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Convection near threshold for Prandtl numbers near 1
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Rayleigh-Benard convection in two cylindrical geometries with different sidewalls and with radius-to-
height ratios I'=41 and 43 was studied with shadowgraph imaging and heat-transport measurements.
The working Quid was CO2 at 25.3 bar with a Prandtl number o.=0.93. For one of the cells (1 =43), ax-
isymmetric convection rolls were stable above onset up to e=—6T/6 T, —1 =0. 19, where 5T, is the criti-
cal temperature difference. The amplitude of the center of the concentric patterns, the umbilicus, much

larger near onset than that of the outlying region, grew as e ', with Il, =0.27+0.04. Outside the umbil-

icus, the amplitude grew as e, with /32=0. 48+0.04. For I =41, axisymmetric convection rolls, coexist-
ing with an annular cross-roll state confined near the sidewall, were the preferred patterns above onset
and remained stable up to an e of 0.08. The umbilicus of the concentric convection pattern shifted
slightly off center as e was increased, but the shift never exceeded 50%%uo of the cell depth. For e) 0. 10,
the patterns were unstable and evolved over many horizontal thermal diffusion times to straight-roll pat-
terns with defects and grain boundaries. . The process involved the umbilicus moving toward the
sidewall, accompanied by radially traveling waves emitted by the umbilicus. While the umbilicus emit-
ted, the crossrolls adjacent to the sidewall traveled parallel to the wall, and rolls were created and des-
troyed at a source and sink, respectively, presumably owing to large-scale Qows generated by the off-

centered position of the umbilicus.

PACS number(s): 47.20.—k, 47.27.—i, 47.54.+r

I. INTRODUCTION

A thin quiescent horizontal layer of Quid heated from
below becomes unstable when the temperature difference
b, T across it exceeds a critical value b, T, [1]. The liow
field which evolves for AT )AT, is known as Rayleigh-
Benard convection (RBC) [2]. The pattern which is
formed by the Aow has become a model for the study of
pattern formation and wave-number selection in dissipa-
tive nonlinear nonequilibrium systems [3]. Even laterally
large systems can display a variety of simple patterns of
high symmetry such as straight rolls [4], concentric rolls
[4—6], or hexagons [7,8], as well as more complicated tex-
tured patterns [4,6,9] which can incorporate different de-
fect structures. The lateral boundary conditions are
found to play a crucial role in determining the selected
pattern, particularly when the system is close to the onset
of convection. The tendency for rolls near a sidewall to
be oriented perpendicular to that wall competes with the
forces that prefer straight rolls far from boundaries
[6,9—11]. For example, in cylindrical convection cells
with a large radius-to-height ratio, two grain boundaries
often separate the dominant straight-roll pattern from
small regions of perpendicular rolls near the sidewall.
The details of how a pattern will respond to the sidewalls
seems to depend upon the Prandtl number o., which is
the ratio of the kinematic viscosity v to the thermal
diffusivity sc. In the present experiment we used CO2 at a
pressure of 25.3 bar as the fIuid. It had o. =0.93. Anoth-
er important parameter which influences the pattern is
the lateral size, or aspect ratio I, of the system. The as-
pect ratio is defined as the ratio of the lateral extent to

the layer height d. For a cylindrical cell, we take I to be
the radius divided by d. For the work to be reported
here, we have used two cylindrical cells with I =41 and
43. They differed primarily in the construction of the
side walls.

When the convection cell is constructed of materials
which lead to horizontal thermal gradients near the
sidewalls, convection rolls tend to align with their axes
parallel to these walls. This sidewall forcing can be either
a transient which exists only when the temperature
difference is being changed, or it can be static in nature
[6,12,13]. Static forcing can be achieved deliberately by
incorporating a heater in the wall [14] or by constructing
part of the wall of highly conducting material [15], or
unintentionally by nonuniform cooling of the top plate or
incomplete thermal contact between the top or bottom
plate and the sidewall [5]. To some extent it is present in
all experimental cells. In the case of circular sidewalls,
the forcing can lead to a concentric pattern [5]. If the
static forcing is too weak, a concentric pattern may first
form but then under steady conditions be unstable near
onset [6]. Sufficiently strong static sidewall forcing will
stabilize it [4,5, 16]. Our cells had relatively weak
sidewall forcing, with this forcing being somewhat
stronger for the I =43 cell. We could also adjust the
forcing somewhat by controlling the contact pressure be-
tween the walls and the top and bottom plates. With
proper adjustment, we were able to create concentric
rolls with minimal forcing.

In the remainder of this introduction we will discuss
some of the interesting issues which arise in large-I sys-
tems with o. close to 1 and within 10% or so of the con-
vective onset. We will mention briefly the relationship
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between our experimental results and these issues. We
will also brieAy discuss previous works which are
relevant.

The ability to create concentric roll patterns offers op-
portunities for the experimental investigation of interest-
ing physical phenomena. One of these is the way in
which the How amplitude grows as AT increases beyond
AT, . In order to describe this, it is convenient to define
the parameter @=AT/5T, —1, which is a dimensionless
measure of the distance from the onset of convection.
For small e, convection under most conditions is well de-
scribed by a Ginzburg-Landau equation [17—19] which
applies to structures of straight or modestly curved rolls.
For straight, uniform rolls, the ampjkitude is expected to
grow as e' for small e. This result has been verified
quantitatively by experiment over a decade ago [20]. For
axisymmetric patterns, the curved rolls away from the
center are also expected to have an amplitude which
grows as e'~ . However, a problem arises in the treat-
ment of the region near the center of the pattern where
the theory at the level of the Ginzburg-Landau equation
encounters a singularity and thus is not applicable
[12,21]. A successful theoretical treatment of this prob-
lem was given by Pomeau, Zaleski, and Manneville [11]
for large-aspect-ratio systems. The region near the um-

bilicus, the region next to the sidewall, and the region in
between were treated separately with appropriate match-
ing of the solutions at the interfaces between them. The
authors predicted that for small e the umbilicus ampli-
tude would grow as e' provided that

g»1/I 2 .
Since the theory is applicable only for small e, and since
Eq. (1) must be satisfied nonetheless, it is clear that a
large-I system must be used for a quantitative compar-
ison between experiment and theory. Earlier experimen-
tal observations using I =10 showed that the amplitude
of the umbilicus was larger than that of the outer regions
and implied that the amplitude grew with an exponent
less than —, [15]. A quantitative experimental investiga-

tion is difficult because the very forcing which stabilizes
the state also makes the bifurcation imperfect, i.e., it pro-
duces "rounding" which distorts measurements near
e=0. In the experiment [15], the region next to the
sidewall convected significantly at e= —0.07, and even
the umbilicus had a noticeable amplitude well below the
threshold of the unforced system. Thus a precise deter-
mination of the exponent was not possible. To study the
predicted e' behavior of the umbilicus amplitude quan-
titatively while satisfying Eq. (1), one not only needs to
study axisymmetric patterns in large-aspect-ratio con-
tainers, but the strength of the sidewall forcing also needs
to be of a size which is just sufficient to stabilize the con-
centric states and yet small enough to cause minimal am-
plitude distortion near @=0. %'e have been able to pro-
duce axisymmetric patterns in our cells with I =40
without the imposition of strong static sidewall forcing.
This has enabled us to explore the axisymmetric state and
its stability in the immediate vicinity of the convective
onset without excessive rounding effects. In the present
paper we will present quantitative measurements of the

umbilicus amplitude which agree with the predictions of
Pomeau, Zaleski, and Manneville [11]. Our results also
illustrate the role of sidewall boundary conditions in
determining the selected pattern at onset.

