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Rayleigh-Bénard Convection Onset in a Compressible Fluid:3He near T¢
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We present results on the onset of convective behaviotHgf along the critical isochore where
the fluid compressibility diverges a%¥ — T,., the critical temperature. The aspect ratio of the
Rayleigh-Bénard cell was 57. The “adiabatic temperature gradient” that stabilizes the fluid layer was
observed and agreed with predictions. This is the first systematic study of the convection onset in
the compressibility-dominated stability regime. The initial slope of the convection current versus the
reduced Rayleigh number was found to be independent of compressibility and to be the same as in
experiments with a similar aspect ratio in ligdide, “He, and water. [S0031-9007(99)09283-2]

PACS numbers: 44.25.+f, 47.27.Te, 64.70.Fx

A common feature of many fluids is a very weak depen- AT, — hgTap _ h(l _ Q) (ﬂ) @
dence of their density on pressure, which allows one to treat ad Cp Ps Cp/\oP),"

them as incompressible in hydrodynamic theories. Inthis | ihe expressions above, D, ap, andCp are, respec-

paper, we are interested in the hydrodynamic effects due @)y the kinematic viscosity, thermal diffusivity, isobaric

a non-negligible compressibility of a fluid. We are study- g, sansion coefficient, and heat capacity at constant pres-
ing a classical problem of Rayleigh-Bénard (RB) convec+re of the fluid. Furthermore; is the gravity, is the

tion with particular emphasis on the region very close to th eight of the fluid layer, and Ra~ 1708 is the critical
convection onset. For this problem, the assumption of flui ayleigh number for a é:ell with an aspect rafio= o

incompressibility, which is equivalent to assuming that theich is quite well approximated by our cell. Note that as
layer is sufficiently thin, leads to the so-called Rayleigh, _, Cv/Cp — 0, and the ATG criterion then reduces

condition for the onset of convection [1]. According to this ; {he conditiondp /dz < 0. This means that the density
criterion, the mechanical stability of a horizontal layer of a4 dient due to the temperature inhomogeneity associated
pure fluid heated from below is determined by the strengtlyjih the heat flow needs to be smaller than the density gra-
of dissipative mechanisms characterized by the viscosityjent that is due to the compression of the fluid under its
and thermal conductivity coefficients. The increase of thg, weight (gravity-induced stratification).

fluid compressibility is expected to bring into prominence | jniess /1 is large, the role of the adiabatic gradient

an additional source of mechanical stability, described bytet in liquids away from the critical point is negligible:
the “adiabatic temperature gradient” (ATG) criterion (of- ¢, example, in liquid *He at T = 2.6 K, which is

ten attributed to Schwarzschild), which does not depeng,q|| below T, and for a layer of 1 mm thickness

on the dissipative coefficients. This criterion is based ONye calculate from its known propertidsl'y = 750 uK

the requirement for the fluid stability that the entropgf |\ hile AT 4 = 13 uK. We mention that the ATG efféct

a fluid particle increases with height ds/dz > 0 [1,2]. i important in geophysical systems with large vertical
As a result, a very compressible fluid heated from belowyimensions, such as the earth’s atmosphere, as discussed

does not start convecting until the temperature differencgy Tritton [2], but is usually irrelevant in laboratory-scale
across the layerAT, becomes much larger than the onset

. " experiments.
value ATy calculated from the Rayleigh condition. With SFy near the critical point and in a RB cell 6f =

The mechanical stability of a layer of a compressible| . aAshkenazy and Steinberg [7] recently observed
fluid was first analyzed by Gitterman and Steinberg (GS}o ATG from the onset and disappearance of vertical

[3.4], as reviewed by Gitterman [5], and very recentlyejocity and found agreement with predictions. Also
by Carlés and Ugurtas (CU) [6]. For typical values of \ocanty results of an experimental study of convection
the parameters, the expressions derived in Refs. [5,6] fQ, 4He over the temperature range between 3.8 and
the onset condition_ATonset reduce to the sum of the 59k and a wide density range0.01 < p/p. < 2)
two limiting expressionsATonsee = ATg + ATqq, Where \yere nuplished [8]. The shift in the convection onset
AT, is the temperature difference from the ATG effect. ;¢ the |owest densities, as caused by the ATG, was
The termATy is given by [1] clearly observed and consistent with predictions [9]. This
vDr research, carried out with a cell of 20 cm height and
(1) T =1/2, focused on the dynamics of highly developed
turbulent states at Rayleigh numbers up 10'5. In
where Ra is the critical Rayleigh number, while the ATG that work the plot of the Nusselt number Nu versus the
effect results in Rayleigh number Ra could be scaled for all the densities,

