% by a maximum. In particular, the negative slope of Nu with
E Acetone: ( Xuet.al) i osf e . increasing Ra is contrary to expectations. We note that a plot
. oo, of the (corrected convective current (Nu 1)Ra versus Ra
107 Bl sl 2 P —— does not show the negative slope of the(Ria plot at the
10 0, 10 o e highest Ra numbers. We further note that the primary data

‘corr cotr

are AT(q), which were obtained in four different series of
FIG. 7. (@) Nue,, versus Ra,, plot for various values o€ from  €Xperiments. These data used the same routine as those at

this paper, and comparison with the data of &al. obtained with ~ lower values of Pr and where the fluid behavior appeared

acetone. The corresponding values of Pr are given in parenthesd3ormal, and care was taken to stay within the Boussinesq

Dashed line shows a 2/7 power law with an arbitrary amplit@de. ~ criteria mentioned before. We are unclear whether at the

Sensitive scaled representation showing deviations from the 2/7tlargest compressibilities the “ATG” corrections, Eq®)

power law for the sets of data shown (@). and(9), are still sufficient and appropriate for the calculation

056310-8



HEAT TRANSFER AND CONVECTION ONSETINA. .. PHYSICAL REVIEW B3 056310

1.6 L 1 ‘ 0] LA AL RERLA AR RS AU UAPE AL RBEAY
a) 14f . ]
12 E . 3 o OF
AT 1.0 F . 3 06F Diftusive regime
i gk L ; @ £=0.1 ]
06 3 04 1
] [ —— data ]
04 E 02F /e calculation
02 [ ] i ]
00 y 0'0_-l||||||||I|||||||||I|||||||||I|||||||||I|||||||||I_|
10 15 20 600 620 640 660 680
us) q (WW/ecm?) £(s)
| .|.|.|.I.|.|.|_L|.|.|_I.|.|.|.L|.|.~
800 N * 3 FIG. 10. AT(t) transient in the diffusive regime far=0.1 and
b) . E AT()=12.5uK after turning the heat on a=600s, shown by
600 . ¢ 3 the noisy line. Solid curve: prediction as described in the text and in
: . 3 the Appendix, without free parameters.
AT ]
(uK) 400 * 3

¢ E AT(e0) is reached withinr=200 s. The right-hand plot shows
3 the steady statAT(o0) versusq. The break in the curve for

200
E 3 AT e 7-5uK reflects the onset of convection for higher

0 e values ofq.
0 20 40 2 4 6 8, We now examine and analyze the results in the diffusive
1(s) q (WW/em?) regime, and then fog beyond the onset of convection.
] 1. Diffusive regime
J In Fig. 10 a normalized trace is presented fqr

=12nWi/cnt at e=0.1, for the “heat-on” process, where
AT(»)=12.0uK, and stratification from gravity is negli-
3 gible. The trace is compared with predictiof8] (solid
line) without adjustable parameters. The calculations use the
7 values ofDy and y=Cp/Cy, determined experimentally in
this laboratory, and an outline of the theory is given in the
0 100 00020060 Appendix. Generally, for a give,. we find that the data gt
«s) q (nW/em2) various values ofj, when _no_rmallzed to the corres_pondln_g
value of AT(«), overlap within the scatter of the noise. This

FIG. 9. Left side: selected transient profilasT(t) at e=5 IS particularly noteworthy fore>0.05, whereAT ynse be-
x10"2 for various heat currents after “heat-on.” Right-hand COmes large, making it possible to generate traces in the
side: the corresponding steady stat&(x=) versusg. The figures  diffusive regime over a wider range gf This result implies
(a), (b), and(c) with progressively higheq represent separate sets that the diffusive relaxation timeis independent oA T (),
of experiments. The shape of a transient changes from a simpl@s expected.

“overshoot” to damped oscillation, then to a simpler shape at still We note that since the experiment takes place at constant
larger values ofj. p, reaching a steady state is therefore influenced by the adia-

batic energy transfef‘Piston effect”) after turning the heat

of Nu(Ra). These results need to be verified with furtheron or off[28]. This transient is given by a more complicated
experiments orPHe and other fluids closer to the critical mathematical expression than the simple diffusive process
point with still higher values of Pr. observed at constant pressure. In the Appendix B we present
a short discussion on the effect of the adiabatic energy trans-
fer on the fluid stability after turning the heat flow on.

