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Reorientation of the Large-Scale Circulation in Turbulent Rayleigh-Bénard Convection
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We present measurements of the orientation 6,(z) of the large-scale circulation (LSC) of turbulent
Rayleigh-Bénard convection in cylindrical cells of aspect ratio 1. 6y(#) undergoes irregular reorientations.
It contains reorientation events by rotation through angles A6 with a monotonically decreasing probability
distribution p(A#), and by cessations (where the LSC stops temporarily) with a uniform p(A#).
Reorientations have Poissonian statistics in time. The amplitude of the LSC and the magnitude of the

azimuthal rotation rate have a negative correlation.
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A major component of turbulent Rayleigh-Bénard con-
vection [1-3] in a fluid heated from below is the emission
of hot (cold) volumes of fluid known as “plumes” from
bottom (top) thermal boundary layers. These plumes are
carried by, and by virtue of their buoyancy, in turn drive a
large-scale circulation (LSC) [4—9] known as the “mean
wind.” For cylindrical samples of aspect ratio ' = D/L =
1 (D is the sample diameter and L the height) the LSC is a
circulation in a near-vertical plane with upflow and down-
flow on opposite sides close to the side wall. An interesting
aspect of the LSC observed by others is that it can sponta-
neously and erratically change directions [10—13], either
by an azimuthal rotation of the entire structure without
much change of the flow speed, or by reversing its flow
direction without much rotation of the circulation plane.
We shall refer to the latter process as cessation since it
involves a momentary vanishing of the flow speed, and to
both processes collectively as reorientations. Rotation
through an angle A9 = 1/2 (we measure A6 in units of
2, i.e., of revolutions) was observed in experiments [11];
but to our knowledge cessation so far had been demon-
strated only in numerical simulations of a two-dimensional
system [10] and in a dynamical-systems model of the
phenomenon [14]. Thus, the reorientation of the LSC
dynamics is still only partly understood. Aside from its
fundamental interest, the phenomenon is important, for
instance, because it occurs in natural convection of the
Earth’s atmosphere [15], and because it is responsible for
changes in the orientation of the Earth’s magnetic field that
are a result of convection reversal in the outer core [16].

In this Letter we describe experiments that shed new
light on the nature of the reorientation of the LSC. We
found that there is a broad spectrum of events leading to
reorientation. At one extreme there is relatively slow rota-
tion, over a time period of order 10 turnover times 7~ of the
LSC, without a significant decrease of the circulation
speed. At the other, there are near-instantaneous cessations
that involve a vanishing of the flow speed followed by a
reinitiation of the circulation with different angular orien-
tations 6. The reorientations by either mechanism corre-
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spond to a continuous range of A#, including the rotation
by A6 =~ 1/2 observed before [11] and the cessation in-
volving A# = 1/2 that was seen in two-dimensional simu-
lations [10] (where only this is possible), favored in the
interpretation of some experiments [13], and contained in a
recently developed model [14]. As seen by Sreenivasan
et al. [13], the temporal succession of reorientations had a
Poissonian distribution, suggesting that successive events
are independent of each other.

The experiments cover the range 3 X 108 < R =< 10!!
of the Rayleigh number R = agATL?/kv (a is the iso-
baric thermal expansion coefficient, g the acceleration of
gravity, AT the applied temperature difference, « the ther-
mal diffusivity, and » the kinematic viscosity). The Prandtl
number was o = v/k = 4.4. Two cylindrical samples
with aspect ratio I' = 1 were used and are the medium
and large sample described in detail elsewhere [17]. Both
had circular copper top and bottom plates and a Plexiglas
side wall. The medium (large) sample had D = 24.81
(49.67) cm and L = 24.76 (50.61) cm. Each was filled
with water at a mean temperature 7,, = 40.0° C. Eight
blind holes, equally spaced azimuthally in the horizontal
midplane of the samples, were drilled from the outside into
the side walls. Thermistors were placed into them so as to
be within 0.07 cm of the fluid surface. They detected the
location of the upflow (downflow) of the LSC by indicating
arelatively high (low) temperature, but did not perturb the
flow structure in the fluid. We made measurements with a
sampling period 67=6 sec, and fit the function 7; =
Ty + Scos(im/4 — 6y), i =0,...,7, separately at each
time step, to the eight temperature readings. Here 6 is a
measure of the amplitude of the LSC and 6, is the angular
orientation of the plane of circulation. Typically the un-
certainties were about 13% for & and 0.02 for 6.