Stabilization of concentric patterns by static sidewall
forcing offers other opportunities. Koschmieder and Pal-
las [5] as well as Croquette and Pocheau [16] employed it
to study the stability and wave-number selection in these
patterns for silicon oils with large values of cr and with
I =20. They found that the patterns were time indepen-
dent up to @=5 and that the wave number decreased in

several steps as e increased. An experiment using water
with o.=6. 1 and I =7.5 with very little static but some
dynamic sidewall forcing was performed by Steinberg,
Ahlers, and Cannell [6]. For e(0. 16, concentric pat-
terns formed initially but were not stable. For
0. 16 & e & 8, however, concentric patterns were stable and
time independent. These patterns also exhibited wave-

number changes. The center of the concentric rolls, the
umbilicus, shifted from the geometric center of the cell
[6,16] before each wave-number change, merged with a
roll adjacent to it, and then relaxed back to the cell
center. In the process, the Row direction of the umbilicus
was reversed. The net result was a reduction by one in
the number of rolls in the system, i.e., a decrease in the
wave number. Additional similar experiments using
methanol with o. =7 were done by Croquette, Le Gal,
and Pocheau [22]. In all of these experiments, the
Prandtl-number-dependent selected wave number was
consistent with theoretical calculations [23—26].

Later experiments by Croquette [4] using argon with
an even smaller o.=0.7 and I =20 showed a marked
shrinkage in the range of time independence and a
different instability mechanism. For @=0.18 he found
that time dependence set in by nucleation of dislocations
near the wall. The formation of these dislocations was
also associated with a shift of the umbilicus away from
the center. After being formed, the dislocations glided
towards the center where they successively converted the
pattern into a spiral and then back again into concentric
rolls. Nucleation of a new roll by the umbilicus led back
to the original pattern, and the process repeated itself.
Our results with I =40 and o. =0.9 likewise yielded a
rather small range a&0. 1 for time-independent concen-
tric rolls, but at least for one of our cells (I =41) the
mechanism by which the system became unstable was
different. In the time-independent range a&0. 1 and for
both cells, the wave number was essentially equal to its
critical value. Over this small e range and for our
o =O(1), this is consistent with the theoretical prediction
[23—26].

In our weakly forcing cell (I =41) the pattern at small
e consisted of a narrow ring adjacent to the sidewall in
which the roll axes were perpendicular to the wall (cross
rolls). This ring had a width approximately equal to 4d.
It coexisted with concentric rolls which occupied the
remainder of the cell. In the I =43 cell, where the forc-
ing was somewhat stronger, there were no cross rolls, and
the pattern was composed entirely of concentric rolls. In
the I =41 cell, the umbilicus exhibited a small static shift
at finite e away from the geometric center which never
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became larger than —,
' of a wavelength for e (0.08. Time

dependent patterns of radially traveling waves were ob-
served for e) 0.08. This is qualitatively difFerent from
observations [4] with I =20, where (as described above)
time dependence took the form of periodic defect-pair
nucleations at the wall. The radially traveling wave
emanated from the umbilicus, and the position of the um-
bilicus changed abruptly in the vicinity of the geometric
cell center as the wave was emitted. For 0.08 ~ @~0.10,
the waves provided a mechanism for the system to return
temporarily to an essentially time-independent state of
concentric rolls, because the emission of waves ceased
when the umbilicus returned to the geometric center of
the cell. For e )0. 10, the emitting umbilicus became un-
stable and moved from the center to the wall, thereby
leading to the destruction of the concentric patterns. The
resulting time-dependent patterns consisted of curved
rolls terminating more or less orthogonal to the bound-
ary. The patterns then also contained many defects.

An interesting feature of axisymmetric rolls related to
the wave-number selection mechanism discussed in the
previous paragraph is associated with the large-scale
fiows that can exist for finite Prandtl number [23,24,27].
A simple manifestation of these Aows is the shift of the
pattern center away from the geometric center of the cell
which we discussed above [4,6, 16,28]. Recent calcula-
tions [29] have yielded detailed predictions regarding the
stability of the axisymmetric state with respect to off-
center shifts. The ability to study these large-scale-How
effects presents an exciting opportunity for experimental
investigations. With the cross rolls at the sidewall, we
were able to probe the large-scale Bow associated with
off-centered axisymmetric patterns. When the radially
traveling waves appeared, a source-sink pair of the cross
rolls also appeared, with the source being roughly on the
opposite side of the cell from the sink. The nucleation
and destruction of the cross rolls caused traveling cross
rolls which propagated parallel to the sidewall from the
source to the sink. The wave-number distribution for the
cross rolls showed that they were under a mean-Row
stress [28] brought on by the large-scale fiow for the off-
centered concentric pattern.

The more strongly forced pattern with I =43, which
had no cross rolls near the wall, had different stability
behavior. In this case, the umbilicus also shifted away
from the center slightly, thereby compressing the rolls on
the side of the cell towards which it had shifted. At
a=0. 19, the compression led to the nucleation of a dislo-
cation pair next to the wall. This is similar to the mecha-
nism observed [4] for I =20; however, the two defects
climbed the concentric roll along the sidewall in opposite
directions instead of gliding toward the umbilicus. The
umbilicus then began to emit radially traveling waves,
which in turn led to the formation of more defects near
the wall. During this process, the umbilicus itself moved
towards the wall, and after some time any remnant of the
concentric pattern was destroyed.

After the concentric pattern had been destroyed in ei-
ther cell, the resulting disordered pattern of curved rolls
with many defects could be annealed at smaller e and led
to a near-perfect pattern of parallel rolls which were

II. EXPKRIMKNTAI. SETUP

The apparatus is very similar to two others in use else-
where [8,31]. A schematic diagram of the experimental
setup is shown in Fig. 1. The ce11 bottom was a 6.4-mm-
thick aluminum plate with mirror knish, and the top was
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FIT+. 1. Schematic diagram of the apparatus.

stable upon reducing e until their amplitude vanished
near @=0. As had been found [4] for I =20, there were,
however, typically some cross rolls separated from the
main area by two grain boundaries on opposite sides of
the cell in the regions where a pure straight-roll pattern
would be nearly parallel to the cell wall. Upon increasing
e again, these patterns become unstable in the same way
as those for smaller I with argon [4,30]. Significant roll
curvature, centered around the two grain boundaries on
opposite sides of the cell, developed with increasing e,
and the rolls near the center of the cell become
compressed. For e) 0. 1 they were locally unstable via
the skewed-varicose instability. A pair of dislocations
then formed and moved away from the cell center to-
wards the wall by a process involving a combination of
climbing and gliding. For our larger I, however, several
dislocations coexisted in the ce11 interior at a11 times,
whereas for I =20 the dislocations were able to reach the
wall before a new nucleation of a pair would occur [4] in
the cell center. An interesting question is whether this
mechanism wi11 continue to prevail as I is increased fur-
ther. Preliminary measurements by Morris et al. [31]for
a cell with I =78 and for o.=0.9 suggest that defect nu-
cleation may occur at several places in the cell rather
than only in the cell center.