_ _ _ The diffusive relaxation time has been obtained by an

We present our data in order of increasing valueg,of exponential fit of the transientAT(t)—AT(x)| versust
and chose as a representative example a series of traces atifih after turning the heat on and off; this is when the “tail”
intermediate temperatuke=5x 10", Figure 9a), 9(b), and  amplitude is less than=1/3 of the total steady-state span
9(c) show the evolution witly increasing from the bottom to AT(w). As shown by Behringeet al.[30], the exponential

top, for the most convenient representation. Figute) 9 fit exp(—t/r,) gives the slowest mode relaxation time as
shows the evolution oAT(t) first in the diffusive regime

and further asg increases above the onset of convection h o121
(AT>7.5uK). On the left side, the traces are obtained after 0_() — (11)
starting the heat curregtatt=0 and where the steady state A(e)) Dt

B. Transient data
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10°F O Present work E a) 12 b
2 -1 [ O Pittmanet. al., LN A v
h ’CO [ h ajusted 1 10 v 3
(em%s) 10 E < 8 ‘ 3
§ ] AT(K) 6 -
] 4 ; 3
10° F 5 2 €= 50x10" -
F " L L ) .: 0 '.\':.‘, ',\v’\;{‘:,;‘.‘ -
10° 107 10" i
1700 1800 1900 2000 2100

€ t(s)
FIG. 11. Scaled relaxation ratezfgl versuse. Open squares:

present data, open circles: Pittmetnal. with the heighth increased b) -
by 8%, as described in text. Solid line: predictions, as described in 60 3
the text. E

40 3
whereA(e) is a function ofy and changes from/2 to 7 as AT(UK) 3
v(€) varies from 1 tox. This calculation explained the ma- 20 3
jority of the large discrepancy between the experimental re- 3
laxation times and those expected based on the measured _ _ 4 :
conductivity values as reported by Pittmanal. [29] How- S von € = 2:1x10 3
ever, Behringeret al's analysis of Pittman’s data showed 1100 1200 1300 1400 1500
that there was still a remaining discrepancy of the order of t(s)

approximately 10%, which was not understood at the time.
The data forral obtained in this experiment, scaled by
h2, are plotted versus in Fig. 11. As discussed in the Ap-
pendix, our data suggests that in the earlier experinm@sis
the value of the cell heighh was determined incorrectly,
which introduced approximately an 8% error in We re-
plotted the scaled relaxation times reported in R3] using o ) )
the corrected value df, and found that it eliminated all the ©M the initial rise ofAT becomes more rapid as the fluid
discrepancies between these and the calculations of psystem is driven har_der. Steady state is reached'alrefady after
hringeret al. Thus the experimental and expected relaxatior?P0Ut 20 s for the highest values gfcompared with times

times are in agreement, both for our most recent data and fé&' ©rder 300 s in the regime below and just above the con-
those of Ref[29], provided the cell height used in those vection onset. The type of behavior shown here is represen-
experiments is corrected. tative for the traces at 10 ?<e<2x 10 ! investigated in

these experiments.

As e decreases below9x 103, the damped oscillations
are not observed as clearly. After the heat current has been

For AT> AT, 7.5uK, Fig. 9(c) shows that a gradual turned on, the steady state in the convective regime immedi-
“overshoot” emerges with increasing as observed in pre- ately above the onsdthis is for AT=3.7uK) is reached
vious work with liquid “He at saturated vapor pressure much faster than in the diffusive regime. An overshoot does
[47,42,48. By contrast, the overshoot decay in the presennot develop until well above the convection onset for
traces is not simply exponential but evolves into damped\T(«)>12uK. This is shown in Figs. 1@) and 12b) for
oscillations where both the damping and the oscillation rateswo representative examples at5x10 2 and 5x10 4,
increase withg. These seem to have not been reported prewhere the transient profile is to be contrasted to that in Fig.
viously. We also observe the critical slowing down of the 9(c) at e=5x 10 2. After the heat flow has been turned off,
convective relaxation rategBl as the onset of convection is there is correspondingly a strong difference in the decay of
approached from the higher values of ras found by Be- AT(t)—0 between the traces at=5x10 2 and 5< 10 *.
hringer and Ahler$47]. This is consistent with the expecta- In the first case there is a smooth decrease to zero, while in
tions, as described by Behringet8]. the second one, the signal decays very rapidiyAfb~0,

