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Large-scale velocity structures in turbulent thermal convection
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A systematic study of large-scale velocity structures in turbulent thermal convection is carried out in three
different aspect-ratio cells filled with water. Laser Doppler velocimetry is used to measure the velocity profiles
and statistics over varying Rayleigh numbers Ra and at various spatial positions across the whole convection
cell. Large velocity fluctuations are found both in the central region and near the cell boundary. Despite the
large velocity fluctuations, the flow field still maintains a large-scale quasi-two-dimensional structure, which
rotates in a coherent manner. This coherent single-roll structure scales with Ra and can be divided into three
regions in the rotation planél) a thin viscous boundary layef?) a fully mixed central core region with a
constant mean velocity gradient, af®) an intermediate plume-dominated buffer region. The experiment
reveals a unique driving mechanism for the large-scale coherent rotation in turbulent convection.
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[. INTRODUCTION far can measure certain aspects of the flow field but have
various degrees of limitations either in the accuracy of the
In the study of turbulent thermal convection, much atten-velocity measurement or in the applicability to the convect-
tion is focused on the scaling behavior of temperature anéhg fluids. Understanding the applicability and the limitation
velocity fluctuations over varying Rayleigh numbgfis2].  of these techniques is very important for correct data analysis
The discovery of scaling laws in the heat flux and temperaand interpretation of the experimental results. We now briefly
ture statistics[3,4] has stimulated considerable theoreticalreview several velocimetry methods, which have been used
efforts [2,4,5, aimed at explaining the observed scalingin the study of thermal turbulence. The main purpose of the
laws. The theoretical calculations arrive at similar conclu-review is to compare the differences among the velocimetry
sions for the temperature field but have different assumption&chniques and discuss their limitations when used in turbu-
and predictions for the velocity field in the bulk region and !ent thermal convection. One needs to be aware of these
near the cell boundaries. Direct measurements of the velocitymitations when designing an experiment and they may or
field, therefore, become important to verify assumptions andnay not apply to the particular experiments mentioned in the
test predictions of the theoretical modggs4,5). In contrast ~ following discussion. _
to the great number of temperature measurements, however, The early experiments by Deardorff and Will] and
experimental information about the structure and dynamicéater by Fitzjarrald 8] used a moving hot-wire anemometer
of the velocity field in turbulent convection is rather limited. {0 measure the flow velocity in turbulent convection of air.
Experimental studies of the velocity field are difficult be- The flow velocity was obtained from the electric signals
cause of the severe fluid conditions encountered in convedleeded to keep two crossed hot wires at a constant tempera-
tion. Over the past decades, many experimental method§re- Strong temperature fluctuations in the convecting fluid
were used to measure the velocity field in turbulent conveclntroduce additional noise to the measured electric signals
tion and have achieved various degrees of success. Eafjfid thus severely affect the accuracy of the hot-wire an-
measurementss—9] provided useful order-of-magnitude es- €mometer. The large temperature quctuatlons_ may ruin the
timates for the velocity fluctuations, but the results werec@libration of the hot-wire anemometer, making the tech-
largely semiquantitative. In recent years, several new meth?ique unsuitable for thermal turbulence.
ods were developed to overcome the experimental difficul- 1he experiment by Garon and Goldstg) used the laser
ties [10—16 and have been used to measure the velocitPOPpler velocimetry(LDV) technique to measure the rms
fluctuations in the central region and the time-averaged vevelocity profile along the central axis of the convection cell
locity profile near the cell boundaries. While these studiend the velocity fluctuations at the cell center over varying
are useful in determining the scaling properties of the velocRayleigh numbers up to Re2.5x 10°. Because the Bragg
ity fluctuations at a few specific locations in the convectionCell was not available at the time to shift the frequency of
cell, the overall flow structure of turbulent convection hasOne of the incident laser beams, only the absolute value of
remained elusive. the vertical velocity fluctuations was obtained. As a result,
Because of the large number of convecting fluids used ithe measured rms velocity profile was contaminated by the
the experiment and the extensive variations of fluid properva@rying mean velocity in the flow. In addition, the measured
ties and experimental control parameters, one has not bedfS velocities were biased towards the large values, because
able to find a velocimetry method that can be used widely irPf the instrumentation cutoff for small velocities near zero. It

convection experiments. The velocimetry methods used sWas noticed in the experiment that a long-time average is
needed in order to obtain a steady value for the rms velocity.