In the next section we present a description of the ex-
perimental apparatus. The results of the amplitude and
wave-number dependence on e are presented in Sec. III.
The stability of the concentric patterns, the interaction
between concentric rolls and cross rolls, and the stability
of straight rolls are discussed in Sec. IV. In Sec. V are
further discussions and a brief summary of the endings.
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a 9.6-mm-thick optically Hat sapphire window. The sap-
phire has a conductivity of about 0.37 W/(cm K), which
exceeds that of the gas by a factor of about 2000. The
conductivity of aluminum is an order of magnitude larger
yet. Thus, for the purpose of heat-transport measure-
ments, we have ignored the temperature variation across
the thickness of both plates. The temperature of the bot-
tom plate was measured with two thermistors embedded
in it horizontally at midheight. A 92-0 film heater was
glued to the bottom side of the bottom plate to provide
the heat current to drive convection. Two different circu-
lar sidewalls were used in the study, both made of three
layers of 0.34-mm-thick cardboard paper. One had a
spoiler tab [32,33] of thickness 0.34 mm at midheight ex-
tending 3.0 mm toward the center of the cell, while the
other had no spoiler tab and thus a straight vertical edge.
The conductivity of the paper is approximately 0.002
W/(cm K), which exceeds that of the gas by a factor of 10
and is smaller than that of the sapphire by a factor of
200. The sapphire window was held rigidly at its edge,
and adjustments of its vertical position could be made in-
dependently of the sidewall at three points spaced about
120 apart. The uniformity of the cell height d was ad-
justed to within 0.002 mm by changing the sapphire posi-
tion. The cell height could be changed by as much as
0.05 mm, thus changing the thermal attachment of the
sidewall to provide adjustment of the static sidewall forc-
ing. The drawback of this arrangement was the uncer-
tainty in d, as we had no means to measure it directly
after all adjustments were finished. However, it was
determined indirectly through a comparison of AT, with
that of a calibration cell with a known cell height and
through the assumption that at onset the wave number of
the straight-roll structure was very close to the critical
wave number, q, =3.117. For both sidewalls, d was
determined to be 1.05 mm with an uncertainty of 1%.
The sidewall with the spoiler tab had an aspect ratio
I =(radius)/d of 41, and I for the other sidewall was 43.
The cells were filled with CO2 at 25.3 bar with a Prandtl
number of 0 93. The pressure was regulated by a
temperature-controlled external ballast volume of gas.
The pressure at the cell equilibrated with the ballast pres-
sure extremely rapidly. The system pressure was regulat-
ed to within 0.005%%uo by measuring it with a pressure
transducer and by varying the ballast-volume tempera-
ture so as to minimize the deviations of the pressure-
transducer readings from a setpoint. The variations of
4T, due to pressure variations were less than 0.01%%uo.

The time scale of the pattern dynamics is expected to be
proportional to the vertical thermal diffusion time
~, =d /~, where ~ is the thermal diffusivity. For our cell
we had ~, =3.2 s. The cell was immersed in a circulating
water bath whose temperature was measured by two
thermistors placed near the water-pump outlet. The wa-
ter temperature was controlled by heater wires placed be-
tween the water pump and the thermistors. The temper-
ature regulation of the water bath yielded a temperature
of the cell bottom of 33.702'C on our temperature scale
and with no heat input to the cell bottom. The cell-
bottom temperature Auctuated slowly about a mean value
by a few tenths of a milli-Kelvin. The mean temperature

was steady for as long as a week within 0.2 mK.
The observation of the convection pattern was through

the shadowgraph visualization method. A laser diode
with a 45-pm aperture was used as a point light source.
It was situated at the focal point of a telescope-quality
lens. The light passing through the lens formed the
parallel beam necessary for the imaging method. The ad-
dition of a camera lens before the charge-coupled-device
(CCD) camera allowed control of both the image contrast
and the image size. In the following sections, the pro-
cessed shadowgraph images follow the convention that
black regions correspond to hot Quid and white regions
correspond to cold Auid. The processes simply involved
dividing an image with convection by a background im-
age taken in the conduction state. The image division
took out distortions due to lighting nonuniformity and
inhomogeneities of the cell-bottom reAectivity. For visu-
al representations of the Aow patterns, the divided images
were rescaled so as to give good contrast. Quantitative
determinations of amplitudes were based on the divided
images, but of course without rescaling.

Finally, we mention here that the apparatus was locat-
ed on a rotating table, thus enabling us to study the effect
of a Coriolis force on the convection. However, the work
reported in the present paper was done without rotation.
As described below, we did use rotation to break up con-
centric patterns and thereby prepare straight-roll pat-
terns when this was desired.

III. TIME-INDEPENDENT CONVECTION
NEAR ONSET

A. Patterns near onset

Experiments in gases differ from experiments done in
other Auids in an important respect: the relationship be-
tween the conductivity X of the sidewall material and
the conductivity A,f of the fiuid. Gases have such low
conductivities that suitable sidewall materials have k at
least one order of magnitude greater than A,f,' by compar-
ison, for liquids A, can be comparable to A f . A
mismatch in the conductivities of the sidewall and the
fiuid can produce a horizontal temperature gradient near
the wall if the top and/or bottom plates have a finite (al-
beit large) conductivity. This is so because the vertical
heat currents through the wall and the Auid, and thus
through those portions of the top (bottom) plate above
(below) them, differ. This effect is one of the typical
causes of static sidewall forcing [6]. It exists even when
the wall makes good thermal contact with the top (bot-
tom) plate. When this contact is poor, additional hor-
izontal gradients will be induced in the Quid adjacent to
the wall because then the wall will have a smaller vertical
thermal gradient than the fiuid near it. In our experi-
ment, the cardboard sidewall material had a conductivity
10 times that of the gas and a factor of 200 less than that
of the sapphire. In addition, the amount of heat conduct-
ed through the sidewall is about equal to that which
passes through the gas layer. The consequent forcing was
not sufhcient to cause the patterns to have the cylindrical
symmetry of the cell when the wall was compressed by
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FICi. 2. Calculated deviations from a constant vertical tem-
perature gradient near the sidewall. Portions of the sidewall,
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I =43 wall in good contact with sapphire, (b) the I =43 wall
used in the experiment, (c) the I =41 wall used in the experi-
ment. The dimensions are to scale. The numbers indicated de-
viations from the linear profile of a horizontally infinite layer in
0.1%.

and thus thermally well attached to the top and bottom
plate. An intentionally created gap of about 0.01 mm be-
tween the sidewall and the sapphire or bottom plate
which was created by slightly increasing the cell spacing
reduced the thermal contact and thus enhanced the hor-
izontal gradients. It was required to generate and stabi-
lize concentric patterns near the onset. However, this
procedure did not always produce concentric patterns
when the cell was taken apart and reassembled. This sug-
gests that there are some uncontrolled variables, presum-
ably involving the precise positioning of the wall relative
to the sapphire and the bottom plate, which contributed
to the sidewall forcing.

