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Large-scale coherent rotation and oscillation in turbulent thermal convection

X.-L. Qiu, S. H. Yao, and P. Tong*
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078

~Received 6 April 2000!

Laser Doppler velocimetry is used to measure the velocity profile of turbulent thermal convection in an
aspect-ratio-one cell filled with water. Velocity fluctuations are found to be homogeneous and isotropic in the
turbulent bulk region. Despite the large velocity fluctuations, the mean flow field maintains a large-scale
structure, which rotates and oscillates in a coherent manner. The experiment suggests a unique driving mecha-
nism for the large-scale coherent rotation and oscillation in turbulent convection.

PACS number~s!: 47.27.2i, 47.27.Te, 44.25.1f
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Turbulent thermal convection is an intriguing problem
nonlinear physics and has attracted much attention in re
years@1#. Despite its special way of generating turbulence
large length scales and its relatively low Reynolds num
~Re!, turbulent convection shares many common featu
that are usually associated with high-Re turbulent flow
These features include coherent structures, intermittent fl
tuations, and anomalous scaling. Over the past decade, m
temperature and heat transport measurements have bee
ried out in turbulent convection under various experimen
conditions@2#. These measurements find scaling laws in
heat flux and temperature statistics and have stimulated
siderable theoretical efforts@3–5#, aimed at explaining the
observed scaling laws. Like many transport phenomena
condensed matter physics, however, the measured ma
scopic transport properties can often be explained by theo
with different microscopic mechanisms. The theoretical c
culations arrive at similar conclusions for the temperat
field but have different assumptions and predictions for
velocity field. Direct measurements of the large-scale fl
structure, therefore, become important to verify assumpti
and test predictions of the theoretical models@3–5#.

A main issue of an unresolved theoretical debate is
understand whether the heat transport in turbulent convec
is determined primarily by the thermal plumes that eru
from the upper and lower boundary layers or by the lar
scale circulation that spans the height of the cell. These
coherent structures are found to coexist in the convection
by flow visualization, but quantitative information abo
their structure, dynamics, and interaction is limited. Wh
the recent local velocity measurements@6,7# at the cell center
and near the boundary are useful in determining the sca
relations of the velocity fluctuation at a few specific positio
in the cell, the overall flow structure of turbulent convecti
has remained elusive. The lack of the velocity informati
prevents us from answering some important questions
are related directly to the physical understanding of conv
tive turbulence in general. These questions include: How
the large-scale circulation generated and sustained? At w
length scale and how does temperature become a pa
scalar? What is the connection between the thermal plu
and the large-scale circulation?
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In this Rapid Communication, we report laser Dopp
velocimetry ~LDV ! measurements of the velocity profile i
an aspect-ratio-one cell filled with water. LDV measures
local velocity as a function of time and the velocity profile
obtained by scanning the velocity probe over the whole c
vection cell. As will be shown below, because of the spa
confinement, the large-scale motion in turbulent convect
is stabilized in the closed cell and thus LDV can be used
study its dynamics in great detail. It is found that LDV
capable of measuring the local velocity with high accura
~better than 1%! over the entire cell, except near the upp
and lower thermal boundary layers whose thickness is of
order of 1 mm. In the boundary layer region, fluctuations
the fluid refractive index due to large temperature fluctu
tions cause the two laser beams used in LDV to wander
defocus in the fluid. This corruption of laser beam propert
reduces the signal-to-noise level of LDV.

The experiment was conducted in a cylindrical cell w
an inner diameter ofD519 cm and heightL520.4 cm. De-
tails about the apparatus have been described elsewhere@7#,
and here we mention only some key points. The upper
lower plates were made of brass and the sidewall was a
lindrical ring made of transparent Plexiglas with a long re
angular flat window for the velocity measurement. The te
perature of the upper plate was regulated by passing
water through a cooling chamber fitted on the top of t
plate. The lower plate was heated uniformly with an elect
film heater. The control parameter was the Rayleigh num
Ra, which is proportional toL3 and to the temperature dif
ferenceDT between the two plates. In the experiment, t
bulk fluid temperature was kept at 30 °C and the correspo
ing Prandtl number was 5.4. The velocity measureme
were carried out using a commercial LDV~TSI Inc.! together
with an argon ion laser. A typical sampling rate was 10–
Hz, which is;10 times higher than the cutoff frequency
the velocity power spectrum.