ATg = Ra. X :
R a apgh’
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provided that a correction was made for this ATG termshort-term stability of+0.8 K for most experiments
and which becomes increasingly important for a givenand with slow drifts typically within3-5 wK over
density as Ra decreases. This correction and the scalingns of hours. In a measurement, the power is applied
are described in detail in the thesis by Chavanne [10]. to the bottom plate and a change in the temperature
Our experiments are performed in Helose to the criti-  difference across the fluid was measured as a function of
cal point (I, = 3.317 K on the Ty scale, density time and its steady-state valukT(¢) is recorded. To
pe = 41.45 kg/m?). The unique feature of near-critical improve the resolution, we averaged the results of 10—20
fluids is the strong dependence of their isothermal commeasurements for each heat to obtain the aveldtiey)
pressibility on the distance from the critical point, aswith an uncertainty of=0.3 wK.
defined by the reduced temperatwe= (T — T.)/T.. We now present the results. In a nonconvecting layer,
This makes them particularly convenient for our studywe expect the measuredr’(¢) to represent diffusive heat
because the behavior typical both for a very compressiblegansport and to be given b 74i¢(g) = gh/A where A
and a weakly compressible fluid can be observed in thés the thermal conductivity of the fluid from Ref. [11]
same system. In our present work, we are interestednd from present data. When the fluid is driven into
in the opposite end of the heat transport from that ofconvection, the slop@AT7/dg suddenly decreases with
Chavanneet al. [8], namely close to the onset of con- increasing.
vection. The heat dependence®T'(g) as a function of Figure 1 shows representative curvesXdf versusg
the heat fluxg was determined at 22 different values of that evidence both the diffusive and convective states, and
€, the temperature of the top plate. The heat transporvhere the transition is marked only on the top curve. As
was studied by measuring the temperature differenc&. is approached, the transition becomes less sharp, and
AT across a horizontal fluid layer as a function of heatthe rounding prevents its unambiguous determination for
flux q where g has been corrected for the heat flow e < 5 X 1073. This suggests that the mechanical stability
through the side walls of the cell. The temperature rangef the fluid might possibly be getting more sensitive to the
was 1 X 1072 = € =2 X 107!, which corresponds to temperature control quality as the fluid becomes more com-
Prandtl numbers50 = Pr = 2 and to compressibilities pressible. It then appears reasonable to deterthifg,.,
7X107* = By =1 X 107% dyne/cn?, stil much as a crossing point of a linear extrapolation of thE(g)
larger than By = 2.4 X 1077 dyne/cn? for the ideal curve from above the onset and th&;s:(¢) line, which is
gas atT =3.5K and p = p.. The techniques for based onthe conductivity data of Ref. [11]. We performed
density and temperature calibration and measurementhis analysis and compared the results shown in Fig. 2 with
used in this work are analogous to those used in théheory. Here the solid line is obtained from the expressions
thermal conductivity experiments by Pittma al. [11]. for the AT, derived in Refs. [3,4,6], where static and
The experimental arrangement, sample preparation, artcansport properties dHe obtained in this laboratory over
measurement routine were described in a preliminary notthe experimental range were used. For comparison, we
[12] and will be presented in more detail elsewhere. also show curves representing the individdlz (e) and
Matched germanium thermometers, with a resolutiolAT,,(e) from Egs. (1) and (2). The agreement is very
of 0.3 uK were used to both control the temperature
of the upper plate and measueT. The density of

the fluid was determined via its dielectric constant in T T T T T[T T T T T[T T T T T[T T T T 7]
a separate cell, thermally anchored to the temperature- 25 a® 4
controlled platform, to which the top of the RB cell was - AAA A 08_1 3
attached. The flat, polished top and bottom endplates of 20 - 8 e 005 _'
the RB cell with a diameteD = 57 mm are made out - T * ]
of OFHC copper and are separated by a thin stainless AT s &, * m 0002 ]
steel sidewall which is a poor heat conductor. The copper (BK) 7 o, . ]
surfaces facing the fluid were made parallel to 0.025 mm ob ce. Lo T
or better as measured across the fluid. o vy 7 .
The cell height was chosen to makkT,; large fﬁ y 7 . ] ]

