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Spiral-Defect Chaos in Rayleigh-Bénard Convection with Small Prandtl Numbers
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Rayleigh-Bénard convection is investigated for Prandtl numbefsom 0.3 to 1.0 by using various
pure gases and binary gas mixtures. The onset of spiral-defect chaos (SDC) moves to smaller values of
€ = R/R. — 1 (R is the Rayleigh number arg|. its critical value) asr decreases. The measurements
suggest that large-scale mean flows, which are expected to be stronger at smalkey an important
role in the spontaneous generation of SDC. SDC can occur and fully develop in the regime dominated
by the Soret effect. [S0031-9007(96)01404-4]

PACS numbers: 47.54.+r, 47.20.Lz, 47.27.Te

Rayleigh-Bénard convection (RBC) occurs in a shal-sufficiently large to sustain SDC for the interesting
low horizontal fluid layer heated from below when the parameter ranger < 0.9. Using both pure gases and
temperature differencAT exceeds a critical valuAT..  binary gas mixtures to cover the rangé < o < 1.0, we
It has become a paradigm in the study of complex spafind that the values; of e for the onset of SDC decreases
tiotemporal behavior of nonequilibrium systems [1]. Thisdramatically with decreasing:, supporting the idea that
is so because RBC lends itself to well controlled, quantitamean flow plays a key role in the spontaneous generation
tive experiments [2,3], and because there are calculationd spiral defects.
of secondary instabilities [4] which help in understanding Prandtl numbers of pure gases generally are larger
the experimental results. The nature of the patterns whicthan the value 23 derived from kinetic theory [16] for
form for e = AT/AT, — 1 > 0 depends on the Prandtl a rigid-sphere gas. Liquid metals have < 0.03, but
numbers = v/k (v is the kinematic viscosity and the  we know of no classical pure fluids [17] witB.03 <
thermal diffusivity). Here we report on pattern formation o < 0.67. However, in binary gas mixtures values of
over the important rangeé.3 < o < 1.0, most of which o as low as 0.2 can be reached if the masses of
had not been explored before. the two components are very different from each other

An intriguing recent discovery [5] foor = 1 is spiral- [18]. We used Ar, CQ, and Sk to cover the range
defect chaogSDC), a state consisting of small rotating 0.69 < o =< 1.00. The properties of these gases are well
spirals which appear, interact with each other and wittknown [19]. With mixtures of He-Sf; He-CQ,, and Ne-
other defects, and disappear, irregularly both in spacéAr we covered the rang@.30 < o =< 0.80 by changing
and in time [see Figs. 2(b)-2(d) and 2(g) and 2(h)the mole fractionx of the heavier component and the
below]. Although giant cell-filling spirals had been pressureP. The parameters of the mixtures had to be
observed before in RBC both in experiment [6] and inobtained from a combination of kinetic theory [16,20],
numerical solutions of model equations [7,8], it camedata in the literature [21], and our measurements\ of
as a surprise that SDC with its self-sustained chaotién Table | we list the properties of our samples at onset
dynamics and spatial complexity occurs in a parameteand the measured and theoretical [22] critical Rayleigh
range where straight convection rolls are also stable [4jJnumbersR, and wave numberk.. The good agreement
Soon after its experimental discovery, SDC was foundetween experiment and theory f&. and k. of the
in numerical solutions of generalized Swift-Hohenbergmixtures shows that the properties were determined quite
equations [9,10] (which are models for RBC) and ofaccurately. The vertical thermal diffusion timg =
the Navier-Stokes equations [11], as well as in severad’>/« for d = 1.46 mmis also given in Table .
additional experiments [12—14]. Although there is only The temperature difference is expressed in terms
a partial framework for the understanding of SDC [10],0f the Rayleigh numberR = agd’AT/kv [a =
simulations [7—-10] show that large-scale mean flow plays-(1/p) (dp/0T)px, p is the densityg the gravitational
a role in spiral generation and dynamics. The mearacceleration, and the cell thickness]. For pure fluids,
flow, with a length scale much greater than a typicalthe onset of convection occurs Rt= R., = 1708. In
convection-roll wavelength, is superimposed upon themixtures, there are concentration gradients wikerr 0
short-wavelength rolls. It arises when vertical vorticity (the Soret effect) which may enhance or retard the
is driven by roll curvature and amplitude modulation buoyancy. This effect is characterized by the separation
[15]. The magnitude of the mean flow is predicted to beratio . Wheny > 0 (4 < 0), the induced concentra-
proportional tol /o, and thus its interaction with the rolls tion gradient is destabilizing (stabilizing) am. < R.g
is expected to be stronger at loweer To our knowledge, (R, > R.). For our mixtures,y > 0 and convection
there have been no experiments on RBC with sampleat onset consists of time independent rolls [see Fig. 2(a)
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TABLE |. Parameters of some runsT is the mean temperature of the cell & = AT., andk = 2xd/A the dimensionless
wave number, whera is the roll wavelength. The subscriptdenotes the onset of convection, while superscripgad e stand
for the theoretical prediction and the measured value, respectively. See text for other notations.