Figure 1~a! shows the measured mean velocityv(z) and
its standard deviations(z) as a function of the normalized
vertical distancez/L away from the center of the bottom
plate. Each data point was averaged over 2 h and the mea-
surements were made at Ra53.73109. It is seen that the
flow field can be divided into three different regions:

~I! In the thin viscous boundary layer (z/L<0.04), the
horizontal mean velocityvh(z) ~open circles! and its vari-
ancesh(z) ~open squares! both increase linearly withz and
R6075 ©2000 The American Physical Society
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then reach a maximum value atz/L.0.04. At this position,
vh(z) is ;1.6 times larger thansh(z). The vertical mean
velocity vv(z) ~closed circles!, however, increases withz
much more slowly and its value atz/L.0.04 is only 1/8 of
vh(z). The vertical velocity fluctuations are found to be a
ways larger than their mean values. Clearly,vh(z) is the
dominant velocity component in the boundary region. T
fact that sh(z) peaks atz/L.0.04 indicates that velocity
fluctuations are generated mainly in the boundary region

~II ! It is also seen from Fig. 1~a! that sh(z) becomes
larger thanvh(z) when 0.75.z/L.0.25. Velocity fluctua-
tions in the central region are homogeneous and nearly
tropic. Despite the large velocity fluctuations, the mean fl
field maintains a coherent structure. The measuredvh(z) is
well fitted by a linear function~solid line!, suggesting that
the bulk fluid undergoes a coherent rotation around the
center. From the flow visualization we find that the larg
scale coherent rotation~LSCR! is not exactly of circular
shape; rather, it rotates around a ellipse whose long ax
tilted at an angle with respect to the vertical direction. B
cause of this tilt, the measured mean velocity has a sma
vertical componentvv(z), which can also be fitted to a linea
function. From the ratio of the two slopes, we find the
anglea.33.5°.

FIG. 1. ~a! Measured mean velocity profiles~circles! and rms
profiles~squares! as a function ofz/L. The open symbols represen
the velocity component in the horizontal direction, and the clo
symbols are in the vertical direction.~b! Measured mean velocity
profiles ~triangles! and rms profiles~diamonds! as a function of
x/D. The open symbols represent the velocity component along
large-scale rotation, and the closed symbols are in the direc
perpendicular to the rotation plane. The solid lines are the linear
to the mean velocity profiles.
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~III ! The intermediate region between the viscous bou
ary layer and the central core region is the buffer lay
(0.04,z/L<0.25), which was also called the mixing zon
@3#. Velocity fluctuations in this region remain approx
mately the same as those in the central region. Their varia
is small when compared withvh(z) but is larger thanvv(z).
Because of the eruptive nature of the thermal plumes, t
rising velocity should be comparable tosv , which can be
estimated by balancing the buoyancy with the viscous dr
Using the mixing length theory@8#, we find sv.4.4 mm/s,
which is very close to the measured valuesv.4 mm/s at
z/L.0.04.

We also measured the mean velocityv(x) and its stan-
dard deviations(x) as a function of the normalized horizon
tal distancex/D away from the sidewall in the horizonta
midplane of the cell. It is seen from Fig. 1~b! that the veloc-
ity profile near the sidewall~open triangles! can also be de-
scribed by three subregions similar to those shown in F
1~a!. In the central region, the mean velocity profiles alo
the x axis and thez axis overlap, suggesting that the bu
fluid indeed undergoes a coherent rotation. The measu
v(x) peaks atx/D.0.05 and its maximum value is 25%
larger thanvh(z) at z/L.0.04. It is also seen that the mea
velocity in the direction perpendicular to the rotation pla
~closed triangles! is close to zero but its variance~closed
diamonds! is approximately the same as those in the ot
two directions. Figure 1 thus demonstrates that turbul
convection in the aspect-ratio-one cell has a stable, qu
two-dimensional flow structure. Measurements of the vel
ity profile at other Rayleigh numbers (109<Ra<1010) con-
firm that the flow structure in turbulent convection remai
invariant for different Ra.