It will be shown below that the velocity field in turbulent
*Email address: ptong@okstate.edu convection has relatively large fluctuations and small mean
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values, which drift slowly with time. Long-time continuous small (/=0.2 mm. As a result, the cutoff velocity is re-
measurements are, therefore, required at each spatial locatignced tov .=2.20. As will be shown below, in the boundary
in order to obtain adequate statistics for the velocity meatayer region the longitudinal velocity componamis much
surements. _ _ . larger than the normal velocity componantand therefore
Tanaka and Mly_at$9] used a photographic technigue to the effect ofv. on the measured is small.

measure the velocity fluctuations in the central region of the | contrast to the situation near the boundary, the effect of
cell over varying Rayleigh numbers up toR&x 1¢°. Inthe  he cutoff velocityv, becomes significant in the central re-
experiment, hydrogen bubbles were used as tracer partlcleg%n of the cell, where the velocity fluctuations become

and only a few long trajectories of the hydrogen bubbleg, ger than their mean values. To solve this problem, Shen,
were sampled to calculat_e the flow velocity. No long-time ia, and Tong[12] used the technique of single-beam two-
average was performed in the measurements. Because t lor cross-correlation spectroscoi] to measure the ve-

flow velocity is small, the rising velocity of the hydrogen locity fluctuations at the cell center, where the mean velocit
bubbles due to their own buoyancy becomes significant angd Y . ' . . y
S zero. The single-beam method uses the intensity cross-

affects the accuracy of the velocity measurement considels . . . 4
ably. To obtain the rms velocity, Tanaka and Miyata alsocorrelatlon funct|_on to resolve the beam crossing time. It
assumed that the velocity fluctuations in the cenfral regiorgould be mentioned that both the dual-beéon dual-

are homogeneous and isotropic, which is not valid for large{€mperature-propemethod and the single-beam method use
aspect-ratio convection cells, as will be shown below. the time-averaged cross-correlation functiglr) to resolve

In a |0W_temperature helium convection experiment,the time of ﬂ|ght Consequently, information about the ve-
Sano, Wu, and Libchabgl0] measured the large-scale flow locity statistics is convoluted in the measuig(t). The ob-
velocity near the sidewall of the cell over varying Ra up totained velocity parameters from the curve fitting, therefore,
Ra~10'2. By measuring the cross-correlation function be-become model dependent.
tween two temperature signals, they obtained the average In a study of the temperature and velocity profiles of tur-
transit time of the temperature fluctuatiofisermal plumes  bulent convection in water, Tilgner, Belmonte, and Libchaber
across two adjacent temperature probes. The flow velocity iEl1] used an imaging method to determine the traveling dis-
determined by the distance between the two temperatur@nce of electrochemically labeled particles of fluid in a
probes divided by the transit time. This method was als@iven time. Because the imaging method requires manual
used later in several other convection experiments using ekccumulation, the velocity measurements were conducted
ther low-temperature helium g&$7,18 or mercury[19] as  only at a single value of Ra=10°). While it is adequate to
the working fluid. Like many other time-of-flight velocime- obtain a good velocity profile, the imaging technique is
ters, however, the dual-probe method is sensitive only tdather limited by its low sampling rate and poor velocity
large velocity fluctuations. statistics.

