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Competition between spiral-defect chaos and rolls in Rayleigh-Be´nard convection
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~Received 4 December 1996!

We present experimental results for pattern formation in the Rayleigh-Be´nard convection of a fluid with a
Prandtl numbers.4. We find that the spiral-defect-chaos~SDC! attractor, which exists fors.1, has become
unstable. Gradually increasing the temperature differenceDT from below to well above its critical value
DTc no longer leads to SDC. A sudden jump ofDT from below to aboveDTc causes convection to grow from
fluctuations and does yield SDC. However, the SDC is a transient; it coarsens and forms a single cell-filling
spiral which then drifts toward the cell wall and disappears.@S1063-651X~97!50105-X#

PACS number~s!: 47.54.1r, 47.20.Lz, 47.27.Te, 47.52.1j
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Rayleigh-Bénard convection~RBC! occurs in a shallow
horizontal layer of a fluid heated from below when the te
perature differenceDT across the layer exceeds a critic
valueDTc . The velocity fields which form aboveDTc have
long been used as an experimental testing ground for theo
of pattern formation in nonlinear systems@1#. The phenom-
ena which occur depend upon the Prandtl numbers5n/k,
the dimensionless ratio of the kinematic viscosityn to the
thermal diffusivityk. A fascinating recent discovery in RBC
is that of spiral-defect chaos~SDC! for s.1 @2#. It consists
of patches of rotating convection-roll spirals and of oth
defects, and occurs fore[DT/DTc21.es.0. The spirals
are coherent structures with a typical diameter of a few
wavelengths. They can be right- or left-handed, single-
multiarmed, and appear and disappear irregularly in time
space. SDC has since been found in numerical solution
model equations@3# and of the Navier-Stokes equation
~NSE! @4#. The band of wave numbers for SDC@2,4# lies
well within the range for which straight rolls are also stab
@5# in the laterally infinite system. Thus the solutions of t
equations of motion of the RBC exhibit bistability of time
independent straight rolls and of SDC, with each of the t
having distinct attractor basins. Fors&1 the generic initial
conditions of real RBC experiments lie in the attractor ba
of SDC @2,6#. Here we report that this situation is chang
dramatically whens is increased. Fors54.060.2, we do
not find any spirals when increasinge in small steps from
below zero to large positive values. Thus this experimen
path does not cross an attractor basin of SDC. Howe
when e is increased suddenly from below zero to values
O(1), SDCevolves in the sample interior from random noi
@7#. Thus random initial conditions appear to remain with
the attractor basin of SDC even fors.4. But this is illusory
since the SDC turns out to be a transient rather than a st
attractor. At very long times, the spirals coarsen, form
larger and larger spirals until only one giant spiral fills nea
the entire cell. At even longer times the giant spiral is n
stable either; its head slowly drifts toward the sidewall a
disappears from the cell, leaving a state similar to those
tained by increasinge gradually. Our observations diffe
from those of Assenheimer and Steinberg@8,9#, who re-
ported SDC in a sample of SF6 near its critical point with
Prandtl numbers similar to and even larger than ours.

A detailed description of the apparatus was given in R
551063-651X/97/55~5!/4869~4!/$10.00
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@10#. The convection cell had a 0.95 cm thick sapphire t
plate and a diamond-machined aluminum bottom plate
film heater glued to the lower side of the bottom plate p
vided the heat current. The top of the sapphire plate wa
contact with a temperature-regulated circulating water ba
The temperatures for both bottom and top plates were re
lated to better than 1 mK. The circular sidewall was ma
of high-density polyethylene. It had an inner diame
of 8.89 cm, and was sealed to the top and bott
plates with ethylene-propylene O-rings. High-purity liqui
chromatography grade acetone was dried by using 3 Å mo-
lecular sieves followed by distillation, and then injected in
the cell with a syringe without significant exposure to t
atmosphere. Two cells were used. The cell height w
d50.8060.01 (1.060.01) mm, corresponding to an aspe
ratio ~radius/height! G'55 (45). The calculated value o
DTc was 8.56 (4.50) °C. At onset, the coefficientQ @11#
describing the departure from the Boussinesq approxima
was 0.37 (0.20). The vertical thermal diffusion timetv was
6.8 (10.5) s. The onset of convection was determined fr
measurements of the Nusselt numberN ~the ratio of the ef-
fective thermal conductivity to that in the conduction stat!.
Quasistatic results forN over the entire range of the exper
ment are shown in Fig. 1. Images of convection patte
were taken using the shadowgraph apparatus described
viously @12#.

