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Abstract

We report experiments on convection patterns in a cylindrical cell with
a large aspect ratio. The fluid had a Prandtl number o =~ 1. We observed a
chaotic pattern consisting of many rotating spirals and other defects in the
parameter range where theory predicts that steady straight rolls should be
stable. The correlation length of the pattern decreased rapidly with increasing
control parameter so that the size of a correlated area became much smaller
than the area of the cell. This suggests that the chaotic behavior is intrinsic

to large aspect ratio geometries.

Submitted to Phys. Rev. Lett. May 12 1993.

Typeset using REVTEX



Rayleigh-Bénard convection, the instability of a horizontal fluid layer heated from be-
low, has served as a paradigm for the study of nonlinear pattern formation in systems
under nonequilibrium conditions. [1] One important reason for this is the extensive nonlin-
ear stability analysis that has been carried out by Busse and Clever, [2,3] which provides
an unusually detailed picture of the secondary instabilities expected for this system. The
onset of convection occurs when the temperature difference AT across the layer exceeds
a critical value AT,. For AT > AT, the quiescent layer becomes unstable to a periodic
pattern of convection rolls with wavenumber k. The stability analysis showed that there
is a well defined region in the AT — k plane, known as the ”"Busse balloon”, within which
time-independent straight rolls are predicted to be stable. The detailed size and shape of
the balloon depends on the Prandtl number o = v/, where v is the kinematic viscosity and
k the thermal diffusivity.

In this Letter we report experimental results for convection in gaseous CO, (o ~ 0.96)
in a large aspect ratio system (I' = radius / height = 78). In much of the regime where theory
predicts time-independent parallel straight rolls, we observed instead a spatially disorganized
time-dependent state consisting of many localized rotating spirals and other defects. There
were both right- and left-handed spirals which rotated clockwise and counterclockwise, re-
spectively. Most were single armed, but we also observed two- and three- armed spirals and
patches of concentric rolls. The spirals were not created in pairs, but rather emerged from
and coexisted with surrounding highly disordered regions in the pattern. Usually, spirals
were created and destroyed in the interior of the cell well away from the boundaries. The
overall pattern appeared to be chaotically time-dependent. Our results indicate [4] that this
state is representative of convection in large-I" systems with ¢ =~ 1. This is consistent with
early observations on a large-I" sample using liquid Helium, [5] but in that work the patterns
were not visualized.

It is well known that defects and roll curvature give rise to large scale mean flows [6-8]
which can in turn advect the rolls, leading to complex time dependence. Such flows have

much more pronounced effects at low 0. We are unable to visualize such flows, but recent



numerical simulations [9] suggest that they are important for understanding the spiral-
defect-chaos state.

Our convection cell consisted of a sapphire top plate and a polished aluminum bottom
plate, each 0.95 cm thick. The bottom plate had a film heater glued to its lower surface. The
lateral boundaries were constructed of three layers of porous filter paper which was compliant
enough to allow the cell height to be adjusted by up to 10um by means of three piezoelectric
stacks. The height d was 568um, uniform to £1um. The cell height and its uniformity were
measured interferometrically. The paper sidewalls produced smaller lateral temperature
gradients than the solid ones used previously [10] and caused the pattern to prefer a roll
orientation perpendicular to them. For most of the results reported here the pressure was
32.7 £ 0.1 bar, regulated to £0.01%. The temperature of the upper surface of the top plate
was held at 24.004£0.02°C' and regulated to £2m K by means of circulating water maintained
at the same pressure as the gas. The bottom-plate temperature was measured by means
of an embedded thermistor and regulated to +0.5m K. This temperature was varied as the
experimental control parameter. This protocol caused the average temperature, and thus the
average fluid properties, to vary with control parameter. We define the reduced temperature
difference ¢ = (AT/AT.)—1, where AT, is the critical temperature difference for a fluid
having properties corresponding to those of a sample at the average temperature T . We
found the onset of convection at AT, = 6.6224+0.005°C', and used the known temperature
dependence of the gas properties to obtain AT.(T). The characteristic time scale is the
vertical thermal diffusion time ¢, = d?/k =~ 1.3s. t, varied about 15% over our range of
T , while the Prandtl number ¢ ~ 0.96 varied only about 3% . [11] The patterns were
visualized using the shadowgraph method. [12]

The states we studied were formed by increasing € from just below onset to the desired
final value in a short time (~ 10¢,). After this quench we waited at least two horizontal
diffusion times t, = ['?t, ~ 2.2h, for transients to decay. We used this procedure as

a matter of convenience only; we have obtained similar patterns by increasing € slowly



(t,% ~ 107°).

Examples of patterns observed for small € are shown in Fig. 1. For ¢ = 0.050 we
found essentially straight rolls in agreement with theory as shown in image 1(a). The rolls
showed a progressive tendency to become normal to the sidewalls with increasing €, which
resulted in strong curvature together with focus singularities at the sidewalls as shown in
image 1(b) for € = 0.116. This state showed persistent time dependence on timescales of
order t5, attributable to the motion of defects, grain boundaries and foci. This behavior is
reminiscent of observations made in a previous studies [13,14] of water in cylindrical cells.