Because of turbulent velocity fluctuations, the large tem- Recently, Ashkenazi and Steinbdrf] studied turbulent
perature fluctuationgor thermal plumestravel not only in  convection in compressed Skear its gas-liquid critical
the direction parallel to the connecting line between the twgpoint. Critical density fluctuations of the fluid scatter light
temperature probes but also in the transverse directionstrongly and were used as the “seed particles” for the LDV
When the transit time across the two probes becomes long@nreasurement. Unlike the solid seed particles, however, the
than that across the lateral dimension of a single pfobef  internal dynamics of the critical density fluctuations in tur-
a thermal plumg the temperature fluctuation will not cross bulent convection may introduce additional noise to the LDV
the two probes in succession and hence their motion cannoteasurement. In fact, the frequency skifimeasured in this
be detected by the cross-correlation scheme. By equating tlease has three contributionf =q- v+ weqt oy, Where
two transit times, one finds the cutoff velocity, -V is the Doppler beat frequency associated with the trans-
=g(/Iry), where o is the rms velocity,” is the spatial lational motion of the fluid droplet wittv being the local
separation between the two temperature probesr gigithe  velocity andq the photon momentum transfer vector. The
larger lateral dimension of either the temperature probe ofrequency shiftwey is due to the(equilibrium) critical fluc-
the thermal plume. In the experiment by Saioal. [10], tuations at a fixed temperatufié and w,,, IS an additional
/=2 mm andr,=0.2 mm(probe siz¢ and hence we have contribution due to the temperature fluctuations in turbulent
v.=100. If we use the plume size-1 mm (the thermal convection.
boundary layer thickness at R40%) as the typical value of Ashkenazi and Steinberg argued that, is very small
ro, we findv.=2c. Clearly, the dual-probe method works when compared withg-v, but they ignored the important
only in the region where the mean velocity is much largercontribution of w,, . Because of the strong dependence of
than its standard deviation. the fluid properties on the effective temperature T,

Instead of using two temperature probes, Xin, Xia, andwhereT, is the critical temperature of the gas-liquid transi-
Tong[13,2Q developed a dynamic light scattering method totion, w,,, is strongly correlated witlg-v in time and may
measure the transit time of small seed particles in water tbhecome very large whefi—T. is small. As a result, the
cross two parallel laser beams. With this technique, they.DV measurements in §Fcould be contaminated by the
measured the velocity boundary layer profile near a conducistrong temperature fluctuations in turbulent convection.
ing surface in the Ra range 30 Ra< 10'°. Because the laser While singular behavior of the fluid properties near the criti-
beams are noninvasive, their separatiorcan be set very cal point offers opportunities to vary the Rayleigh number
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and the Prandtl number in a wide range {¥¢®Ra<10", 1 Il. EXPERIMENT
<Pr<100), great care must be exercised because all the
fluid properties become ill-defined when the temperature The experiment is conducted in a vertical cylindrical cell
fluctuations in turbulent convection are comparableTto filled with water. Details about the apparatus have been de-
~-T.. scribed elsewherf24] and here we only mention some key

In this paper, we present a comprehensive study of |argé)0int3. The side-wall of the cell is made of transparent Plexi-
scale velocity structures in turbulent thermal convection. Thélas with an inner diameter of 19 cm and wall thickness of
experiment is conducted in three different aspect-ratio cell§.63 cm. Three Plexiglas rings with the same diameter but
filled with water. The technique of LDV is used to measurehaving three different heights, 9.5, 20.3, and 40.7 cm, are
the mean velocity profiles and the velocity statistics overused respectively. The corresponding aspect ratiés
varying Ra and spatial positions across the whole convectiorr diameter/heightof the cell areA=2, 1, and 0.5. The up-
cell. The fiber-optic LDV is a matured technique with high Per and lower plates are made of brass and their surfaces are
accuracy(better than 1%) and fast sampling rate. It is non-€lectroplated with a thin layer of gold. Two silicone rubber
intrusive and is capable of measuring the local velocity ovefilm heaters are connected in parallel and sandwiched on the
a long period of time. In the experiment to be describedbackside of the lower plate to provide a constant and uniform
below, we measure the local velocity over a long period ofheating. The upper plate is in contact with a cooling cham-
time up to 7—8 h at each spatial location. More than 260@P€er, whose temperature is maintained constant by circulating
laser hours are spent in total to obtain a complete series &Pld water from a temperate bath. The temperature difference
velocity data at various Rayleigh numbers and spatial locad T between the upper and lower plates are measured by two
tions with the highest statistical accuracy possible. These véhermistors embedded in each plate.
locity measurements allow us to fully characterize the large- The experimental control parameter is the Rayleigh num-
scale flow structure in turbulent convection and answer somber Ra= agATL®/(v«), where g is the gravitational accel-
important open questions that are related directly to theeration, L is the height of the cell, and, v, and « are,
physical understanding of convective turbulence. Thesé&espectively, the thermal expansion coefficient, the kinematic
questions include: How is the large-scale circulation, thatiscosity, and the thermal diffusivity of the convecting fluid
spans the height of the cell, generated and sustained? What(watep. In the experiment, the average temperature of the
the connection between the large-scale circulation and theulk fluid is maintained at 30°C and the corresponding
thermal plumes that erupt from the upper and lower boundPrandtl number, P v/« is fixed at~5.4. The temperature
ary layers? of the upper and lower plates is regulated within 0.1°C in