In one set of experiments,e was varied slowly from be-
low 0 to above 5 by changing it in steps of about 0.1. T

FIG. 1. The Nusselt numberN vs e for G545 obtained while
increasinge quasistatically. For this run, the top temperature w
16.5 °C andDTc54.50 °C.
R4869 © 1997 The American Physical Society
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system was allowed to equilibrate for at least one horizo
diffusion timeG2tv ~about 6 h! after each step. This proce
dure corresponds to an effective ramp rateb[de/dt
<5.431025 ~here t is measured in units oftv). It yielded
images like those shown in Fig. 2. Fore&1, the patterns
consisted essentially of straight rolls, except for typically o
or two grain boundaries and perhaps one focus singula
adjacent to the sidewall. A representative example is sho
in Fig. 2~a!, which is for e50.5. The wide range ofe over
which relatively straight rolls occur is in contrast to th
s.1 case, where significant roll curvature occurs alrea
for e*0.1 @13,14#. Figures 2~b!, 2~c!, and 2~d! are for e5
2.0, 3.7, and 4.5. They show that the rolls do acquire sign
cant curvature ase is increased. This curvature is associat
with a tendency for the roll axes to terminate perpendicu
to the wall. It leads to the formation of additional wall fo
and to a reduction of the roll wavelength in the cell cent
For s.1, this phenomenon occurred already ate values
which were about an order of magnitude smaller, and yiel
a time-dependent state with repeated formation of defect
the cell interior via the skewed-varicose mechanism@13,14#.

FIG. 2. Representative images obtained during the experime
run of Fig. 1 wheree was increased gradually.~a! e50.5; ~b!
e52.0; ~c! e53.7; ~d! e54.5. Up to this value ofe, ‘‘rolls’’ ~with
curvature, wall foci, etc.! are stable and time independent. Imag
~e! and ~f! are for e55.0, 1000tv, and 6000tv after increasinge.
They show the coexistence of hexagon domains with upflow
downflow at the cell centers and with rolls and wall foci. No spira
or targets were encountered.
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In the present case, the images were essentially indepen
of time at constante. No defect formation occurred becaus
even the significantly enhanced wave-number range enc
tered in the cell interior did not result in any crossing of t
skewed-varicose instability boundary. We illustrate this lat
point in Fig. 3, which at small wave numbers gives the Ec
haus and at large wave numbers the skewed-varicose in
bility as a solid line. The solid circles are the mean wa
numbersk̄ from the present run. They were obtained fro
the structure functionsS(k) ~squares of the moduli of the
Fourier transforms! of the images as described elsewhere@2#.
The horizontal bars represent the widths of the struct
functions, obtained from the second moments ofS(k) about
k̄ . It is apparent from these data that even the large-
small-k tails of S(k) are primarily well within the range of
stable straight rolls of the infinite system.

When e was increased further, the formation of cellul
flow began near one of the wall foci, as shown in Fig. 2~e!
for e55.0. During many horizontal diffusion times thes
flow cells multiplied and spread over a wider part of t
sample and evolved into a pattern of coexisting regions
hexagons with either upflow or downflow at their cente
These regions occurred together with curved rolls and w
foci in other parts of the sample. This is shown in Fig. 2~f!,
which is also fore55.0 but 6000tv after e was last in-
creased. This pattern is similar to ones observed by Ass
heimer and Steinberg@9# ~AS! with SF6 close to its gas-
liquid critical point in a cell with G580 at e53.4 and
s54.5. However, the threshold for and mechanism of he
gon generation seems different in our case, since AS re
that their hexagons appear already neare52.8, and via a
core instability of spirals or targets which do not exist in o
system. Apparently the threshold for hexagon generation
pends on the nature of the previously existing structure.

Of greatest relevance to the present issue is that non
the images obtained in runs like the one described ab
revealed any spirals. This is so also for the largerG555. In
contrast to this, fors.1 and similar values ofG @14,6# the
onset of SDC was found ates.0.55, and SDC persisted t
abovee.3 where the oscillatory instability was encounter

tal

d

FIG. 3. The solid circles are the mean wave vectors obtaine
the run of Fig. 1 by increasinge quasistatically forG545. The open
circles are wave vectors obtained from the SDC state before
coarsening process had progressed significantly. The horizontal
through the data points correspond to the width of the struc
functionS(k). The plus and cross are the wave vectors reported
Ref. @9# for rolls and hexagons, respectively. The solid line is t
stability boundary for straight rolls in the laterally infinite system



ri
fo

ni
al
te

lly
he
es

as
e
tled
ce
ner-
he

like

s
rved
by

t,
s.

if-
ed
5.

the
du-
al
core
ets

nd
of

e

d
e

el-
ur
g

ing

RAPID COMMUNICATIONS

55 R4871COMPETITION BETWEEN SPIRAL-DEFECT CHAOS AND . . .
at thats value. The total absence of spirals in our expe
ment also differs from the results reported by AS, who
s54.3 found spirals and targets~zero-armed spirals! for
e*0.84.

In a second set of experiments we increasede suddenly
from e0521 to e1.0. Care was taken to increasee as
quickly as possible to the final value in a smooth, monoto
manner without overshooting. This procedure yielded sm
amplitude random convective flows in the cell center af
only a few tv . Examples are shown in Figs. 4~a! and 4~e!.