In Fig. 1(a) we show a long time series of 6, from the
large cell and for R =~ 10'!. It covers a period of nine days.
In this example, on average one sees net rotation, at a rate
of about one revolution per day in the clockwise direction
when viewed from above. Although 6,(¢) samples all
values of 6, there is an orientation 6,, where the probability
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FIG. 1. Time series of the orientation 6, (in revolutions) and of
the amplitude 6 (in °C). (a) Long time series of 6, from the large
sample for R = 9.4 X 10'°. (b)—(d) time series during reorien-
tations from the medium sample for R = 1.1 X 10'* for (b) a
rotation; (c) a reversal by cessation; and (d) a half-reversal by
cessation.

distribution p(#,) has a maximum. Net rotation was ob-
served also by Sun et al. [18], but in the counterclockwise
direction.

Hidden away in time series like that in Fig. 1(a) are
numerous reorientations. A few examples for the medium
cell and R = 1.1 X 10'? are shown in Figs. 1(b)—1(d) (for
this case 7 = 49 s). Figure 1(b) shows a net angular
change A6 =~ 1/2 over a period of about 107, similar to
an event reported in Ref. [11]. The reversal time much
larger than 7 indicates a relatively slow rotation of the
LSC orientation. Throughout this event J is seen to remain
nonzero.

Figure 1(c) also shows an angular change of approxi-
mately half a revolution, but the change occurred in a
fraction of 7. Here & decreased for about one turnover
time before the reversal, reached approximately zero dur-
ing the reversal, and then increased for about another 7 .
One sees that the mean wind gradually slowed to a stop,
reversed direction, and gradually sped up again without
significant rotation of the plane of circulation. This cessa-
tion is the mechanism favored by Sreenivasan et. al. [13] in
the interpretation of their data. Presumably it would prevail
in systems where the rotational invariance is broken, either
by imperfections of a nominally cylindrical sample or by a
deliberate other choice of the geometry such as a square
horizontal cross section. As we shall see below, in our
system such events are relatively rare.

In Fig. 1(d) the plots are qualitatively similar to (c). As
in (c), the vanishing of & indicates that the LSC stopped
(also a cessation), but when it restarted, it assumed an
orientation that differed by A6 =~ 1/4 from the original
one. Many other values of Af were observed, indicating
that there is a larger class of phenomena with a continuous
distribution of A#.

In order to automatically identify members of the ex-
pected large spectrum of reorientation events, we required
reorientations to satisfy two criteria. First, the magnitude
of the net angular change in orientation |A8| over a set of
successive data points for 8, had to be greater than A6,,;,,.
Second, the magnitude of the net average azimuthal rota-
tion rate [(fy)| = |A@/At| over that set had to be greater
than 6,,,. Here At is the duration of the reorientation.
Often there were multiple overlapping sets that satisfied
these requirements. Then the set with the maximum local
quality factor Q, = |A6|/(Ar)" was chosen as the reor-
ientation. For 0 <n <1, Q, represents a compromise
between choosing the maximum angular change (Q,) or
the maximum rotation rate (Q). Any adjacent points to the
chosen set were also included if the rotation rate 6, =
80/t [60y = 0y(t+ 51) — 0y(1r)] for the additional range
was greater than 6,;, and of the same sign as the reorien-
tation. Mostly we used the parameters A6, = 0.125,
Omin = 0.1/, and n = 0.25; but since all three are arbi-
trary, we did the analysis over the ranges 1/64 = Af,,;, =
0.25, 0.0125 < 6,,,,7 = 0.2, and 0 < n < 1 to confirm
that the results are not sensitive to the choice. For A6,
and 6,,;,, the smallest values used were close to the noise
level of the data, and above the largest values too few re-
orientations were counted to yield useful statistics. The
qualitative conclusions of the analysis did not change with
different parameter values. However, some of the quanti-
tative values changed. This will be mentioned as it is
appropriate.