While LDV is an ideal technique for the investigation standard deviation, which is less than 2.5% of the maximum
attempted here, it can be used only in water and some othéyT used in the experiment. To measure the local temperature
common solvents, in which one can readily seed a smalfluctuations of the fluid, a stainless steel tube of diameter 1.1
amount of micron-sized particles. These particles follow thenm is installed through the sidewall to guide a small ther-
local flow and at the same time scatter the incident lasemistor into the cell. The tube is mounted on a micrometer-
light. In the convection experiments using low-temperaturecontrolled translation stage, such that the local temperature
helium gas[4,17,1§, room-temperature compressed gasesan be measured at various horizontal positions along the
[22], or mercury[19,23 as the working fluid, particle seed- cell diameter at the mid-height of the cell. The movable ther-
ing is extremely difficult, preventing one from using LDV mistor is calibrated with an accuracy of 0.01°C. A Keithley
and other light scattering methods to measure the flow vemultimeter is used to measure the resistance of the thermistor
locity in these systems. Unlike turbulent convection in a gasat a sampling rate of 20 Hz.
in which one can vary Ra for many decades, the variable Local velocity measurements are conducted by using a
range of Ra in a liquid system is rather limitéglpically 1-2  two-component LDV system{TSI Inc) together with an
decadef because the liquid density cannot be changed verprgon-ion lasefCoherent Innova 90A long rectangular flat
much. Large fluctuations of the fluid refractive index result-window, 3 cm in width and having the same height as the
ing from temperature fluctuations may cause the two lasePlexiglas ring, is inserted onto the Plexiglas rings to admit
beams used in LDV to wander and defocus in the convectinghe incident laser beams and observe the light scattered by
fluid. The corruption of laser beam properties reduces théhe seed particles. The LDV system has a fiber-optic trans-
signal-to-noise level of LDV. However, this beam corruption ceiver, which collects the scattered light in the backward
occurs mainly near the upper and lower thermal boundarglirection and feeds it to two photomultiplier tubes via an
layers, whose thickness is much smaller than that of the visaptical fiber. The cylindrical probe volume viewed by the
cous boundary layers for large Prandtl number fluids, such gshotodectors is 1.31 mm in length and 0.09 mm in diameter.
water. The thermal boundary layer thickness in water is les3he analog signals from the photomultiplier tubes are fed to
than 1 mm when Ra10°. a LDV signal processotModel IFA-655, TSI Inc), which

The remainder of the paper is organized as follows. Weuses the fast Fourier transforfRFT) to resolve two compo-
first describe the apparatus and the experimental method iments of the flow velocity. Monodisperse polymer latex
Sec. Il. Experimental results are discussed in Sec. Ill. Fispheres of 4.75wm in diameter are used as the seed par-
nally, the work is summarized in Sec. IV. ticles. Because the density of the particlgs05 g/cni)
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FIG. 1. Space and velocity coordinates used in the presentation g 0r B
of the velocity measurements. The long arrows near the sidewall of E B i
the convection cell indicate the direction of the large-scale circula- =
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matches closely that of water, they follow the local flow P,

well.

