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Competition between spiral-defect chaos and rolls in Rayleigh-Beard convection
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We present experimental results for pattern formation in the RayleigiafBeconvection of a fluid with a
Prandtl numberr=4. We find that the spiral-defect-cha(&DC) attractor, which exists fos=1, has become
unstable. Gradually increasing the temperature differeh€efrom below to well above its critical value
AT, no longer leads to SDC. A sudden jumpXT from below to above\ T, 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 disappef8d.063-651X97)50105-X]

PACS numbes): 47.54:+r, 47.20.L.z, 47.27.Te, 47.52]

Rayleigh-B@ard convectionfRBC) occurs in a shallow [10]. The convection cell had a 0.95 cm thick sapphire top
horizontal layer of a fluid heated from below when the tem-plate and a diamond-machined aluminum bottom plate. A
perature difference\T across the layer exceeds a critical film heater glued to the lower side of the bottom plate pro-
valueAT,.. The velocity fields which form abovAT_ have vided the heat current. The top of the sapphire plate was in
long been used as an experimental testing ground for theori@ontact with a temperature-regulated circulating water bath.
of pattern formation in nonlinear systerfis]. The phenom- The temperatures for both bottom and top plates were regu-
ena which occur depend upon the Prandtl numbery/k, lated to better than 1 mK. The circular sidewall was made
the dimensionless ratio of the kinematic viscosityto the  of high-density polyethylene. It had an inner diameter
thermal diffusivity x. A fascinating recent discovery in RBC of 8.89 cm, and was sealed to the top and bottom
is that of spiral-defect chad$SDC) for o=1 [2]. It consists ~ plates with ethylene-propylene O-rings. High-purity liquid-
of patches of rotating convection-roll spirals and of otherchromatography grade acetone was dried bygi8irA mo-
defects, and occurs far=AT/AT.—1>¢,>0. The spirals lecular sieves followed by distillation, and then injected into
are coherent structures with a typical diameter of a few rolthe cell with a syringe without significant exposure to the
wavelengths. They can be right- or left-handed, single- o@tmosphere. Two cells were used. The cell height was
multiarmed, and appear and disappear irregularly in time ané=0.80+0.01 (1.0-0.01) mm, corresponding to an aspect
space. SDC has since been found in numerical solutions d¢ftio (radius/height I'~55 (45). The calculated value of
model equationg3] and of the Navier-Stokes equations AT, was 8.56 (4.50) °C. At onset, the coefficie@t [11]
(NSE) [4]. The band of wave numbers for SDQ,4] lies describing the departure from the Boussinesq approximation
well within the range for which straight rolls are also stablewas 0.37 (0.20). The vertical thermal diffusion timjewas
[5] in the laterally infinite system. Thus the solutions of the6.8 (10.5) s. The onset of convection was determined from
equations of motion of the RBC exhibit bistability of time- measurements of the Nusselt numpéxthe ratio of the ef-
independent straight rolls and of SDC, with each of the twofective thermal conductivity to that in the conduction state
having distinct attractor basins. Foer<1 the generic initial Quasistatic results fak/ over the entire range of the experi-
conditions of real RBC experiments lie in the attractor basinment are shown in Fig. 1. Images of convection patterns
of SDC[2,6]. Here we report that this situation is changedwere taken using the shadowgraph apparatus described pre-
dramatically wheno is increased. For=4.0+0.2, we do  Vviously [12].
not find any spirals when increasirgin small steps from In one set of experimentg, was varied slowly from be-
below zero to large positive values. Thus this experimentalow 0 to above 5 by changing it in steps of about 0.1. The
path does not cross an attractor basin of SDC. However,

when € is increased suddenly from below zero to values of 2 ' ' ; ‘
O(1), SDCevolves in the sample interior from random noise JPURRTTLL
[7]. Thus random initial conditions appear to remain within 8¢ .,..--"" i
the attractor basin of SDC even for=4. But this is illusory 16} ...-"° ]
since the SDC turns out to be a transient rather than a stable o

attractor. At very long times, the spirals coarsen, forming Gy o

larger and larger spirals until only one giant spiral fills nearly

the entire cell. At even longer times the giant spiral is not 120 . i
stable either; its head slowly drifts toward the sidewall and 1l -t |
disappears from the cell, leaving a state similar to those ob- ‘ ‘ ' : , w

tained by increasings gradually. Our observations differ

from those of Assenheimer and Steinbd®)9], who re-

ported SDC in a sample of $Fnear its critical point with FIG. 1. The Nusselt numbe¥ vs e for I'=45 obtained while

Prandtl numbers similar to and even larger than ours. increasinge quasistatically. For this run, the top temperature was
A detailed description of the apparatus was given in Ref16.5°C andAT,=4.50°C.
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FIG. 3. The solid circles are the mean wave vectors obtained in
the run of Fig. 1 by increasing quasistatically fol’=45. The open
circles are wave vectors obtained from the SDC state before the
coarsening process had progressed significantly. The horizontal bars
through the data points correspond to the width of the structure
function S(k). The plus and cross are the wave vectors reported in
Ref. [9] for rolls and hexagons, respectively. The solid line is the
stability boundary for straight rolls in the laterally infinite system.