Figures 9a) and 9b) show the evolution ofAT(t) at rebounds, and is followed by a maximum befd&x&=0 is
small times, well before the steady state has been reacheasymptotically reached.
and where the traces were recorded over a period of 900 s. A detailed summary of the domains corresponding to
Some traces have been suppressed to avoid overcrowding ttieese different features in theT (0) — € plane has been pre-
plot. Again the right-hand side showsT () versusg. At  sented elsewhergl4]. We note that there seems to be a
still higher heat currents, the oscillation amplitude decreasesnarked change in the transient patternder9x 102, both
and the “overshoot” gradually disappears. Wheis turned  after the heat current is turned on and also off. It will be

FIG. 12. AT(t) transient profiles fore=5%x10"° and 5
X104, to be compared with those at=0.05 in Fig. 9c). The
AT nsetiS less than 4uK for both sets of data. Note the absence of
the overshoot and of the damped oscillations for the traces taken at
comparableAT to Fig. 9c) above the convection onset.

2. Convective regime: Data
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interesting to understand what factors are responsible for thisonsists in the systematic study of the steady-state onset of
change, whether the diverging Pr or the compressibility oiconvection as the ATG criterion becomes dominant when the
both. compressibility diverges as the critical point is approached.
In the second part, we have investigated the transients, both
3. Convective regime: Transient experiments and simulations in the diffusive and in the convective regimes, after turning
the heat flow on(and off), until steady state was reached.
Our results are as follows:

(1) We have observed the crossover of the convection
onset condition from the classic Rayleigh regime, where dis-
sipative effects determine the transition to convection, to the
regime dominated by the ATG or “Schwarzschild” crite-

Amiroudine etal. [49] have carried out a two-
dimensionak2D) numerical simulation of the onset of insta-
bilities in a near-critical fluid (C@ at the critical density in
a RB configuration. In their system, a square cavity with
=10mm, the boundary conditions differ from those in our
experiment as follows: In the simulation a temperature dif-rion Close toT,, whenC,>C, , the nonzero ATG stabi-
frﬁ;?e]ﬁ/ e2A -sr zlasnc??/t?\télrlzhtﬁg ﬁ(e:;(zsﬂsu;hig IfeI:‘JtI?IOV:ttizlg?. ?Egrﬁj )((:'allizes the qu[d against convect!on as long as the fI}J_id density
parameter§ T, and particle velocity are then calculated at decreases in _the upwar_d dwecﬂo_n. The wransition curve

; MR " . AT,nsef €) Obtained experimentally in the steady state is in
various times, showing the evolution of the bottdmot) and very good agreement with predictions
top (cold) boundary layers with time and the formation of X

“plumes” in the convective state, both on the hot and on the (2) In the convective regime, the correction for the ATG
P ; ' . effect through introducing the potential temperatéreol-
cold layers. By contrast, in our laboratory experiment, th

bottom temperature is left floating, and tends to a stead)ej—a pses the plots of the convective current vs reduced Ray-

state value some time after turnina on the constant he I?igh number onto a common line. The value of the initial
flow q 9 lope of the scaled data, obtained above the convection on-

Preliminary results have been reported b Amiroudineset’ agrees with the experiments on other fluids in RB cells
y re port y . with a similar aspect ratio and with a much smaller com-
et al. [27] on their results of a 2D numerical simulation for

3He near the critical point. This is done with identical param-pres“:'IbIIIty than supercriticafiHe. The numerical value of

eters and boundary conditions as those in our laboratory e}he slope is closest to the calculated one for a flow pattern

periment, and using a similar RB configuration with cell given byafa_lmily of straight para_IIeI rolls, and disagrees with
heighthélmm andD =50 mm. In a control simulation the calculations for a concentric rolls pattern found most