In the experiment, we vary the measuring position of the _ _ _ _
local velocity by moving the transceiver probe, which is FIG. 2. () Time-averaged velocity components,(circles, v
mounted on a traversable table. The sampling rate of thériangles, andw (diamonds, and(b) their standard deviations,
velocity measurements is 10—15 Hz, which is approximatelycircles, o, (triangles, and o, (diamonds, as a function of the
ten times larger than the cutoff frequency of the velocity,normal'zed vertical positiop,=z/L. The. measurementg are made
power spectrum. In the calculation of the velocity statistics. " "€A=1 cell at Ras3.7x 10°. The solid and dashed lines ¢a)
we use the transit time weightif@5] to correct for the ve- are the_ linear fits to the measured(circle9 and v (triangles,
locity sampling bias. Typically, we take 2-h-long time seriesreSpeCt'Vely'
data (~10° data points at each spatial position for the ve-

locity profile measurements and 7-h-long time series data lll. RESULTS AND DISCUSSION

(~4X10° data points for the velocity histogram and Ra- A. Velocity profiles in various aspect-ratio cells
dependence measurements. This data accumulation time is

much longer than the time scale for the large-scale circula- 1. A=1cell

tion, which is of the order of 1 min, ensuring that the statis- We first dicuss the velocity measurements in the 1

tical average of the flow properties is adequate. cell. Some of the results have been reported previously in a

Figure 1 shows the space and velocity coordinates to beapid communication27]. The velocity profile measure-
used in the presentation of the velocity measurements. Thaents are conducted along two axes; one is along the central
origin of the space coordinate system is chosen to coincide axis from the bottom of the cell to the tgpvertical scan”)
with the cell center. The andz axes are in the rotation plane and the other is along the cell diameter at the mid-height of
of the large-scale circulation and tlyeaxis is perpendicular the cell(*horizontal scan’). These two axes define the rota-
to the rotation plane. The symbols v, andw are used, tion plane of the large-scale circulation. For each velocity
respectively, to denote the longitudinal, normal, and transverscan, we measure three velocity componen{s:, andw.
sal velocity components near the cell boundaries. As shown Figure 2 shows the time-averaged velocity components,
in Fig. 1, u andv represent the velocity components in theu, v andw [Fig. 2@], and their standard deviations,,
rotation plane anel is the velocity component perpendicular @, , anda,, [Fig. 2b)], as a function of the normalized ver-
to it. The rotational speed of the large-scale circulation igtical position p,=z/L (vertical scan Figure 3 shows the
described by the mean value of Early temperature mea- time-averaged velocity components,and w (open sym-
surementg 23] showed that the azimuth of the large-scalebols), and their standard deviations, and o, (closed sym-
circulation rotates slowly in time when the cylindrical cell is bols), as a function of the normalized horizontal position
leveled perfectly. To pin down the azimuthal rotation, we p,=x/D (horizontal scan Because of the limitations of the
tilted the cell by a small angle<(1°). Ciliberto et al. [26] LDV optics, we are unable to measure the normal component
showed that such a small tilt does not affect turbulent conw in the horizontal scan. All the measurements are conducted
vection very much. at Ra=3.7x10°. It is seen from Figs. 2 and 3 that the flow
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12 fluctuations, the flow field still maintains a coherent struc-

ture. The measured is well described by a linear function
of the radial distance away from the cell centdisolid line

in Fig. 2@)]. The slope of the straight line far remains the
same in both the vertical and horizontal scésse Fig. 3,
suggesting that the bulk fluid undergoes a coherent rotation
around the cell center.