In the present case, the images were essentially independent
of time at constané. No defect formation occurred because
even the significantly enhanced wave-number range encoun-
tered in the cell interior did not result in any crossing of the
skewed-varicose instability boundary. We illustrate this latter
point in Fig. 3, which at small wave numbers gives the Eck-
haus and at large wave numbers the skewed-varicose insta-
bility as a solid line. The solid circles are the mean wave
numbersk from the present run. They were obtained from
the structure function$(k) (squares of the moduli of the

FIG. 2. Representative images obtained during the experimentétzlc’urler t_ransform)sof the images as des_crlbed elsewHep
run of Fig. 1 wheree was increased graduallya) e=0.5; (by | he horizontal bars represent the widths of the structure
€=2.0: () e=3.7;(d) e=4.5. Up to this value ok, “rolls” (with finctlons, obtained from the second moments$S@£) about
curvature, wall foci, et¢.are stable and time independent. ImagesKk. It is apparent from these data that even the large- and
(e) and (f) are for e=5.0, 1000,, and 6000, after increasing. smallk tails of S(k) are primarily well within the range of
They show the coexistence of hexagon domains with upflow andgtable straight rolls of the infinite system.
downflow at the cell centers and with rolls and wall foci. No spirals ~ \When e was increased further, the formation of cellular
or targets were encountered. flow began near one of the wall foci, as shown in Fi(g)2

for €=5.0. During many horizontal diffusion times these

system was allowed to equilibrate for at least one horizontaflow cells multiplied and spread over a wider part of the
diffusion timeI't, (about 6 h after each step. This proce- sample and evolved into a pattern of coexisting regions of
dure corresponds to an effective ramp ragBe=de/dt hexagons with either upflow or downflow at their centers.
<5.4x 10 ° (heret is measured in units df). It yielded  These regions occurred together with curved rolls and wall
images like those shown in Fig. 2. Fers1, the patterns foci in other parts of the sample. This is shown in Fi¢f)2
consisted essentially of straight rolls, except for typically onewhich is also fore=5.0 but 6000, after e was last in-
or two grain boundaries and perhaps one focus singularitgreased. This pattern is similar to ones observed by Assen-
adjacent to the sidewall. A representative example is showheimer and Steinberf®] (AS) with SFg close to its gas-
in Fig. 2(@), which is for e=0.5. The wide range of over liquid critical point in a cell withI'=80 at e=3.4 and
which relatively straight rolls occur is in contrast to the o=4.5. However, the threshold for and mechanism of hexa-
o=1 case, where significant roll curvature occurs alreadygon generation seems different in our case, since AS report
for €=0.1[13,14. Figures 2b), 2(c), and Zd) are fore= that their hexagons appear already near2.8, and via a
2.0, 3.7, and 4.5. They show that the rolls do acquire significore instability of spirals or targets which do not exist in our
cant curvature as is increased. This curvature is associatedsystem. Apparently the threshold for hexagon generation de-
with a tendency for the roll axes to terminate perpendiculapends on the nature of the previously existing structure.
to the wall. It leads to the formation of additional wall foci  Of greatest relevance to the present issue is that none of
and to a reduction of the roll wavelength in the cell centerthe images obtained in runs like the one described above
For o=1, this phenomenon occurred already eawvalues revealed any spirals. This is so also for the larGer55. In
which were about an order of magnitude smaller, and yieldedontrast to this, fow=1 and similar values of [14,6] the
a time-dependent state with repeated formation of defects innset of SDC was found at=0.55, and SDC persisted to
the cell interior via the skewed-varicose mechanjdi3,14]. abovee=3 where the oscillatory instability was encountered
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FIG. 5. The long-time evolution of the patterns after changing
e suddenly fromey= —1 to €;=1.6 forI'=45. For this run, the top
temperature was 18.0°C, atdl.=4.53 °C. The elapsed timém
units oft,) since the jump ire are(a) t=7500,(b) t=19 000,(c)
t=30000, andd) t=38000.

The dynamic sidewall forcing during the transient typically
led to a small number of concentric rolls surrounding the
random flow field in the center. Stabilizing at various values
of e,=1, we observed a rapid growtftypically within
30t,) of targets and spirals from the disordered flow field, as
shown in Figs. &) and 4f). Simultaneously the mean wave
vector decreased and after a relatively short time settled
down at the points shown by the open circles in Fig. 3. Once
the pattern of spirals, targets, and other defects was gener-
ated, the complicated dynamics of SDC, known from the
experiments at smaller, came into play. For smaller; (say
€,=0.5), no spirals or targets developed and a pattern like
that of Fig. Za) evolved after a relatively short time.