: . . ..commonly with fluids.
very good agreement was obtained with our data in the dif- (3) The experiments in the early turbulent convective re-

o srons o v ime Wih Rayiegh rumbers up 510" have been pre-
shoot” b.oth, in magnitude and in time scale agreement Withliented, together with comparison v_wth other data at similar
the laboratory experiment r. The Nu versus Ra presentatigmith both numbers cor-

' rected for the ATG effegtfor Pr<40 is compared with high-
precision data on acetone with=P4 [21]. A surprising and
unexplained behavior is shown for the two highest Pr num-

Examination of individualnot signal-averagedraces of  bers(293 and 58Bindicating a significant departure from the
AT (steady stateas a function oft shows no convincing expected power-law behavior.
evidence of periodic oscillations, fluctuations or bursts, such The transienAT(t) results are as follows:
as reported in previous experiments reviewed by Behringer (4) In the regime without convection, the experimentally
[48]. Even for Ra,,>1708, the noise in the traces is only obtained curves agreed with predictions. Our combined mea-
twice that forq=0. We have calculated the power spectrumsurements of the thermal conductivity and the diffusive re-
of AT(t) in the steady state. The results for the highestfaxation time allowed to identify the source of the discrep-
power with Ra,/Ra.=132 ate=0.1 were compared with ancy between these quantities reported in the earlier
the spectrum for zero heat, in a form identical to that inexperiments and justified a simple correction to earlier data,
Behringer's work for*He at saturated vapor pressuféig.  as proposed in the Appendix.
22 in Ref.[48]). Although we do observe the increase in (5) In the convective regime, the previously reported
fluctuations withg, a substantially higher relative noise level overshoot iPAT after turning on the heat has been observed,
in our experiments prevents a systematic study of the flucbut it was followed by an unusual pattern of damped oscil-
tuation spectra at various reduced temperatures fiear lations before a steady-state was reached. The gradual evo-
From our present data, there is no clear signature for thition of the temperature transient with further increasing
onset of turbulence, in contrast of what was observed witthas been described. Computer simulations by Amiroudine
liquid “He. For details, we refer to Ref14]. et al. presently in progress, can help clarifying these obser-

vations.

4. The noise spectrum

V. CONCLUSION
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22T T T was taken to beh=0.032x<1.08=0.0345cm. This adjust-
21E E ment, which increaseB+ by 8%, also leads to an improved
. W present work agreement within the combined uncertainties between the
) 20 — Piumanet.al. 3 measured and the calculated linewidth of scattered light for
10°) yoF i 3 He near the critical pointFig. 5 in Ref.[52]).
W/iemK) [ ., ""a I T
1.8 )'\—' E 2. Impact of the Piston effect
L7¢ E The term “piston effect” describes the mechanism of
16F 3 adiabatic temperature relaxation, which emerges in com-
A R SRR I pressible fluids under fixed total volume conditions, and
005 010 015 020 qualitatively changes the equilibration scenario as compared
€ to ordinary heat diffusion. There are distinct ways in which

FIG. 13. Thermal conductivity ofHe along the critical isoch- the plston_ effect is expected to affect our mea_surements.
ore. Solid circles: present data. Solid line: fit to the conductivity (1_) During the transient, even before the ﬂu',d_ starts con-
data obtained by Pittmaet al. vecting, the presence of the piston effect modifies the tem-

perature and density spatial distribution compared to an or-
dinary diffusive relaxation process. A proper analysis of the

stimulating discussions and continued interaction with S. . . ) . .
Amiroudine and P. Bontoux and from correspondence Wm{elaxatlon W'th.th‘.a piston effect presence allows to |dent|_fy
hich regions inside the layer are the most unstable during

V. Steinberg, F. Busse, and D. Lohse. We also acknowledgge transient, and is therefore important for understanding
informative discussions with B. Castaing, R. P. Behringer, r AT(t) results. This will be treated in detail later in this

H. S. Greenside, and G. Ahlers. Comments and suggestior%J - .
on this manuscript by D. Goodstein and S. Amiroudine an ection. A complete analytical treatment can be made for a

the gift of a Ph.D. thesis copy by X. Chavanne have bee luid where the properties can be assumed to be independent

: - f temperature and density variations within the layer.
[%]fgiyeargﬁieﬁg‘tijd,&gg fsgzsearch has been supported Qy (2). The fluid flow in the convective regime is likely to be

affected by the piston effect, and this has been discussed in
the work of Amiroudineet al. [49]. The density of a given