This large-scale coherent rotatighSCR) is also ob-
served in flow visualization. In the experiment, we use a
12 photographic techniqui4] to take streak pictures of small
thermochromic liquid crysta(TLC) spheres seeded in the
convecting fluid. A thin vertical sheet of white light is shone
Px through a central section of the convection cell. Figure 4
. . — ) shows an instantaneous flow field in the=1 cell. A large-

FIG. 3. Time-averaged velocity componentsopen circles  gcale circulation of size comparable to the cell dimension is
andw (open diamonds and their standard deviations, (closed  ghserved and the ‘eye’ of the circulation is located approxi-
circles and o, (closed diamonds as a function of the normalized  mately at the cell center. It should be noted that the rotation
horizontal positionp,=x/D. The measurements are made in the pattern shown in Fig. 4 reveals a special moment of the flow
A=1 cell at Ra=3.7x10°. The solid curve shows the measured field. A persistent large-scale rotation is found only near the
along thez axis for comparison. boundary and the flow in the central region looks more ir-

regular and chaotic in other times. This is because the veloc-
field in the A=1 cell has a stable, quasi-two-dimensionality fluctuations in the central region are larger than the mean
(quasi-2D structure. The mean value of the transversal vesspeedu. From the flow visualization, we find that the LSCR
locity w is found to be zero in both the vertical and horizon- iS ot exactly of circular shape. Rather, the rotation is around
tal scans. The flow field in the rotation plane is divided into@n ellipse whose long axis is filted at an angle with respect to
three regions(i) the viscous boundary layeiij) the central ~the vertical direction(see Fig. 15 Because of this tilt, the
core region, andiii) the intermediate buffer region. measured mean velocity has a small verticalrma) com-

In the thin viscous boundary layer (046p|<0.5), the ponentv, which can also be fitted to a linear function @f

longitudinal velocityu increases linearly with the distance [dashed line in Fig. @)]. _

away from the cell boundary and reaches maximunhpht The intermediate region between the viscous boundary
=p1=0.46. The normal velocity componem_i increases |23|/e|r<a(;]ig)hewﬁggrs\l,azoﬁséeg;ﬁg dls{hté]%it;(?r:ferz(l)?réerlr(1025
with p, much more slowly and its value §t,|=p, is only PI=L.50), 9 :

~1/8 of the correspondingi. Clearly, U is the dominant this region, the measured continues to increase withp,

velocity component in the boundary layer ands negligibly :Z(L’ whereas th_e measgredstarts to decay but still re-
small. The rms velocitiesr, and o, near the conducting Mains larger thaw [see Fig. 22)]. As a result, the normal
surface reach their maximum values of 5 mm/s andvelocity component becomes increasingly important in the
6.5 mm/s, respectively, &b,| = p; and then quickly returnto region. The dynamics in the buffer layer is dominated by the
a constant value of~4 mm/s throughout the bulk region mixing and advection of the thermal plumes ejected from the
[see Fig. 0)]. The normal velocity variancer, near the upper and lower thermal boundary layers. Velocity fluctua-
lower surface[see Fig. 20)] and the rms velocities, and  tions in this region remain approximately the same as those
o,, near the sidewalisee Fig. 3, on the other hand, do not in the central region. Their variance is small when compared
show a sharp peak near the boundary. Rather, they quicklyith u but is larger than.
reach a constant value ef4 mm/s and remain unchanged
throughout the bulk region. The fact that and o, exhibit 2 A=2 cell
peak values dip,| = p, indicates that turbulent velocity fluc- ) _ _
tuations are generated mainly near the upper and lower con- Figure 5 shows the time-averaged velocity components,
ducting surfaces, where the thermal plumes are emitted ird, v andw [Fig. 5@)], and their standard deviations, , o,
termittently. It is seen from Figs. 2 and 3 that velocity ando,, [Fig. 5b)], as a function op,=z/L. Figure 6 shows
fluctuations in the viscous boundary layer are small wherhe time-averaged velocity componen?sandv_v(open sym-
compared withu but are larger tham. Using a dual-beam bols), and their standard deviations, and o, (closed sym-
light scattering method, Xiet al.[13] have studied the scal- bols), as a function ofp,=x/D. All the measurements are
ing properties ofs over varying Ra near the viscous bound- conducted at Ra4.9x 1C°. It is seen from Figs. 5 and 6 that
ary layer. the flow field in theA=2 cell also has a quasi-2D single-roll
In the central core region|g4|<0.25), velocity fluctua- structure. The transversal velocity components found to
tions become larger than the mean value. They are approxbe zero in both the vertical and horizontal scans. The longi-
mately homogeneous across the bulk region and nearly isdudinal velocity componeni shows a profile similar to that
tropic in all three directions. Despite the large velocity in the A=1 cell. The flow field in the rotation plane can still