FIG. 4. The time evolution of the patterns after changinge
suddenly frome0521 to e1.0. Images~a!–~d! are forG545 and
e152.0 with a top temperature of 16.5 °C andDTc54.50 °C. In
units of tv510.5 s, the elapsed times since the jump ine are ~a!
t52, ~b! t5400, ~c! t52000, and~d! t58000. Images~e!–~h!
are forG555 ande151.0 with a top temperature of 19.0 °C an
DTc58.56 °C. In units oftv56.8 s, the elapsed times since th
jump in e are ~e! t52, ~f! t5600, ~g! t56000, and ~h!
t510000. Inboth examples the pattern in the cell interior dev
oped from random convective flows, and the spiral-target struct
coarsened and healed to a single spiral and some defects alon
wall over a few horizontal diffusion timesG2tv .
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The dynamic sidewall forcing during the transient typica
led to a small number of concentric rolls surrounding t
random flow field in the center. Stabilizing at various valu
of e1*1, we observed a rapid growth~typically within
30tv) of targets and spirals from the disordered flow field,
shown in Figs. 4~b! and 4~f!. Simultaneously the mean wav
vector decreased and after a relatively short time set
down at the points shown by the open circles in Fig. 3. On
the pattern of spirals, targets, and other defects was ge
ated, the complicated dynamics of SDC, known from t
experiments at smallers, came into play. For smallere1 ~say
e1.0.5), no spirals or targets developed and a pattern
that of Fig. 2~a! evolved after a relatively short time.

In contrast to the experiments withs.1, the SDC state
which for e1*1 grew from the random initial conditions wa
not stable. Instead of persistent SDC dynamics, we obse
a coarsening of the patterns over time. This is illustrated
Figs. 4~c! and 4~g!. The spirals grew in size until after a few
horizontal diffusion times there was left primarily one gian
nearly cell filling, slowly rotating spiral as shown in Fig
4~d! and 4~h!.

Although the giant spirals lived for several horizontal d
fusion times, experiments over even longer times show
that they were not really stable. This is illustrated in Fig.
At 7500tv after a jump ine to e151.6, one giant spiral is
positioned with its core centered in the cell. As shown by
other images, this core location is not stable; the core gra
ally drifts towards the wall while the radius of the spir
decreases so that it roughly equals the distance of the
from the wall. During this process, no new spirals or targ
are born. At a time shortly after that of image 5~d!, the core
left the cell altogether and a state of straight-curved rolls a
wall foci similar to the ones obtained by the slow increase
e ~Fig. 2! remained.

For s.4 andG545 or 55, we found that SDC can b

es
the

FIG. 5. The long-time evolution of the patterns after chang
e suddenly frome0521 to e151.6 forG545. For this run, the top
temperature was 18.0 °C, andDTc54.53 °C. The elapsed times~in
units of tv) since the jump ine are~a! t57500,~b! t519 000,~c!
t530 000, and~d! t538 000.
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attained from the random flow fields generated by a jump
e, but not by quasistatic changes ofe. This is in contrast to
s&1, where SDC is difficult to avoid forG*30 @2,6# no
matter howe is varied. We also demonstrated by expe
ments extending over very long times that SDC, on
formed, is unstable in our samples withs.4. It coarsens
and evolves into a single cell-filling spiral, whose core th
drifts from the cell center towards the sidewall where it d
appears. Our results differ from those of Assenheimer
Steinberg@8,9#, who found SDC without coarsening over th
wide range 2.8&s&28, with the spirals gradually being re
placed by targets ass increases. The reason for this diffe
ence is unclear. However, we note several differences
tween the two experiments. In one run withs54.5 described
by AS in some detail@9#, they used a cell for whichDTc was
two orders of magnitude smaller than ours. Thus, assum
that their temperature control was similar to ours, their
perimental noise~spatial as well as temporal! in e presum-
ably was two orders of magnitude larger than ours. Furth
more, extremely slow ramp ratesb.531025 like ours
would be more difficult to attain whenDTc is very small.
Also, the total time intervals over which they observed SD
at constante were onlyO(G2tv) @15# and are at least an
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order of magnitude smaller than ours ('18G2tv). Finally we
note that AS used a sample withG580 which is a factor of
1.5 larger than one of ours. One might conjecture that lar
G (580, the AS value! stablizes SDC fors.4, whereas
G555 ~our larger value! destabalizes it. This would require
strong s dependence ofes(s,G) because SDC is readily
attained, for instance, forG530 ands51. If this trend in
s dependence continues fors.4, AS should not have ob
served SDC in their cell withG580 at their much higher
Prandtl numbers, up to 20 or larger. We conclude that
differences between the two experiments remain unresol
and that additional measurements, particularly as a func
of G, are required to shed light on this problem. Unfort
nately it is difficult to reach largerG values using acetone
becauseDTc becomes very large ifd is reduced.

Finally we remark that it would be interesting to sear
for the coarsening and instability of SDC in solutions of t
Navier-Stokes equations.

We are grateful to Werner Pesch for permitting us to u
his program and for his advice during the calculation of t
stability boundary in Fig. 3. This work was supported by t
National Science Foundation through Grant No. DMR9
19168.
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