In order to gain some insight into the thermal sidewall
forcing, we calculated the temperature fields in our cells
near the wall assuming the fluid was at rest. The calcula-
tion was done by assuming constant-temperature bound-
ary conditions at the top of the bottom plate (bottom of
the fiuid) and at the top of the sapphire. This is con-
sistent with an effectively infinite bottom-plate conduc-
tivity and a large but finite conductivity of the sapphire.
Shown in Fig. 2(a) is the temperature field created by the
I =43 sidewall when it is thermally well-attached to the
sapphire. The contour lines shown in the figure corre-
spond to constant deviations of the temperature from the
constant vertical temperature gradient which would exist

in the laterally infinite system without a sidewall. The
numbers labeling the lines are the deviation, in units of
0.1%, of the total imposed temperature difference. For
this straight-sidewall case with no gap, the horizontal
temperature variation is about 0.3% and extends laterally
about 2d into the fluid. For this case, the distortion of
the temperature field is caused entirely by the tempera-
ture gradient in the sapphire, which is larger above the
wall than it is above the fluid. Results of a calculation
with a gap of 0.01 mm between the wall and the sapphire,
which corresponds approximately to the experiment with
I =43, are given in Fig. 2(b). They show that a substan-
tial increase of the temperature distortion occurs near the
gap. Instead of only 0.3%, the horizontal temperature
variation is as large as 8%. The lateral range of the tem-
perature inhomogeneity is comparable to that in Fig. 2(a).
To reduce this lateral range, a spoiler tab [32,33] was
added to the sidewall. The resulting temperature field is
shown in Fig. 2(c). The temperature distortion near the
gap is as big as before, but since the tab physically
prevents convection in the region where the deviations
are large, the deviations do not matter. The end of the
tab defines the region over which the fluid can convect,
and it is the distortion of the temperature field generated
by the tab that is important. The deviation near the tab
is around +11/o, but this field is dipolelike and decreases
rapidly away from the tab, reaching below 0. 1%%uo just ld
into the cell. This case corresponds approximately to our
I =41 cell.

The strong forcing by the sidewall without a spoiler tab
(I =43) produced concentric rolls at onset, as seen in Fig.
3(a). For the I =41 sidewall with a spoiler tab the pat-
terns were also concentric rolls except for a narrow band
of cross rolls next to the sidewall as seen in Fig. 3(b). The
cross-roll region extended approximately from a radius of
37d to the wall at 41d. Cross rolls adjacent to the
sidewall in an otherwise concentric pattern have been ob-
served previously, but so far as we know only as tran-
sients which after a long time led to a complete destruc-
tion of the concentric pattern [6,16]. In our cell, the state
illustrated in Fig. 3(b) was stable. The cross-roll wave-
length was 9% bigger than that of the concentric rolls
near onset, and it decreased as e was increased. For both
types of time-independent concentric patterns, the wave
number of the concentric rolls did not vary measurably
with the radius but decreased very slightly with e.

In addition to the concentric-roll patterns, straight-roll
patterns could be produced by different procedures. One
possible procedure consisted of applying a large amount
of heat to the system in the conduction state, sufhcient to
bring it to e = 1; this produced a disordered time-
dependent pattern full of defects and grain boundaries.
Reducing the heat input until e was near 0.08 would then
permit the disordered pattern to heal to a tim. e-
independent straight-roll pattern [Fig. 3(c)]. This pro-
cedure could be extremely time consuming since the tran-
sients at the small e sometimes lasted several days before
they had decayed completely (on other occasions they
might die out in half a day). Similar very long transients
(much longer than horizontal thermal diffusion times
which in our case were about 5000 s) have been observed
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in previous experiments [6,9]. Alternatively, straight-roll
patterns were obtained by utilizing the Kuppers-Lortz
(KL) instability [34]. The apparatus was rotated about a
vertical axis with a su%ciently large rotation rate to allow
the KL instability to break up the axisymmetric pattern.
At rotation rates which were not too large, the coherent
domains of straight rolls in the KL state were rather
large, and after rotation was stopped, the transient which
led to a pattern like the one in Fig. 3(c) was over in less
than a day.

Measurements of the Nusselt number X for the
parallel-roll state and the concentric patterns for I =43
are shown in Fig. 4. The Nusselt number is defined as the
ratio of the effective conductivity of the Quid to the con-
ductivity in the conduction state. Thus by definition it is
equal to 1 in the conduction state. It increases linearly
with e for 0&a«1. The convective heat transport for
the concentric-roll pattern and the straight-roll pattern
was the same within experimental errors. Fitting X to a
quadratic polynomial in e (but omitting the points in the
rounded region (e (0.006), we found A. T, =3. 178
+0.002 C. The rounding of N near AT, was quite small,
with X at hT, equal to only about 1.002. Thus the
sidewall forcing did not alter the bifurcation to convec-
tion very much near onset.

FIG. 3. Patterns at @=0.04. (a) Concentric-roll pattern for
I =43; (b) cencentric-roll pattern for I =41; (c) straight-roll
pattern for I =43.
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FICx. 4. The Nusselt-number results for I'=43 which were
used for the determination of AT, . The data are for straight
rolls (decreasing AT, ) and for concentric rolls (increasing hT,
a).

B. Amplitude and wave-number dependence on e

The stabilization of concentric-roll patterns near onset
without strong sidewall forcing permitted the investiga-
tion of the wave-number selection near onset and of the
dependence of the amplitude on e. The patterns were im-
aged with the shadowgraph visualization method. The
relation between the measured intensity variation and the
underlying temperature-field amplitude was studied pre-
viously by Rasenat et al. [35] for a conventional shadow-
graph setup. For the shadowgraph configuration in our
experiment, the results from the above paper could be ap-
plied with slight modifications.