APPENDIX fluid element may be changing substantially during its travel
across the cell compared to the Boussinesq case. Such varia-
tions in density will couple with the corresponding fluid tem-

Measurements of the thermal conductivityvith the heat  perature in the cell through the piston effect, and this cou-
flowing upwards were made in the diffusive regime at thepling might produce unexpected results. In our opinion, this
same temperatures as the convection measurements. The datan interesting and still open question. We hope that com-
extend to higher values afthose of Pittmaret al.[29] and  puter simulations by Amiroudine and co-workdg26] will
by Cohenet al. [50], obtained with a regular conductivity provide clues regarding the role of the piston effect during
cell where the heat flows downwards, therefore stabilizingconvection.
the fluid. The accuracy of our present measurements, with Below, we present calculations of the temperature re-
heat flowing upwards, was limited by the allotted range ofsponse to an external disturbance under conditions when the
AT in the diffusive regime, and it degraded 01 0.05, with  piston effect is non-negligible. The response of a compress-
the maximumAT~3.5uK, the value fixed by the ATG cri- ible fluid at fixed average densitffixed total volume is
terion. The new data and those of R#9] are presented in sensitive to the choice of the boundary conditions, or,
Fig. 13. A systematic discrepancy ef8% between the sets equivalently, to the form of the disturbance. Below we con-
of measurements abowe=0.05 is found.(The data by Co- sider the two scenarios A and B to obtain the steady-state
henet al, taken in a more complicated thermal conductivity data in our cell. Both assume that the top plate is always kept
cell with an uncertainty in the effective value bf have not at constant temperature during the measurement, and the
been included.For e<0.05, the rapid increase of the appar- fluid is initially in equilibrium.
ent A observed in the present paper reflects the rounding of Case A: The measurement is initiated by forcing the tem-
the transition due to partial convection in the cell, and thes@erature of the bottom platd,., to increase rapidly by
data will not be considered further. some finiteAT, which then equals the temperature differ-

We believe that the origin of the discrepancy lies in theenceAT(t=«) across the fluid. This will initially produce
incorrect determination dfi in the cell of Ref.[29] with h thin layers of denser fluid at the top and lighter fluid at the
=0.032cm, compared to our convection cell with  bottom of the cell, a typical signature of the piston effect. In
=0.106 cm. We checked this assumption by comparing théhe paper by Amiroudinet al. [49], the point is made that
observed relaxation times with the expectations based on thtee small initial width of the boundary layer has a higher
measurech and thermodynamic properties of the flugee convection onseAT than the bulk fluid, and therefore stabi-
Fig. 11. We found that the discrepancy between the obdizes the fluid. With increase of time, where the width of both
served and expected relaxation times reported in Refdoundary layers increase, the fluid stability decreases, but
[30, 51 is eliminated when the cell height used in Regf9]  then increases again under the effect of the ATG. We em-

1. Thermal conductivity
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stepped up. By contrast, in case B, the temperature gradient
never exceeds the final value anywhere in the cell during the
t(s) t (s) transient. The almost flat curve with long dashes reflects con-
ditions close to steady state.

3. Transient in the diffusive regime

As will be shown below, the transiedT(t) in this re-
gime, predicted by the Onuki—Ferrell thed28] can be cal-
culated analytically and compared with the experimentally
measuredAT(t). This comparison was made to verify that
the apparatus is functioning properly. The method is the
same as that already described in B8], but with bound-
ary conditions adapted to a thermal conductivity cell. Here
we briefly outline the method, and refer to REE4] for the
detailed derivation.

When the fluid is kept at constant average density, the
equation for the temperature inside the cell in the linearized
Onuki-Ferrell approximation reads

aT  J[T] T
=a——+

E ot D T aXZ ’ (Al)

where[...] means averaging over space. Hgis the vertical
coordinate and=(1—y~1). This equation can be solved in
z a way similar to that described in R¢63]. We only outline

FIG. 14. The normalized local vertical temperature gradientthIS metho.d. here with t_he boundary conditions appropriate to
a conductivity cell, which are

across the layer versus tinheand vertical locatiorz=x/h for two
different boundary conditions at the bottom surface, both starting

with the cell initially in a thermal equilibrium a¢=0.01.(a) Bot- q(t)=0, t<0, (A2)
tom temperature raised stepwise by fixed amount cgifmhting. (b)
Bottom plate temperature floating, agds turned on in a stepwise q(t)=do, t>0, (A3)
manner.