. . . . 5 u —

enough to be observable without introducing excessive ¥ AR L B
fluid relaxation times which diverge a§ — T.. As 0 AT T

a compromise, we chosk to be 1.06 mm, for which 40 80 120 160
we calculateAT,; = 3.6 uK and relaxation times of QIA (nW/cnd)
the order of 10s and 10s ate = 1073 and 107!,

o

respectively. The cell was filled withHe to a density FIG. 1. Temperature difference across the fluid as a function
) of heat flux at several representative valueg .ofThe transition

within 0.5% of p. and then sealed off from the sample from the mechanically stable to the convective regime, shown

handling system. During the experiments, the temperaturgy a sudden change in slope, is marked by an arrow for the top
of the top plate was controlled at a fixed value with acurve alone.
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FIG. 2. Comparison of the experimentally determined, ;. 10 T _-'- =3
versuse (symbols) with theory (lines). Main figure: Linear FLoE e a E
plot. Inset: Semilogarithmic plot in the region where the ATG E Lo {ﬁv E . % ]
is dominant. The “error bars” represent the approximate width 18 F & E £ -
of the transition. For explanations, see text. ;0_5; BWBQ é o 3
o Ew™ - ]
0.0 [ N
. . . 107 0.0 0.5 10 o R € =
good, and therefore constitutes the first systematic study .conv = £ ' R S + 02 3
of the convection onset into the regime where the ATG Jeorr L o o0 ]
dominates. Furthermore, the agreement implies that if the 10t & o ggg -
“potential temperature differenc#’ defined below is used E . 7 . 002 3
in the Rayleigh number calculations, the critical Rayleigh - ¥ A 0.01 :
i ; s PL & o 0.005 ]
number is close to the predicted onrel 708, and is inde- 10°¢ = 0.002 3
pendent of compressibility. & v@ﬁg cony » 000318 ]
Our second purpose was to study the initial convective - ;j — Jeorr 130 x(ra)cor )
State and determlne the ConveCtlon Currﬁfvy WhICh kml 11 HHM 11 HHM 11 HHM 11 HHM 11 HHM 11 3
is the ratio of the convective portion of the heat current 10* 10° 10' 107 1 1d*
to that conducted through the fluid at the transition. This (ra*)corr

definition leads to the relation [13]
FIG. 3. The convection curreng" versus the reduced

Jj = (Nu—1)(ra” + 1) (3)  Rayleigh number rfa (a) Obtained directly from the\T'(q)
. curves, such as shown Fig. 1. (b) Corrected to take into
versus the reduced Rayleigh number account the presence of the ATG, as explained in the text. The
ra = (Ra — Raﬁbs)/Raﬁbs ’ (4) inset enlarges a portion of this plot at low values gf fa

where Nu= ATyg;¢/ATops With AT,y the observed tem-
perature change across the fluid layer. Furthermorgh*Ra
is the observed Rayleigh number at the convection ons

introducing a “potential temperature differenc@’which
e\{ve write asf® = AT — AT,4, and Chavanne [10] has
Used this concept to propose relations that correct both Nu

thr t:)gc:egk évﬁoé’tshe:r ﬁlidiiféi'ti;f ;’Yg;;LE?gE?:J? :)f"::]eer' and Ra for the effect from the ATG. With our variables,
these relations take the following simple form:

data in the convective state is independent of compres-
sibility, and how it compares with results of other fluids Jeonv =[1 + C(e)]j™ and
in cells with a similar aspect ratio. T .