In order to be certain that the shadowgraph images
yielded reliable data, we measured the steady-state ampli-
tude for straight-roll patterns for 0.001 & e & 0. 10. We let
the parallel rolls relax to a steady state at @=0.01 for five
horizontal thermal diffusion times before starting to take
data by slowly changing e in small steps. The rolls tend-
ed to end perpendicular to the sidewall; hence cross rolls
formed at the two sides of the straight rolls as in Fig. 3(c).
As t increased, the cross-roll region grew, and the
straight-roll wavelength decreased. When the cross rolls
became too long, they shrank in size, inducing a sudden
change in the number of straight rolls present. The e
value at which this event occurred varied from one run to
the next but was typically between e of 0.02 and 0.06.
One image for each cell, composed by vertically stacking
a 1d wide region across the center of the cell in increasing
e order, illustrates this pattern evolution in Fig. 5 (1 =41)
and Fig. 6 (I =43). As can be seen, the wave-number q
for the straight rolls changed with e. A plot of q mea-
sured along the line joining the two cross-roll patches for
the I =41 cell is shown in Fig. 7 (solid squares). The
wave number of the straight-roll pattern at onset is taken
to be at the critical wave number q, =3.117. For the
straight-roll patterns, the compression by the cross rolls
induced a wave-number distribution, and we show the
standard deviation of q by the horizontal bars in the plot.
The wave number jump at @=0.04 resulted from the
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FIG. 5. Composite shadowgraph image showing straight-roll
pattern evolution with e for I =41.

change in cross-roll size as mentioned above. Also shown
in the figure are the wave numbers of the concentric-roll
pattern (solid circles) in the I =41 cell. Unlike that of
the straight-roll patterns, the wave number of the concen-
tric patterns did not vary measurably with the radial lo-
cation. The wave number decreased very slightly with e,
and agreed to within experimental accuracy with the
theoretical predictions by Manneville and Piquemal [24]
and Buell and Catton [26].

For I =43, we made quantitative amplitude measure-
ments of the straight rolls. To obtain the amplitude, we
first divided a background image without convection by
images taken with convection. This procedure yielded a
linear relationship between the shadowgraph intensities
and the convective amplitude as explained in Ref. [35].
A region of width 1d along the rolls and length 5d per-
pendicular to the rolls centered at the cell center was ex-
tracted and then averaged along its width to produce a

C.=O.OO1

FIG. 6. Composite shadowgraph image showing straight-roll
pattern evolution with e for I =43.

FIG. 7. e dependence of wave numbers for I =41. Concen-
tric rolls: ~. Straight rolls: ~. Cross rolls in the concentric
patterns: f. Marginal stability curve: M. Ekhaus instability
boundary: E. Skewed-varicose instability boundary: SV. The
dashed line represents the theoretical prediction of the
concentric-roll wave number. The wave number for straight
rolls at onset was used to calibrate the length scale and was tak-
en to be q, =3. 117.

one-dimensional data set consisting of 45 points I(x). A
fit of I(x)=I +Io sin(qx+P) was performed. Here q is
the wave number of the rolls and I is the mean intensity
ratio. Ideally, I should be equal to 1, but the fits gave
values over the range from 0.94 to 1.02. In general, Io
would depend on the geometry of the shadowgraph set-
up, q, and e', but we held the shadowgraph parameters
constant and thus changes in Io were caused by changes
in q and e only. A plot a Io vs AT is shown in Fig. 8, and
one can see the linear dependence for 6T (3.42 C.
Since there was some deviation of q from q„wefitted the
data with the function IO =Ice[@—gc(q —q, ) ]~, which is
based on the amplitude equation [12]. Here go=0. 148, q
is obtained from the fit to the data, and q, is the average
of q for e(0.015. It turned out that the q-dependent
correction was essentially negligible. Since any nonuni-
formity of the cell can introduce variations of the local
ET„wedid not use the AT, from the Nusselt-number
measurement, which would be a global average. Instead
we allowed AT, to vary for all fits concerning amplitude
variations. This produced 6T, =3. 171+0.003 'C, close
to the Nusselt-number result, and P=0.52+0.06 in good
agreement with the predicted exponent of 0.50.

Even in the more strongly forced cell I =43, the per-
turbation due to the sidewall forcing was quite small. It
did not force rolls of detectable amplitude below
e= —0.006. We can see this in Fig. 9, which is a plot of
the shadowgraph intensities of the concentric rolls as a
function of radius averaged over a 40 angular range. At
e= —0.008 no convection was observable, but at
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e = —0.004, five roll pairs were detectable near the
sidewall (r =43). The umbilicus (r =0) had a higher am-
plitude than the rolls situated at larger r, but the
difference decreased with increasing e. For @=0.007 the
umbilicus amplitude is more than twice that of the en-
velope region (the region with an approximately constant
amplitude outside the umbilicus) whereas for @=0.035
the ratio is only about 1.7. This indicates that the umbil-
icus grows more slowly with e over this range of e. Also
noticeable is the inhuence of the finite correlation length
near the sidewall, where the amplitude grows noticeably
over a range varying from about 15d at v=0.007 to about
7d at @=0.035. To get the amplitude of the umbilicus for
a concentric pattern, we took a 0.8d X 0.8d region
around the umbilicus (9X9 pixels) and fitted the inten-
sity to the function I(x,y)=I +ID+I, [(x —xo)
+(y —yo) j. Since I is correlated with Io, we set I
equal to the mean of the entire image; of course, it once
more was within a few percent of unity. The parameter
Ip is proportional to the amplitude at the umbilicus
which is located at (xo,yo). For the envelope, we aver-

aged the intensity azimuthally over a 20' angular range to
get I(r) and fitted I(r) to I(r)=I +Io sin(qr+P) over
the range 10d & r &22d. The results for the umbilicus,
and for the envelope at two directions 180' apart, are
p otted in Figs. 10 and 11. The difference in the e depen-
dence of the amplitude at the umbilicus and away from it
is apparent in these figures. The slight difference ob-
tained for the envelope in the two opposite directions is
the result of shadowgraph contrast variations caused bue y

F 0

optical imperfection. As can be seen by comparison 'thn w1

ig. 8, the amplitude of the envelope region is very close
to that of the straight-roll pattern at the same e. This is
expected from the Nusselt-number measurement, which
showed that the heat transports were very close for the
two different patterns. The contribution of the umbilicus
to the heat transport is small despite its higher amplitude
since it accounts for only a very small portion of the total
area. Because the wavelength did not change with ra-
dius, we fitted the data, again allowing AT, to vary, with

Ip =Ippe ' for 0.01 ~ e ~ 0.06 and obtained
P2 =0.48+0.04 for the region outside the umbilicus.

The growth of the umbilicus with e depends on the
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FIG. 9. Shadowgraph intensity vs radial position for concen-
tric rolls and I =43. Top to bottom: @=0.035, 0.007, —0.004,
and —0.008.

FI~. 1&G. 1 1. Ip vs 6T For concentric-roll patterns and I =43.
Umbilicus: ~. Envelope averaged from —10' to 10': X. En-
velope average from 170 to 190: +.
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competition between finite size effects and the increase of
For sufficiently small e it grows like e'; but when
(I 'ir) '

( =0.008), it is expected to grow as e'~ [11].
In their simulation for I =32, Pomeau, Zaleski, and
Manneville [11] found this e' behavior to extend up to
e=0.04, beyond which higher-order nonlinearities
caused the effective exponent to be larger than —,'. Our
shadowgraph resolution and cell uniformity were not
suitable for investigations of the e' scaling at very small
E but did allow us to explore the e' scaling of the umbil-
icus. Our result for the umbilicus, IO=I00e — for
0.005 ~ e ~ 0.060, confirms the theoretical predictions.