With increasing €, time dependence on shorter time scales [O(100¢,)] developed in the
interior of the cell. It took the form of transient rotating spiral patches at ¢ ~ 0.4, and for
€~ 0.5 a sea of interacting rotating spirals and other mobile defects existed in the interior as
shown in image 2(a). [4,15] With further increase in € the area occupied by the foci on the
sidewalls decreased until the cell was filled with what we have termed ”spiral defect chaos”,
as shown in image 2(b) for € = 0.721. Individual spirals typically rotated several times while
translating a distance comparable to their diameter before being destroyed or suffering a
change in the number of arms. A common process resulting in a change in the number of
arms consisted of a dislocation gliding into the spiral core. Occasionally, successive events
of this kind left a spiral with opposite handedness to the original. Spirals were generally
created and destroyed by complicated processes involving interactions with the other non-
spiral defects in the pattern, rather than with other spirals. The timescale for the dynamics
decreased with increasing €, but a detailed account of the temporal behavior is beyond the
scope of this Letter.

We characterized these patterns using the structure function S (E), equal to the time
average of the square of the modulus of the spatial Fourier transform of the shadow-
graph signal. S (IZ) provides quantitative information regarding the spatial scales of the

roll patches. We prefiltered the images by multiplying them by a radial Hanning function

H(r) = [14 cos(mr/ry)]/2 for r < rq and H(r) = 0 for r > ro. We used o = 0.71T in



units of d, and averaged 256 measurements of S (/2) taken at intervals of order severa | hun-
dred t,. S (E) progressed from a few sharp peaks to a broad ring as € was increased. For
€ 0.4, where many spirals appear, S (E) was nearly azimuthally symmetric, i.e., it depended
only on k = |E | and not on k. At each €, we performed an azimuthal average in E—space to

obtain better statistics for S(k). A typical result is presented in Fig. 3.

In terms of the first two moments
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of S (E), we define an average wavevector < k£ > and a correlation length

£ = [<E>—<k>YV2

Our results for £(¢) in units of d are presented in Fig. 4. The solid line is a fit to a power
law of the form £ = &ye ", and yields & = (2.4 £ 0.1)d and v = 0.43 £+ 0.05. Obviously,
¢ decreases strongly with increasing €, and is only of order a few d for € 1. Under these
conditions a correlation area (7£?) occupies less than 0.1% of the total cell area. A statistical
description in the infinite-I" limit [1] might accurately characterize our experiments for ¢~ 1.
We also show & for runs at two other pressures which span a range of fluid parameters.
[11] We find very similar behavior in these cases, with £ tending to increase slightly with
pressure, for fixed e.

The mean wavevector < k > of the pattern decreased with increasing € in such a way that
it stayed well within the theoretically stable region [3,16] (the Busse balloon) as shown in Fig.
5. It has previously been suggested that pattern instabilities, [17] or the onset of complex
time dependence, [18,14,8] occur when the wavevector distortion required to meet the lateral
boundary conditions forces the pattern to become unstable by locally exceeding the stability

limits of the uniform infinite pattern. The analog of this cell geometry dominated situation



in our cell would seem to be the slowly time dependent state we observed for €0.2. On
the other hand, the nucleation and proliferation of spiral defects observed at higher € does
not fit this picture. The chaotic state is already well developed when only a small fraction
of the wavevector distribution lies outside the Busse balloon as shown in Fig. 3. It seems
more reasonable to explain the broadening of the wavevector distribution as a consequence
of the disordering effects of dynamics intrinsic to the pattern, rather than as a response to
boundary conditions. At higher €, the wavevector distribution extends over both boundaries
of the Busse balloon, and we do occasionally observe, for example, the nucleation of a pair
of dislocations in places where rolls are pushed close together.

The rotation of the spiral defects is a particularly striking feature of the chaotic state.
Periodic states involving dislocations and spirals, both rotating [10] and nonrotating, [8]
have been observed previously in gas convection, but in these cases the spirals spanned
the experimental cell and were influenced by special lateral boundary conditions. In our
experiments, it is clear that the spirals are coherent structures [1] which emerge as part of
the chaotic dynamics, and are unrelated to the lateral boundaries. Our results naturally raise
the question of why the experimental patterns differ so dramatically from the theoretical
expectations. It appears that the straight-roll state is a rather special situation; [19] the
attractor basin of straight rolls apparently does not overlap with the initial conditions and
boundary conditions accessible to the experiment. The spiral defect chaos found at €~ 1 is
no longer dominated by the boundaries, and presumably represents a different, unsteady

state that would persist in the infinite-I" limit.
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FIG. 3. The azimuthally and time averaged structure function of the pattern at ¢ = 0.465. The

dotted lines show the stability boundaries for straight rolls, from the Busse balloon.
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rdarris etal Fig 4

FIG. 4. The correlation length & vs. e. The solid circles are for a pressure of 32.7 bar (
P. = —1.05,0 = 0.96, see Ref. [11]), and the straight line is a fit to & = {pe™”. The triangles and

squares show & for 25.6 bar (P. = —2.1,0 = 0.86) and 41.5 bar (P, = —0.7,0 = 1.06), respectively.

13



-1.5 -1 -0.5 0 0.3

Marris et al Fig 5.

FIG. 5. A comparison of < k > and width ¢! with the stability boundaries (the Busse balloon)
predicted for straight rolls at ¢ = 0.96. The dashed curve is the neutral curve. The solid circles

indicate < k >, while the horizontal bars extend by +¢~1.
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