An obvious feature of reorientations is the angular
change A#. All of the reorientations found for the medium
sample were sorted into bins according to |A 6|, regardless
of the Rayleigh number R. The probability distribution
p(JAG]) is shown in Fig. 2 with statistical error bars, in
which the relative error is equal to the inverse square root
of the number of reorientations in each bin. Fitting all data
for p(|A6|) by the maximum-likelihood method [19] to a
power law in the range |A6| = 0.125 yielded p(|A6]) o
(IAQ])7, with y = —3.74 + 0.04. The same analysis was
done also for reorientations at various fixed R. These
probability distributions also could be fitted by power
laws, with the resulting y values shown for each R in the
inset of Fig. 2. One sees that the distribution was, within
our resolution, independent of R. The power-law expo-
nents were approximately constant over large ranges of
the reorientation definition parameters; however they could
vary by a factor of 2 for extreme values of the parameters.
Qualitatively in all cases, the distribution was consistent
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FIG. 2. Probability distribution of the angular change p(A#)
for reorientations. Solid circles: All data. Solid line: Power-law
fit to the data. Inset: Power-law exponent y versus R for the
medium cell (solid diamonds) and large cell (open diamonds).
Dashed line: The value of y from the fit to all data. Note that
reversals with A = 0.5 are relatively rare with p(Af = 1/2) =
0.1, implying that only about 1% of the events correspond, e.g.,
to A9 = 1/2 = 0.05.

with a power law for |[A#| = 0.125 with a large negative
R-independent exponent. The major qualitative conclu-
sions are that there is a continuous distribution of A6,
that smaller reorientations are much more common than
larger ones, and that there is no characteristic reorientation
size.

We would like to distinguish between cessations and
rotations, so the probability distribution of the angular
change A6 for cessations only is plotted in Fig. 3. There
is not always a clear distinction between cessations and
rotations, but here we used the criterion that a reorientation
is a cessation when the average value (8) during the re-
orientation satisfied (8) < 8§(R)/4, where 5(R) is the aver-
age amplitude of an entire run at a given R. This probability
distribution for cessations is consistent with a uniform
distribution, which is very different from the distribution
for all reorientations shown in Fig. 2. Since cessations
make up only a small percentage of all reorientations, the
probability distribution for all events as shown in Fig. 2
still accurately describes rotations. The uniform distribu-
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FIG. 3. Probability distribution of the angular change p(|A6])
for cessations. Here |A 6] is reduced to the range 0 < |Af| < 0.5.
Solid circles: All reorientations with (8) < §(R)/4. Solid line:
The uniform distribution.

tion of angular changes for cessations means that at the end
of a cessation the orientation of the LSC is equally likely to
be at any angle. This suggests that the mean wind loses its
memory of its initial orientation during the cessation.

Another important aspect of reorientations is their dis-
tribution in time. All of the time intervals 7; between the
ith and (i + 1)th reorientations from the medium sample
were sorted into bins according to the value of 7,. The
probability distribution p(7,/{7,)) is shown in Fig. 4(a),
with statistical error bars as before. The average time
interval between reorientations (7,), computed separately
at each R, was approximately 307, but quantitatively
depended on the definition of reorientations and on R.
The data are in good agreement with the exponential
function p(7,/{(7)) = exp(—7;/{(7)), which represents
the Poissonian distribution.