IV. SECONDARY INSTABILITIES

A. Instability of the axisymmetric pattern

The first instability encountered by concentric-roll pat-
terns as e is increased has been well established [4,6, 16].
The generic feature from these experiments in Auids cov-
ering the low- to high-Prandtl-number range is an off-
center shift of the umbilicus. This change in the umbil-
icus position is now understood to be caused by the focus
instability that arises from the competition between roll
phase diffusion and a large-scale fiow field [28,29]. The
threshold for this instability is expected to depend on
both the Prandtl number of the Auid and the aspect ratio
of the cell [29]. The two different sidewalls in our experi-
ments had considerably different forcing strengths, and
we found that the one with the greater forcing enhanced
the stability of the concentric pattern.

In the Introduction we discussed the evolution of the
pattern beyond the focus instability. For low Prandtl
numbers and modest aspect ratios it involved local wave-
number distortion and nucleation of dislocations, a pro-
cess apparently related to the skewed-varicose instability.
An interesting question then arises about what would
happen if the skewed-varicose instability did not occur.
This can be studied in a larger-aspect-ratio cell. For a
given umbilicus displacement the compression-induced
wave-number change is proportional to 1/I, and thus for
large enough aspect-ratio cells, the skewed-varicose insta-
bility boundary would not be crossed even for a
significant umbilicus displacement. Indeed, in our larger
cells, we find new instability mechanisms involving the
emission of traveling waves by the umbilicus, as well as
transients during which the umbilicus moves from the
cell center all the way to the wall. Below we concentrate
first on the less-forcing wall with the spoiler tab (I"=41).

In the I"=41 cell, the umbilicus started at the
geometric center of the cell at onset, and as e increased, it
moved very slightly off center. Meanwhile, the pattern
remained stable and time independent. The amount of
static off center shift depended weakly on the e ramp
speed, but even a quasistatic ramp caused a measurable
shift in the umbilicus position. The shift was always less
than —'d (1.2% of the cell radius) for time-independent
patterns. With that in mind, we adopted a relatively fast
ramp, going from e= —0.02 to 0.093 in 16 equally spaced
steps while waiting 400~, at each step. The umbilicus po-
sitions at the various e steps are shown in Fig. 12 as solid
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FIG. 12. Positions of the umbilicus for I =41. ~ are for the

e steps at the beginning of the run up to @=0.093. A is the po-
sition after equilibration at @=0.093 when the roll emission by
the umbilicus started. ~ is the final position when the roll

emission stopped. The solid line shows the umbilicus positions

during the run.

circles. At @=0.093, the system was allowed to equili-
brate for 1200~, . During that time the umbilicus had
moved about —,d away from its initial position, to the
point shown by the up-pointing solid triangle in Fig. 12.
The pattern at that point became time dependent. A ra-
dially traveling wave appeared. It was caused by the re-
peated sudden emission of a new concentric roll by the
umbilicus, followed by a much longer quiet period. The
umbilicus moved abruptly with the emission of each new
roll. As the wave propagated outward, the umbilicus re-
laxed slowly to a new position. The umbilicus position is
given by the solid line in Fig. 12. A detailed view of ap-
proximately one cycle of the umbilicus emitting the wave
is shown in Fig. 13. To see the traveling wave more
clearly, we took 30' wedges centered at the umbilicus for
two opposite directions, and averaged the intensity az-
imuthally for each wedge. ,The result was then processed
into a space-time plot, with a typical one shown in Fig.
14. It is apparent from Fig. 13 as well as from Fig. 14
that the Quid How at the umbilicus did not vary
sinusoidally, but rather varied in a step-function-like
manner. The time between each emission of a new roll
was not constant, but it is clear from the figure that the
interval is quite long, on the order of one to two horizon-
tal diffusion times. For 0.08&@(0.10, the umbilicus
typically emitted a new roll from 3 to 12 times and then
stopped when it had returned to within —,

' d of the
geometric center of the cell. For the particular run de-
scribed above, this is shown by the down-pointing trian-
gle in Fig. 12. The pattern was time independent after-
wards.

Traveling waves in axisymmetric patterns had been
predicted by Tuckerman and Barkley [36] for cells with
conducting sidewalls. These waves seem to be unrelated
to our experimental observation. They were periodic,
traveled from the wall to the center, and were nearly
sinusoidal in shape. As discussed above, in the experi-
mental system the waves traveled in the opposite direc-
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(c)

(e)

tion, were highly asymmetric, and were nonperiodic.
The time dependence of the pattern is correlated with

the global heat transport, as seen in Fig. 14. Between the
emission of new rolls, while the pattern was steady, the
heat transport was large and thus AT decreased. During
the emissions AT was high, corresponding to reduced
heat transport. The variation in AT was exceedingly
small, only around 0.4 mK, which corresponded to a
0.03% change in the heat transport.

For e 0. 10, the umbilicus initially moved in a manner
similar to that shown by the solid line in Fig. 12. Howev-
er, it never returned to the cell center. Instead, it contin-
ued emitting and eventually moved far away from the cell
center toward the sidewall. This sequence of events is il-
lustrated in Fig. 15. The umbilicus speed during this pro-
cess is shown in Fig. 16. It initially increased linearly
with the distance from the center until the umbilicus had
traveled about half the distance to the sidewall, and then
increased even more rapidly. In the end, the umbilicus
collided with the sidewall and disappeared, and a tirne-
dependent straight-roll pattern with several defects
remained.

Coupled to the radially traveling waves was the move-
ment of the cross rolls near the sidewall. Below e =0.08,
where the concentric pattern was time independent, the
cross rolls also were time independent. As e was in-

FIG. 13. Magnified view of the umbilicus emitting a radially
traveling wave at @=0.099 and for I =41. Elapsed times (arb.
orig. ) are (a) 0, (b) 100~„(c)200~„(d)300~„(e)1300~„(f)
1400~„(g)1500~„(h)1600~, .

Sidewall

Umbilicus ="' "-"-'=--;
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FIG d 14. Space-time plot of radially traveling wave at
@=0.098, and corresponding AT variations (in 'C) for I =41.

FIG. 15. Destruction of concentric-roll pattern at e=Od102
and for I =41. Elapsed times (arb. orig. ) are (a) 0, (b) 5600~„
(c) 7800~„(d)8520~„(e)9240~„(f)98407,
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FIG. 16. The radial umbilicus speed as a function of its radi-
al position. The data are for I =41 and @=0.102.
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creased from 0 to 0.08, however, three cross-roll pairs
were lost and the cross-roll wave number changed. This
is shown by the diamonds in Fig. 7. There the steps in q
correspond to the roll-pair losses. The horizontal bars in-
dicate the standard deviation of q due to its azimuthal
variation. We see that the cross-roll wave number was
close to the left Eckhaus instability boundary, and as e
increased, the wave number decreased. For e )0.08,
where the umbilicus was displaced from the center and
emitted the traveling wave, the cross rolls traveled az-
imuthally, and a cross-roll source and sink were present.
The source was situated in the direction of the umbilicus
displacement from the center, while the sink was approxi-
mately opposite it. Figure 17(a) shows a space-time plot

of the cross-roll dynamics. The source and sink regions
are enlarged in Figs. 18 and 19. There was an obvious
asymmetry between roll creations at the source and an-
nihilations at the sink. New roll pairs were created at rel-
atively uniform time intervals, but roll destructions usual-
ly occurred in batches of 6—8 roll pairs.