T(Xt)x:h:TtOp' (A4)

phasize that this would only affect the transient, and would

be irrelevant for steady-state measurements. Here the heat fluxy, is applied to the bottom plate. In the

Case B, which corresponds to our experimental condifrequency(w) space, one defines a complex response func-
tions: The temperaturé, is left floating, the heat fluxd  tion Z(w,x/h) by

=const.) is turned on, and the bottom plate is allowed to
reach the finalsteady-statetemperature. Numerical calcu- Z(0,2)=6T*(w,2)/AT(qp), (A5)
lations of the density profile for this boundary condition at
the bottom[Ref. [51], Fig. 7(a)] showed that unlike in Case where 6T* (w,x/h) are the Fourier components of the tem-
A, the density gradient at both boundary layers at short timeperature  difference 6T(t,x/h)=[T(t,x/h)—Ty,] and
after heat is turned on, never exceed the final value at angT(go) =qoh/\ is the steady-state value @fT at x=h.
point of the cell. No boundary layers of large, rapidly chang-Upon Fourier transforming E4A1) and applying the bound-
ing temperature or density gradients are produced. Thiary conditions, the functioZ(w,z) is obtained. In order to
means that if the final temperature difference is smaller thawbtain the responsaT(t) in real time, a direct and inverse
ATonser the fluid is always stable throughout the measurefourier transform operation is used, as given in REIS]
ment. Therefore in our experiments in the nonconvectiveand[14].
state, the piston effect does not play a significant role in the An alternative approach was used in RE§1]. In that
stability of the fluid. work, the solution of Eq(Al) was developed in the form of

In Fig. 14 we present a plot of the local vertical tempera-a series directly in time-space coordinates. Both methods
ture gradient as a function of vertical locatiarat various give the same results, however the use of the response func-
timest, computed at=0.05: (a) case A where the tempera- tions in frequency space is slightly more flexible for the fol-
ture of the bottom plate is suddenly raised ¥ () andg lowing reasons: First, the same expression in frequency
is floating, (b) case B for fixedq and floating bottom plate space allows to calculate the response to an arbitrary time-
temperature until it reachesT(«). These plots have been dependent fluxq(t), should such conditions be used in fu-
computed in a similar way as described in Rédf3]. In the ture experiments or in numerical simulations. Second, as dis-
first case, very large temperature gradients are generated @tssed below, the response function method allows making
the boundaries immediately after the bottom temperature isorrections for instrumental time scales in a simple fashion.
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In Fig. 10, Sec. IVB 1, we have shown the comparison bebecause a previous analysis of their contributid@$]
tween the observed transient and the analytical solution athowed them to change the fluid relaxation time a neg-
€=0.1, and noted the good agrement. Here the analyticdigible way.

response function used in the calculation was corrected for
the presence of a double-pole low-pass filter at the output of
the phase-sensitive amplifier used for th&(t) measure- o )
ments. To perform such an adjustment, the solution for TheCp values, based on compressibility and density data,
Z(w,2) given by Eq.(A5) needs to be multiplied by the filter Were calculated using the common thermodynamic relation

4. Transport properties along the critical isochore

response function with C,, where the dat@54] had again to be extrapolated
beyonde=0.05. The good internal consistency fOf ob-
1 tained from the relaxation times, from the ratéC,, and
L= (1+iom)? (A6)  also implied by the light scattering experimef&?] indi-

cated that the extrapolation was adequate. The values of
The time constant of the filter was-=1.25s and is re- used for the calculations &+ are obtained from by increas-
sponsible for the noticeable “lag” during the first seconds ofing the values of Pittmann by 8%.
the relaxation, visible both in the calculated curve and in the A tabulation of static and transport properties used in the
experimental trace. No corrections for either heat capacity o€onvection work with the ajusted value kfis available on
the bottom plate or conductivity of the sidewall were made request as a postscript document.
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