Gas x  Plas) TCO) o L ¢  4,(8 R/Re R/Ro kK K
He-SkK 0.19 28.09 22.53 0.30 0.71 0.80 1.14 0.23 0.26 2.4 2.4
He-Sk 0.37 15.33 22.96 0.32 1.55 0.52 131 0.44 0.48 2.7 2.8
He-CGO, 0.52 30.60 23.99 0.46 1.72 0.30 1.79 0.62 0.62 2.9 29
He-CGO, 0.87 25.97 23.33 0.69 4.92 0.08 4.31 0.85 0.89 2.9 31
Ne-Ar 0.66 36.65 26.07 0.64 1.09 0.03 2.58 0.88 0.92 2.8 3.1

Ar 29.73 23.45 0.69 3.12 1.00 1.00 3.1 3.1

SFs 4.95 23.00 0.79 3.44 0.97 1.00 3.1 3.1

CO, 24.92 21.46 0.90 6.64 0.99 1.00 3.1 3.1

below] similar to those of pure fluids. Another important the samee values for pure Ar & = 0.69) [Figs. 2(e)—
parameter for mixtures is the Lewis numher= D/x, 2(h)]. At eache the pattern in the mixture is more
where D is the mass diffusivity. For liquidé = 1072,  disordered than in Ar. For He-$Fthe pattern acquired
but for gased. = 1. a slow time dependence involving dislocations generated

The apparatus was described in Ref. [3]. We usedn the cell center neag = 0.03. Figure 2(a) already
two convection cells witl® = r/d = 30 (r = 43.2 mm,  shows several dislocations fer= 0.07. In Ar this slow
d=1460mm) and I' =70 (r =423 mm, d=  dynamics did not begin untd = 0.07. Essentially time-
0.607 mm). They consisted of a sapphire top plate, a
diamond-machined aluminum bottom plate, and circular (E e
sidewalls made of porous filter paper. The plates were —
parallel to within2 um. The pressure was regulated
to £0.005 bar. The top plate was held at a constant
temperature regulated to1 mK, while the bottom-plate
temperature, regulated ta0.5 mK , was varied as the
experimental control parameter. Convection patterns
were imaged using the shadowgraph method [3].

The onset of convection was found from the Nusselt
numberN (the ratio of the effective thermal conductivity
to the conductivity in the conduction state). An example
is shown in Fig. 1. We allowed 2 to 6 h (ovel?z,)
at eache for transients to decay before taking a time
average ofV. Above the onset, time-independent straight
rolls were stable for smak and were the starting point
for investigating the evolution of patterns. Examples
of patterns observed for a He-Shnixture (x = 0.37,

o = 0.32) at variouse are given in the first column
of Figs. 2(a)—2(d). The second column gives images at