The traveling nature of the cross rolls, and existence
and positions of the source-sink pair, suggest that a
large-scale Row was present in the cell when the umbil-
icus was oP center. It is known that in low-Prandtl-
number convection, the roll curvature induces a large-
scale flow which in turn interacts with the rolls [27]. In a
strictly axisymmetric pattern, no net large-scale How is
expected in any direction. This is not true, however,
when the umbilicus is away from the center of the cell.
In an experiment by Croquette et al. [28], large-scale
Aow was shown to move from the umbilicus toward the
nearest sidewall, with backflow along the sidewall. If the
same situation existed in our experiment, then the large-
scale Aow would travel from the source to the sink along
the wall, i.e., in the same direction as the motion of our
cross rolls.

Using a sliding window of width 10 rolls to perform
Fourier transforms on the cross rolls, we obtained their
local wave numbers. A typical result for @=0.09 during
the time-dependent phase is shown in.Fig. 20. The spa-
tiotemporal behavior of the wave numbers is shown in
Fig. 17(b). The sink region had a larger and the source a
smaller wave number. This is similar to results obtained
in an annulus [28], where rolls in the presence of through
How were shown to develop a wave-number gradient.
The through Aow was imposed by running fIuid from an
inlet to an outlet, with the outlet located opposite the in-
let. The rolls near the inlet had smaller wave numbers
while near the outlet they had larger ones. On the basis
of the existence of the source-sink pair, the traveling na-
ture of the cross rolls, and the wave-number gradient, we
believe that the behavior of the cross rolls was strongly
influenced by a large-scale Aow which existed for the ofT'-

center concentric-roll patterns.
The interaction between the cross rolls and the concen-

tric rolls was complex. At small e, where the umbilicus

FIG. 17. Space-time plot of cross rolls for a=0.099 and
I =41. Time increases in the upward direction, and the images
cover 6930~, . The horizontal axis covers 360. (a) Shadow-
graph intensity of the rolls. (b) Grey-scale-coded wave num-
bers of the rolls (white: large wave numbers). FIG. 18. Enlargement of the source region of Fig. 17(a).
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FIG. 19. Enlargement of the sink region of Fig. 17(a).

was not emitting, the cross rolls were stationary, except
for some wave-number adjustment when e was changed.
The cross-roll wavelength increased with e. This was
achieved through destruction of rolls near the sink re-
gion. At larger e, where the umbilicus was off center,
complicated cross-roll dynamics existed. As soon as the
source first started to create new rolls, the umbilicus
started emitting. While the source activities preceded the
umbilicus activities in most runs, there were several oc-
casions when the reverse was true. The sink usually was
the last location (among the source, sink and umbilicus)
for activity to start, but the source would sometimes
create new rolls long after the sink had stopped roll de-
structions. The complexity of the cross-roll and
concentric-roll interactions arose from wave-number-
distortion fields that were hard to quantify. Our interpre-
tation of the observed events is that the large-scale Aow

generated by the emitting umbilicus drove the cross-roll
motions through wave-number distortion. The sequence
consisting of the umbilicus emitting and cross-roll
creation or annihilation was determined by residual

wave-number stress, which could vary with the past his-
tory of the events. Thus each time sequence was slightly
different, the details depending on the wave-number dis-
tortion that persisted following an emission at the umbil-
icus.

The more forcing sidewall without a spoiler tab stabi-
lized the concentric patterns to higher e. The sequence of
events, illustrated in Fig. 21, was in part similar to that
for the sidewall with a spoiler tab. The umbilicus would
shift as e increased, and at @=0.19, the roll next to the
wall along the direction of the umbilicus would pinch ofT;
resulting in a pair of defects next to the wall. The defects
moved apart along the sidewall, and two small patches of
cross rolls formed and traveled with the defects. Before
the defects had reached the opposite end of the sidewall
from their origin, a new defect pair formed while the um-
bilicus would emit a new circular roll. Each emission was
accompanied by a pair of defects, but a defect pair always
appeared before the umbilicus started emitting. The um-
bilicus would travel toward the sidewall, and its annihila-
tion left a time-dependent pattern of mostly straight rolls.
There was no window in e in which the umbilicus would
return to the cell center following a roll emission, so the
radially traveling wave always led to destruction of the
concentric patterns.

The radially traveling waves were the major charac-
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FIG. 20. Cross-roll wave number as a function of angular po-
sition for @=0.090 and I"=41 during the traveling-wave phase.

FICz. 21. Destruction of concentric-roll pattern at @=0.20
and for I =43. Elapsed times (arb. orig. ) are (a) 0, (b) 1500~„
(c) 4000~„(d)7600&„(e)9600'„(f)10 600&, .
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teristic of the evolution of patterns beyond the focus in-
stability. The signature of the skewed-varicose instability
of roll pinching and defect propagation could be avoided,
indicating that in these larger-aspect-ratio cells wave-
number distortion was sufficiently reduced. One can
compare our experimental results with theoretical predic-
tions for the focus instability [29] which indicated that
the axisymmetric patterns would become unstable at
@=0.18 for our Prandtl number of 0.93 [37]. Since the
calculation assumed rigid sidewalls, the appropriate com-
parison is with the straight sidewall experiment (as op-
posed to the wall with a spoiler tab). Our experimental
value of a=0. 16+0.02 is quite close to the calculated
values. However, theoretical studies have not yet been
extended to a stability analysis of the state which forms
beyond the focus instability. In past experiments on
smaller systems the stable state had been found to be a
static umbilicus shift where large-scale Aows are balanced
by wave-number distortions. In our work with the larger
aspect ratios the axisymmetric state destabilized com-
pletely and the umbilicus traveled out to and collided
with the sidewall. It is apparent that both the sidewall
forcing and the aspect ratio of the system need to be con-
sidered in the theoretical analysis.

same e value for the two cells. The pattern evolution was
similar to previous observations, but the details were
somewhat different. The straight-roll patterns were pro-
duced in the same manner as in the investigation of the
amplitude dependence on e. The patterns were time
dependent for e) 0.095, close to the value observed by
Croquette for a cell of half the aspect ratio. The wave-
number distribution of the rolls, obtained from the distri-
bution in the magnitude of local wave vectors, is indicat-
ed by the squares and horizontal bars plotted in Fig. 7.
One sees that time dependence set in when some local
wave number (the wave number near the cell center)
crossed the skewed-varicose instability boundary. De-
fects were created at the central region of the cell and
moved to the sidewall. There were always defects that
stayed near the sidewall while the central region of the
cell underwent the skewed-varicose-like instability, even
when time dependence first set in. New defects were
created not by the pinching of just a single roll, but by a