From the flow visualization we have observed that t
thermal plumes emitted from the upper and lower surfa
are often sheared to the sidewall region by the large-s
horizontal flow near the boundary. As a result, warm flu
rise along one side of the cell and cold fluids fall on t
opposite side of the cell. Regions occupied by the warm
cold plumes coincide with the ‘‘buffer layers’’ near the sid
wall, in which the local velocity reaches maximum. The fa
that the maximum velocity near the sidewall is larger th
that near the upper and lower surfaces suggests that
LSCR is driven by the rising and falling plumes near t
sidewall. The central core region is ‘‘sheared’’ by the ver
cal flow in the plume-dominated regions and remains pas
with a constant mean velocity gradient.

From the above velocity measurements together with
flow visualization, we arrive at the following driving mecha
nism for the LSCR. The outer region of the rotation~i.e., the
‘‘buffer layers’’ around the cell boundary! is the active re-
gion that drives the LSCR. Thermal plumes erupt into t
region from the upper and lower thermal boundary lay
and many of them are sheared to the sidewall region by
large-scale horizontal flow near the boundary. The warm
cold plumes separated laterally in the two opposing sidew
regions exert buoyancy forces on the bulk fluid and drive
vertical flow near the sidewall. This vertical flow near th
sidewall in turn enhances the horizontal flow near the up
and lower surfaces. This is a self-feeding process, wh
connects the thermal plumes with the LSCR. The cen
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core region is a passive region, which is ‘‘sheared’’ by t
outer region of the rotation. The velocity fluctuations in t
central region are homogeneous and isotropic, and they
strong enough to fully mix all the energetic thermal plum
penetrated into the region. Early temperature measurem
@9# have shown that the azimuth of the LSCR rotates slo
in time when the cylindrical cell is leveled perfectly. To p
down the azimuthal rotation, we tilted the cell by a sm
angle (,1°) in the above velocity measurements. Cilibe
et al. @10# have shown that such a small tilt does not affe
turbulent convection very much.

Besides their spatial separation, the thermal plumes e
ted from the upper and lower surfaces are also couple
time. Figure 2 shows the frequency power spectraP( f ) for
three orthogonal velocity components at the cell center.
power spectra were obtained using a fast Fourier transf
~FFT! program provided by TSI. In the FFT, we used 40
data points and the result was averaged over 7 h. It is s
that the measuredP( f ) for the two horizontal velocity com-
ponents has a sharp peak atf 0.0.02 Hz, whereas the mea
sured P( f ) for the vertical velocity does not show an
prominent peak. Figure 2 thus demonstrates that the velo
field has a well-defined oscillation in the horizontal directio
In fact, this horizontal oscillation can be observed direc
from the time series data~see the inset!. We also measured
P( f ) at other locations and find that the measuredP( f ) for
the two horizontal velocity components at different values
z peaks at the same frequencyf 0, and the amplitude of the
peak remains approximately the same asz/L is varied from
0.04 to 0.5. These measurements reveal that the horizo
oscillation is not confined at the cell center but is associa
with the large-scale motion of the bulk fluid.