In Fig. 3(a), a plot ofj" versus ra is presented o = [1 + Cle)]ra. )
for various reduced temperatures, where agaiis the The factorC(e) = (Ra/1708) (AT,s/AT) expresses the
temperature of the top plate. Far <1 X 1072 the relative strength of adiabatic effects compared to dissipa-
rounding of the transition to the convective state didtive forces and diverges @& — T.. The result is that
not allow us to determine the slope neaf ra0. In  both j" and rd are rapidly “stretched out” by the cor-
his discussion of the ATG, Tritton [2] has suggestedrective transformation &g, is approached.
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The transformed data are shown in Fig. 3(b) with anChavanne’s thesis. The authors thank V. Steinberg for
insert for0 < ra* < 1.2 that emphasizes the initial slope, attracting their attention to Ref. [7], and for his comments
S, in the convecting state. This slope remains unchangeds well as those by B. Castaing and R.P. Behringer on
for 0.03 = € = 0.2 with the average valu¢.3 = 0.1, as a draft of this paper. A helpful correspondence with
an examination of individual plots for a given valueof F. Busse is also appreciated.
shows. This is to be compared with= 1.23, 1.25, and
1.20 for liquid *He between 2.1 and 2.6 K [14], liquid
“He at 2.4 K [15], and distilled water [16] in RB cells
with similar aspect ratios. It is known that the initial *Present address: The Quantum Institute, University of
slope of je°"v(rd") is strongly dependent on the pattern California, Santa Barbara, California 93106.
formed at the convection onset. The experiment with [1] L.D. Landau and E.M. Lifshitz,Course of Theoreti-
water was the only one provided with a shadowgraph  cal Physics: Fluid MechanicgPergamon Press, Oxford,
optical arrangement that clearly showed the pattern to be  1959), Vol. 6. , , ,
one of concentric rolls (see Fig. 2 of Ref. [16]). For such [2] D-J. Tritton, Physical Fluid DynamicgOxford Science
a pattern with velocity amplitudes at the center of zero, ., Publications, Oxford, 1988).

respectively maximum, the predicted slopes are 0.86 ano[g] %ﬁ'fg;gan and V. Steinberg, High Temp. (USSE)

0.45 [13,17]. Although none of the experiments agree [4] M. Gitterman and V. Steinberg, J. Appl. Math. Mech.
quantitatively with either prediction, it is noteworthy that (USSR)34, 305 (1971).
they are all consistent with one another, regardless of[s] M. Gitterman, Rev. Mod. Phy$0, 85 (1978).
the compressibility that varies over a factor ef10° [6] P. Carlés and B. Ugurtas, Physica (Amsterdam) D (to be
between water andHe nearT.. (The effect from the published).
different Prandtl numbers in these fluids on the predicted[7] Sh. Ashkenazy, Ph.D. thesis, Weizmann Institute of Sci-
slope [13,17] is estimated to be negligible.) This resultis  ence, Rehovot, Israel, 1997 (unpublished); Sh. Ashkenazy
intriguing, but is not sufficient by itself for a conjecture and V. Steinberg (private communication).
that the convection pattern near the onset is all the same. [8] X. Chavanneet al., Phys. Rev. Lett79, 3648 (1997).

Within the experimental uncertainty, we find that all the [% X: Ch?vanneet al.,in Proceedings LT2]Czech. J. Phys.
plots of jon (rag,,,) for various values ot collapse on a (Suppl. S1)46, 91 (1996)].

. Jeorr LlO] X. Chavanne, Ph.D. thesis, Université Joseph Fourier,
single line. Further results, not shown here, extend th Grenoble, 1997 (unpublished).

range to r,, higher than10’. The complete plot and [11] C. Pittman, L. Cohen, and H. Meyer, J. Low Temp. Phys.
further results will be presented in a more detailed paper. 46, 115 (1982).

In conclusion, we have studied in a Rayleigh-Bénard12] A. Kogan, D. Murphy, and H. Meyer, in Proceedings of
configuration the transition to the convective state, when  the NASA/JPL Microgravity Low Temperature Physics
the fluid compressibility diverges, and which is deter-  Workshop, Oxnard, California, 1998dited by D. Strayer
mined by the classically predicted adiabatic temperature  (to be published).
gradient. Furthermore, the heat transfer experiments i3] G- Ahlers, M. Cross, P. Hohenberg, and S. Safran, J. Fluid
the convective state have shown that the initial slope o[ Mech. 110, 297 (1982).
the convective heat current is independent of the comt4l D- Murphy and H. Meyer, J. Low Temp. Phys7, 509

pressibility, and is the same as measured for other quidﬁls] f?lg?;e)l.qringer and G. Ahlers, J. Fluid Mech25 219

The data are found to scale o @Y (r&,,,) plot. (1982).
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