B. Instability of straight-roll pattern

Straight-roll patterns in a low-Prandtl-number Auid
confined in a cylindrical container have been studied ex-
tensively by Croquette [4,14] for cells with 1 =7.66 and
20. In a small-I cylindrical cell, there were two focus
singularities bracketing the region of parallel straight
rolls. The rolls tended to bend toward the singularities as
e was increased, resulting in compression of rolls along
the line connecting the singularities. When the compres-
sion became too large, the rolls in the center of the cell,
where the compression was most severe, underwent a
skewed-varicose-like instability. For I =7.66, this first
occurred at e =0. 13. One compressed-roll pair got
pinched off, nucleating two defects. These two defects
climbed along the roll axis to within one or two wave-
lengths of the sidewall and then glided along the wall to
disappear into the focus singularities. When the defects
disappeared, the singularities nucleated a new roll pair,
resulting in a pattern containing the same number of rolls
as before. This process then repeated itself. In the
large-I case, the process was similar, except the onset of
time dependence was at the lower e =0.085. In addition,
instead of two focus singularities, two domains of short
cross rolls existed on the two sides of the straight rolls.
The onset of this instability has been demonstrated to be
the result of a large-scale Row [38]. If the liow is
suppressed, the tendency for the rolls to end more per-
pendicular to the sidewall at higher e is also suppressed,
and the straight-roll state was observed to be stable to e
as large as about 0.6.

Our observation of the straight-roll instability was car-
ried out primarily in the I =41 cell with the spoiler tab
because the spoiler tab was expected to reduce the
strength of the large-scale flow in the region of convec-
tion [38]. However, the instability occurred at about the
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FICz. 22. Defect nucleation mechanism for straight rolls at
@=0.115 and for I =41. On the left the entire cell is shown.
The right gives a magnified central portion. Elapsed times (arb.
orig. ) are (a) 0.0, (b) 1.3~„(c)2.6~„(d)9.0~„(e)0.0~„(f)1.3r„
(g) 2.6~„,and (h) 9.0&, .
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pinching and reconnection of two adjacent rolls. The two
defects then executed both climbing and gliding motion
and moved toward the sidewall in an oblique manner.
They then joined with the defects already present near
the sidewall, and a long-time reorganization of the defects
began as some defects merged into the focus singularities
or cross rolls. The whole sequence of events, including
magnified central regions, is illustrated in Fig. 22. The
time scale for the nucleation and the initial movement to
the sidewall was still quite fast, taking only a few ~, . The
frequency of the nucleation increased with increasing e
up to e-0. 12. Beyond that the system became much
more disorganized spatially with defects and grain boun-
daries evolving in an irregular fashion.

C. Pattern evolution at larger e

Finally, we mention brieAy what happens as e is in-
creased well beyond the first instability point of either the
straight or the concentric rolls. The sequence of events
which occurs with quasistatically increasing e is illustrat-
ed in Fig. 23. As was reported by Morris, Bodenschatz,
Cannell, and Ahlers (MBCA) [31] for a =0.96 and a cell
with I =78, the pattern first develops three or four focus
singularities along the sidewall and considerable roll cur-
vature throughout. For e greater than about 0.6, small
spirals begin to form in the cell interior. With increasing
e, the spirals become more abundant until the state de-
scribed by MBCA as "spiral defect chaos" [31] is
reached. Our cell is not large enough to make a quantita-
tive comparison of the statistical properties of this state

FIG. 23. Typical patterns for I =41 and e=(a) 0.34, (b) 0.47,
(c) 0.61, (d) 0.75, (e) 0.88, and (f) 0.89.

with those measured by MBCA, but qualitatively the two
experiments reveal the same phenomenon. This is
noteworthy since our sample, by virtue of being twice as
thick and having a much smaller AT„comes significantly
closer to satisfying the Boussinesq approximation. The
parameter P, defined by MBCA (Ref. 11 of Ref. [31])and
by Busse [39] is —0.31 in our case, i.e. , its magnitude is a
factor of 2.3 smaller than the smallest value explored by
MBCA. We believe that this removes any doubt about
spiral-defect chaos being a natural state of the large
Boussinesq system with o. near one.

V. CC)NCLUSION

Axisymmetric patterns were stabilized with adjustable
static sidewall forcing in a low-Prandtl-number Quid,

CO2. The forcing was weak enough that the amplitude
near onset was not affected, and we were able to measure
how the amplitude changed with e for axisymmetric pat-
terns. The amplitude at the umbilicus was proportional
to e — in agreement with the theoretical predictions
of Pomeau, Zaleski, and Manneville [11] while outside
the umbilicus it varied as e —,consistent with an
amplitude-equation description of the pattern [12].

A weakly forcing sidewall was constructed by adding a
spoiler tab [32,33] to the sidewall midplane. Concentric
rolls were the preferred patterns at onset in this system.
The coexistence of cross rolls confined to a narrow band
near the sidewall and the concentric rolls was the major
new feature. These patterns were stable and time in-
dependent up to @=0.08. At higher e, a radially travel-
ing wave was emitted by the off-center umbilicus as a
consequence of the focus instability for axisymmetric pat-
terns. For e between 0.08 and 0.10, the traveling wave
existed while the umbilicus was off center, but the pattern
became time independent after the umbilicus found its
way back to the cell center. Even though the traveling-
wave state was a transient, it could last for a very long
time, up to 25 horizontal thermal diffusion times in some
cases. Since the movement of the umbilicus appeared
random and did not follow any definite pattern, it may be
that the traveling-wave state could persist indefinitely;
but in all of our runs the umbilicus found the center of
the cell after some time and the time dependence ceased.
Above e =0. 10, the umbilicus never returned to the
center, and instead the pattern lost its stability to
straight-roll patterns via the movement of the umbilicus
toward the wall. That motion was accompanied by the
emission of the radially traveling waves. Sidewall forcing
was seen to stabilize the onset of the focus instability, as a
more strongly forcing sidewall inhibited the radial waves
up to a=0. 19. For this sidewall, the radially traveling
wave always resulted in the destruction of the concentric
patterns.

The existence of the cross rolls next to the sidewall
offered a probe for the large-scale Aows that are especially
important in pattern dynamics in low-Prandtl-number
convection. We have shown that cross-roll creation and
annihilation could be traced to the effect of a large-scale
Aow present in a nonaxisymmetric concentric-roll pat-
tern. However, the relationship between these cross rolls
and the concentric rolls is poorly understood. Owing to
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the low-Prandtl-number fluid used in this experiment, we
expect that the interplay between the large-scale flows
and the small-scale roll flows is extremely complicated.
The situation might be more tractable for experiments
done in moderate-Prandtl-number fluids, although the ex-
istence of the traveling-wave state may depend critically
on strengths of the large-scale flows and therefore may
not be present at higher Prandtl numbers.
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