In contrast to the experiments with=1, the SDC state

FIG. 4. The time evolution of the patterns after changing

suddenly fromey,=—1 to €,>0. Imageqa)—(d) are for'=45 and - - .
€,=2.0 with a top temperature of 16.5°C andr,=4.50°C. In which fore;=1 grew from the random initial conditions was

units oft,=10.5 s, the elapsed times since the jumpeiare (a) not stable._ Instead of persistent SD_C dynamips,_ we observed
t=2, (b) t=400, (c) t=2000, and(d) t=8000. Images(e)—(h) & coarsening of the patterns over t|me..Th|s is illustrated by
are forT' =55 ande;= 1.0 with a top temperature of 19.0°C and Fi9S. 4¢) and 4g). The spirals grew in size until after a few
AT,=8.56°C. In units oft,=6.8 s, the elapsed times since the Norizontal diffusion times there was left primarily one giant,
jump in € are (¢ t=2, (f) t=600, (g) t=6000, and (h) nearly cell filling, slowly rotating spiral as shown in Figs.
t=10000. Inboth examples the pattern in the cell interior devel- 4(d) and 4h).
oped from random convective flows, and the spiral-target structures Although the giant spirals lived for several horizontal dif-
coarsened and healed to a single spiral and some defects along tfsion times, experiments over even longer times showed
wall over a few horizontal diffusion timeBE?t, . that they were not really stable. This is illustrated in Fig. 5.
At 7500, after a jump ine to e;=1.6, one giant spiral is
at thato value. The total absence of spirals in our experi-positioned with its core centered in the cell. As shown by the
ment also differs from the results reported by AS, who forother images, this core location is not stable; the core gradu-
o=4.3 found spirals and targetzero-armed spiralsfor  ally drifts towards the wall while the radius of the spiral
€=0.84. decreases so that it roughly equals the distance of the core
In a second set of experiments we increasesliddenly  from the wall. During this process, no new spirals or targets
from e;=—1 to €;>0. Care was taken to increageas are born. At a time shortly after that of imagé&dh the core
quickly as possible to the final value in a smooth, monotonideft the cell altogether and a state of straight-curved rolls and
manner without overshooting. This procedure yielded smallwall foci similar to the ones obtained by the slow increase of
amplitude random convective flows in the cell center aftere (Fig. 2) remained.
only a fewt,. Examples are shown in Figs(a} and 4e). For o=4 andI'=45 or 55, we found that SDC can be
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attained from the random flow fields generated by a jump irorder of magnitude smaller than ours {8'%t,). Finally we

€, but not by quasistatic changes afThis is in contrast to note that AS used a sample with=80 which is a factor of
o=1, where SDC is difficult to avoid foF =30 [2,6] no 1.5 larger than one of ours. One might conjecture that larger
matter howe is varied. We also demonstrated by experi-I' (=80, the AS valug stablizes SDC fore=4, whereas
ments extending over very long times that SDC, oncd =55 (our larger valugdestabalizes it. This would require a
formed, is unstable in our samples with=4. It coarsens Strong o dependence Ok(o,I') because SDC is readily
and evolves into a single cell-filling spiral, whose core thenattained, for instance, fof =30 ando=1. If this trend in
drifts from the cell center towards the sidewall where it dis-o dependence continues for>4, AS should not have ob-
appears. Our results differ from those of Assenheimer angerved SDC in their cell witl'=80 at their much higher

Steinberd8,9], who found SDC without coarsening over the Prandtl numbers, up to 20 or larger. We conclude that the
wide range 2.8 =28, with the spirals gradually being re- differences between the two experiments remain unresolved,

placed by targets as increases. The reason for this differ- and that additional measurements, particularly as a function

ence is unclear. However, we note several differences beo-f I', are required to shed light on this problem. Unfortu-

tween the two experiments. In one run with- 4.5 described nately it is difficult to reach Iarge_F_vaIues using acetone
by AS in some detail9], they used a cell for whicA T, was becauseAT; becomes very large  Is reduced.

two orders of magnitude smaller than ours. Thus, assumin Finally we re_mark thgt It vy(_)uld be interesting to search
that their temperature control was similar to ours, their ex- r t_he coarsening ar_1d instability of SDC in solutions of the
perimental noisdspatial as well as tempoyain € presum- Navier-Stokes equations.

ably was two orders of magnitude larger than ours. Further- We are grateful to Werner Pesch for permitting us to use
more, extremely slow ramp rate8=5x10"° like ours his program and for his advice during the calculation of the
would be more difficult to attain wheA T is very small.  stability boundary in Fig. 3. This work was supported by the
Also, the total time intervals over which they observed SDCNational Science Foundation through Grant No. DMR94-
at constante were onlyO(I'?r,) [15] and are at least an 19168.
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