mean velocity (mm/s)
rms velocity (mm/s)
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FIG. 4. (Color A streak image of the TLC spheres taken in the 1 cell at Ra=2.6x 10°. Cold eruptions are brown; green and blue
regions are warmer. The displayed region covers top 2/3 of the convection cell and its dimension is approximateby 20 @m

be divided into three regions: a thin viscous boundary layerg, , and o, [Fig. 7(b)], as a function ofp,=z/L. Figure 8

a central core region with a large-scale coherent rotatiodpows the time-averaged velocity componentsand w
(solid Iine_in Fig. 9, and an intermediate buffer region. The (open symbols and their standard deviations,, and o,
measured in the vertical scan is zero, suggesting that the(closed symbols as a function op,=x/D. All the measure-
symmetry axes of the LSCR in the=2 cell coincide with  ments are conducted at R8.28x 10, It is found that the
the space coordinates shown in Fig. 1. LSCR in theA=0.5 cell is not very stable and wobbles
To further verify the flow structure in thé=2 cell, we  giowly in time when the cell is tilted at the same angle as that
measure the velocity profile along a vertical axis haltway ing,r the other two cells. To further stabilize the LSCR, we tilt
between the centra axis_and the sidewall*halfway verti- the A=0.5 cell by a larger angle of 1.7°.
cal scan’). The measured is found to increase continously The flow field in theA=0.5 cell has a similar quasi-2D
with the distance away from the lower surface and reaches gingle-roll structure as that in the=1 cell. In the rotation

maximum value at the mid-height of the cepl,&0). This  plane, it still can be divided into three regions: a thin viscous
measurement further confirms the single-roll structure of theyoundary layer, a central core region with a large-scale co-
LSCR. It is seen from Figs.(6) and 6 that the velocity herent rotation(solid and dashed lines in Fig),7and an
fluctuations in theA=2 cell vary with spatial positions and intermediate buffer region. Besides these common proper-
with directions. They are neither isotropic nor homogeneousges, the velocity field in theA=0.5 cell also shows some
This is in contrast with the situation in the&=1 cell, in  interesting new features. First, the measured normal compo-

which the velocity fluctuations are approximately homoge'nentv_in the central region is larger than the longitudinal

neous across the bulk region and nearly isotropic in all three — . . S .
directions. componentu, suggesting that the fluid motion is predomi-

nantly in the vertical direction. Second, the measured rms

_ velocities are larger than their mean values in the entire re-
3. A=0.5 cell . . - -

_ _ _ gion of the cell. As a result, one is unable to visualize a
Figure 7 shows the time-averaged velocity componentspersistent large-scale circulation in th®=0.5 cell. As

u, v, andw [Fig. 7(@], and their standard deviations,,, shown in Figs. T) and 8, the measured rms velocities in the
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FIG. 7. (a) Time-averaged velocity components, circles, v

FIG. 5. (a) Time-averaged velocity components,(circles, v (riangles, andw (d &, and(®) their standard deviat
. — . . - riangles, andw (diamonds, an eir standard deviations;
| h Y
(triangles, andw (diamonds, and(b) their standard deviationsy, (circles, o, (triangles and o, (diamonds, as a function of the

(circles, o, (triangleg, and o, (diamond$, as a function of the lized vertical itiom.—27/L. Th ¢ d
normalized vertical positiop,=z/L. The measurements are made 'notrtT?AIieO 5\/er Illcat gosélcz)g;_low .Th € n?%asu;e?eg sda}_re made
in the A=2 cell at Ra=4.9x 1¢%. The solid line in(a) is the linear n '_3 e ceflat Rar 3.20% - B €so |_an. ashedfines are
fit to the measured (circles the linear fits to the measured(circles andv (triangles, respec-

tively.