1.3

1.2
P

1.1

FIG. 1. Nusselt number as a function of the reduced Rayleigh+IG. 2. Patterns fol’ = 30 in (a)—(d) He-Sk at x = 0.37
number for I' = 30 and He-CQ at x = 0.52 (o = 0.46, (o = 0.32) and in (e)—(h) pure Arg = 0.69), for e = 0.07
¢ = 030, L = 1.72). (@),(e), 0.2 (b),(f), 0.5 (c),(9), and 0.9 (d),(h).
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independent straight rolls in Ar are shown in Fig. 2(e).the rate at whiche; decreases withr seems nearly the
As € increased beyond 0.14, spirals appeared in theame for the two values df. However, foro < 0.8 the
mixture, as illustrated in Fig. 2(b). In contrast, ferup  dependence o, on o becomes very weak fof = 70.
to 0.44, no spiral was observed in Ar, and the pattern€lose to our lower limit foro (o0 = 0.3), the results for
consisted of two to three large sidewall foci [Fig. 2(f)]. €, for the two cells come together again.
When € was large enough for spiral defects to appear An obvious question is whether the Soret mechanism
in Ar [Fig. 2(g)], the patterns of He-SFwere already affects the onset of SDC. To answer it, we pigt and
very chaotic, as shown in Fig. 2(c). When the patternR; = R.(1 + €,) vs o in Fig. 5 for I' = 30. First, we
for Ar was full of spirals [Fig. 2(h)], those of He-3F consider the cases He-Skt x = 0.19 and 0.37. As
had become extremely disordered [Fig. 2(d)]. Thus weshown in Table I, their values (0.30 vs 0.32) are very
see that the erratic spatiotemporal dynamics develops atose to each other, but thejr values are very different
smallere in the lowero case. (0.80 vs 0.52). BottR. andR; differ roughly by a factor
We determined the onset valeg of SDC as a function of 2 (Fig. 5). However, the difference of theiy (Fig. 4)
of the Prandtl numbeguantitatively Several diagnostics is small and consistent with the small difference «of
have been found to determine the onset of SDC [5,13,145econd, we look at the pair of runs for = 0.69 which
In practice we found a simple spiral-counting method [14]are for pure Ar and for He-CQat x = 0.87. The pure
to be easiest and most reliable, especially for the relativelgas has no Soret effecty (= 0) while the mixture has
small cell withI" = 30. Because the generation of spirals ¢y = 0.08. Their ¢, is the same (Fig. 4), although,. and
was intermittent, especially far close toe,, we took data R, differ substantially. It is clear thak. andR; depend
over 4 to 13 h (at leas3I'’s,) at eache to determine on ¢, bute, is determined primarily byr.
the time averag@ of spiral defects. Figure 3 givesas An interesting aspect of the results is that SDC can
a function ofe for one particular mixture. Since we do fully develop in the Soret regim®& < R.y, where the
not know the functional form ofi(e), we simply drew a convection is strongly dependent on mass diffusion. For
smooth line through the data as shown, and determineeixample, the disordered pattern shown in Fig. 2(d) was
its intercept e, with # = 0. Since this procedure is at R/R.o = 0.84. In contrast, patterns in binary-liquid
somewhat subjective, relatively generous (also somewhaixtures are ordered (square patterns or rolls) Ros
subjective) error bars were assignedtaas shown inthe R [23]. Whereas in liquid mixtures heat transport below
figure. Foro near one this procedure agreed well with R, is unobservably small, in gas mixtures significant heat
other methods [5,13]. To collect data for a single valuecan be transported in the Soret regime as shown in Fig. 1.
of €, typically took 10 days. For the case of Fig. 1, SDC occurred abaRgR., =
Figure 4 showse; as a function ofo for both gas 0.75. There is no obvious signature in the Nusselt number
mixtures (solid symbols) and pure gases (open symbolsat the SDC onset. WheR is increased further, neither
The SDC occurs at lowet for smallero. ForI' = 30  the convection patterns nor the heat transport undergo a
(circles) and the pure gases, dropped from 0.58 to 0.44 qualitative change ned,.
aso was reduced from 0.9 to 0.69. For the mixtures and We showed quantitatively that the onset of SDC is
I' = 30, e, was reduced from 0.44 to 0.10 asdecreased strongly affected by the Prandtl number. The experimental
from 0.69 to 0.30. It is known that the appearance ofresults in Fig. 4 provide a good argument for the essential
SDC depends ofr. For CG ato = 1, e, = 0.55 when role of large-scale mean flows in the spontaneous genera-
I' = 40 [13] while €; = 0.25 whenI" = 75 [5]. Thus, tion of spiral defects. We found that SDC can occur and
we also made measurements in the cell with= 70.  fully develop in the regime dominated by the Soret mech-
The results are shown as triangles in Fig. 4. Near 1, anism. The critical value, appears to be independent of
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FIG. 3. Time average of the number of spirals for= 30 FIG. 4. Onset values; for SDC as a function obr. Open
and He-Sk at x = 0.37 (o = 0.32) as a function ofe. The  symbols: pure gases, solid symbols: mixtures, circles= 30,
resulte, = 0.14 = 0.03 is indicated. triangles:I" = 70.
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FIG. 5. Critical Rayleigh number®. (open symbols) and
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the Soret effect, bug; is not. Hence the relative strength
of mean flows is characterized layrather than byr.

Although the Prandtl number was tuned from 0.3 to
1.0, the behavior of,(o) outside this regime remains
somewhat uncertain. It is difficult to do experiments in
a largel” cell for o significantly smaller than 0.3 (such as
mercury ato = 0.025); however, numerical simulations [16]
may be feasible. A naive linear extrapolation of the
I' = 30 data in Fig. 4 suggests that should vanish near
o = 0.2. However, the” = 70 data show that a smooth [17]
extrapolation to a finite value of; at ¢ = 0 is more
likely to be correct. Clearly, measurements tor< 0.3
would be most useful. Quantitative results do not exist for
o > 1, though it was shown that there is a transition from[igl
SDC to a chaotic state dominated by targets reat 3.5 [19]
[12].
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