The Poissonian nature of reorientations can be seen
further by considering the difference between successive
time intervals. Thus, A7) = 7,4, — 7; was sorted into
bins according to A7;/{7,) and the probability distribu-
tion p(A7,/(r;)) is also plotted in Fig. 4(a). The data
are in good agreement with the function p(A7, /(1)) =
0.5exp(—|A7,/{m\)]), which again represents the
Poissonian distribution.
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FIG. 4. Solid circles: Probability distribution p(7,/{7,)) of the
time intervals 7; between successive reorientations, (a) over the
entire range of 7; measured, and (b) for 7; < (7). Open circles:
The probability distribution p(A7;/{(7;)) of the difference be-
tween successive intervals. Solid lines: The function
p(r,/{71)) = exp(—7, /(7)) representing the Poissonian distri-
bution for p(7;/{(7;)). Dashed line: The function p(Ar,/{7,)) =
0.5exp(—|A7,/{7;)|) representing the Poissonian distribution
for p(A7,/{7;)). Dotted line: Fit of a power law with exponent
—1 to the data.
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FIG. 5. (a) The negative cross correlation gg5(7) between the

magnitude of the rotation rate || and the amplitude & at R =
1.1 X 10'° (solid circles) and a fit by an exponential function
(solid line).(b) Reynolds numbers for the average 7, [solid
(open) circles] and width 7, [solid (open) diamonds] of 845(7)
for the medium (large) sample.

The analysis in terms of 7, and A7, implies that suc-
cessive reorientation events are independent of each other.
For large 7,/(7,) this is consistent with the conclusion of
Sreenivasan et. al. [13] for reversals in their experiment
that were defined very differently. However, these authors
also found that for small time intervals, with 7, < 307 in
their experiment, that p(7,) followed a power-law distri-
bution with an exponent of —1. To better compare the
present work with this result, p(7;/{7,)) is plotted in the
range 7, < (7,) = 307 in Fig. 4(b). Our data in this range
are also consistent with the Poissonian distribution as
found for the larger range, and inconsistent with the —1
power law found by Sreenivasan et. al.. This difference
between the two experiments is likely due to the different
methods of defining and analyzing events. We tested this
by alternatively defining a reorientation as any crossing by
0,(1) of an angle orthogonal to the preferred angle 6,, of
the LSC orientation. This definition is more similar to that
of Ref. [13]. In that case we obtain a p(7, /(7)) that rises
well above the Poisson distribution as 7,/(7,) decreases
below one, and that can be described quite well by a power
law with an exponent close to —1 for 7, /() < 1.

Finally, we consider the relationship between the mag-
nitude of the azimuthal rotation rate |,| and amplitude &,
since the examples in Fig. 1 show |6, is large when § is
small. A negative cross-correlation function between the
two quantities is given by

845(7) = =166 — (16o)(6(t — 7) — 6(R))/(7475);

a5 = 1001 — 186D o5 =[50 — SRP).

In Fig. 5(a) we show g45(7) for R = 1.1 X 10'°. The
function g45(7) = agexp(—|(7 — 740)/7,1]) was fit to
the data separately at each R to yield 7,((R) and 7,(R).
These time scales were made dimensionless by dividing
the viscous diffusion time L?/v by each of them, yielding
Reynolds numbers Re$® =L?/(r,ov) and Re®! =
Lz/(rgylv). These are plotted versus R in Fig. 5(b). A

power-law fit gives Re®? = 0.41R%*¥ and Re®' =
0.051R%46. One sees that these two power laws have
approximately the same exponent. This exponent value is
found also for the Reynolds number for 7 [20], suggesting
a relationship between the different time scales of the
problem. The time scale 7, ; indicates how long the rota-
tion rate and amplitude remain correlated, and it is about
80% of T . The time scale 7,0 indicates by how much the
amplitude leads the rotation rate. This is only about 6% of
T, but the fact that the amplitude leads the rotation at all is
remarkable, and suggests that an amplitude drop is a
precursor of reorientations.
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