To find the origin of the oscillation, we measure the R
dependence of the oscillation frequencyvh52p f 0 and com-
pare it with the rotational frequencygh of the LSCR. The
value ofgh is obtained from the slope of the linear horizon
velocity profile shown in Fig. 1~a!. Figure 3 compares the
normalized oscillation frequencyvhL2/k ~open circles! with

FIG. 2. Measured frequency power spectraP( f ) for the hori-
zontal~solid curve! and vertical~dotted curve! velocity components
in the rotation plane and for the velocity component perpendic
to the rotation plane~dashed curve!. The inset shows the time serie
data corresponding to the dashed curve. The measurements
conducted at the cell center with Ra53.73109.
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the rotational frequencyghL2/k ~closed circles! for different
values of Ra. The measuredvhL2/k can be well described
by a power lawvhL2/k52.9 Rae ~upper solid line! with the
exponente50.4360.06. The lower solid line shows th
power law fit ghL2/k51.1 Ra0.45. Within the experimental
uncertainties, the two power laws have essentially the sa
exponent close to 3/7 but their amplitudes differ by a fac
of 1.85.

The emergence of a sharp peak in the velocity pow
spectrum is an intriguing feature of turbulent convection
has been shown previously that the temperature power s
trum also has a peak at low frequency@3#. This temperature
oscillation was found in the regions near the upper and lo
boundary layers and its frequencyvp has been linked to the
rotational frequency of the large-scale circulation@11#. The
dashed lines in Fig. 3 show the normalized temperature
quency vpL2/k obtained in low temperature helium ga
~lower dashed line:vpL2/k50.36 Ra0.491) @3# and in water
~upper dashed line:vpL2/k.0.5 Ra0.49) @9#. Indeed, the
measured temperature frequencies in the two systems
close to the rotational frequencygh @12#.

Recently, Villermaux@13# proposed a dynamic model t
explain the observed temperature oscillation. The model
sumes that the unstable modes in the upper and lower t
mal boundary layers interact through a delayed nonlin
coupling with a time constantt.(2gh)21. Because of this
delayed coupling, the unstable modes~i.e., the thermal
plumes! are excited alternately between the upper and low
boundary layers with a local frequencyvp.gh . While Vil-
lermaux’s model explained the emission dynamics of
thermal plumes, it did not discuss the dynamic consequen
of the alternating plume emission to the flow field. With th
above velocity measurements together with the flow visu
ization, we now can provide a complete physical picture
link the local plume emission to the global flow structur
Because of the buoyancy acceleration, the thermal plu
exert vertical forces on the bulk fluid. An alternating eru
tion of the thermal plumes, therefore, will give rise to a p

r
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FIG. 3. Normalized oscillation frequencyvhL2/k ~open circles!
and rotational frequencyghL2/k ~closed circles! as a function of
Ra. The solid lines are the power-law fits to the data. The das
lines show the normalized temperature frequencyvpL2/k obtained
by Castainget al. @3# ~lower dashed line! and by Cioniet al. @9#
~upper dashed line!.
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riodic impulsive force to the fluid. As discussed above,
thermal plumes emitted from the upper and lower surfa
are often sheared to the two opposing sidewall regions by
large-scale horizontal flow. Because of the spatial separa
of the warm and cold plumes, the vertical thermal forci
results in a periodic impulsive torque in the plum
dominated sidewall region. It is this periodic torque th
drives the LSCR continuously. Because the thermal forc
is of long-range, the velocity oscillation is found in the bu
region of the flow.

We believe that the velocity oscillation observed in t
aspect-ratio-one cell is the response of the bulk fluid to
horizontal perturbations produced by the warm and c
plumes near the sidewall. During the eruption period,
rising ~and falling! plumes can produce a time-depende
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horizontal disturbance to the~tilted! coherent rotation in the
central region of the cell. From the velocity measurements
other cells, we find that the velocity oscillation is sensitive
the aspect ratio of the convection cell@14#. A theoretical
model is needed to further explore the detailed dynamics
the velocity oscillation. Clearly, the present experiment p
vides an interesting example to demonstrate how otherw
random unstable modes in a closed system are organize
both space and time to generate a large-scale flow struc
which rotates and oscillates coherently in a turbulent en
ronment.
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