A=0.5 cell are more scattered than those in Awel cell.
This is because the LSCR still wobbles somewhat even whe
the cell is tilted at a larger angle. Previous experiment
[28—31] showed that temperature fluctuations in the 0.5

cell drift slowly with time and their histograms have a non-
Bxponential form. It was suggestEzB,29 that these effects
Sare caused by a wobbly LSCR. The velocity measurements
shown in Figs. 7 and 8 provide direct evidence to support
this argument.

10
10 T T T \. 10
9 ) e iy oo
B 2 o 3o g Ite.8s, ° -
Es E I ot -
= = g < {1 £
D = > g
< 2 3 0 e B S -
5] =)
: > ] [ole) L
g0 g z " ] H
b g = [efe] ot
& a § 5 .o 15 E
g - SR =
L oo
o]
5 -10 ! I I 1 1 1 -10
-0.50 -0.25 0.00 0.25 -0.5 0.0 0.5
Py Px
FIG. 6. Time-averaged velocity componenE,(open circleg FIG. 8. Time-averaged velocity componenE,(open circles

andw (open diamonds and their standard deviations, (closed andw (open diamonds and their standard deviations,, (closed
circles ando,, (closed diamonds as a function of the normalized circles and o, (closed diamonds as a function of the normalized
horizontal positionp,=x/D. The measurements are made in the horizontal positionp,=x/D. The measurements are made in the
A=2 cell at Ra=4.9x 10°. The solid curve shows the measuﬁd A=0.5 cell at Ra=3.28x 10'°. The solid curve shows the measured

along thez axis for comparison. Ualong thez axis for comparison.
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FIG. 9. Time-averaged velocity com onenE,o en circle £ o |
— . g . y P . ( P g o 08¢ %@Q%@%Og O
andv (open triangles and their standard deviations,, (closed = 3@8@5@ 2 8%%§0
circles and o, (closed triangles as a function of the normalized L L ]
vertical positionp,=z/L. The measurements are made in the r 7
=1 cell at Ra=8.6x 10°. The solid and dashed lines are the linear - e
fits to the measured (open circlesandv (open trianglel respec- 0.4 S L
tively. -0.50 -0.25 0.00 0.25
P,

FIG. 10. (a) Normalized velocity componem_tlumax and(b) its
) . standard deviationr, /(o) max @S @ function of the normalized ver-
In the above, we discuss the velocity measurements at fcal positionp,=z/L. The measurements are made inAhel cell

fixed value of Ra. We now show how the velocity profile at Ra=1.7x10° (squarel 3.7x10° (circles, and 8.1 10° (dia-
changes with the Rayleigh number. We focus our attentiomonds.

on the velocity measurements in tAe=1 cell with Ra var-

ied in the range 1¥<Ra<10'". Figure 9 shows the time-

averaged velocity components, v (open symbols and  tion speedum,, or the rotation ratey, obtained from the
their standard deviations;, and o, (closed symbols as a  slope of the linear longitudinal velocity profilg(p,) shown
function of p,=2z/L. The measured velocity profiles at Ra in Fig. 2. In the experimenty, is determined more accu-
=8.6x 10° show a structure similar to those measured atately because it is obtained by a linear fit to many data
Ra=3.7x10° (see Fig. 2 The transversal velocity compo- points. Because the measuretp,) over varying Ra scales

nentw is found to be zero and the flow field in the rotation with each other, the Ra dependencel_ggxmust be the same

plane has the same quasi-2D single-roll structure. Thesgs that fory, . Figure 11 shows the normalized rotation rate

measurements reveal that the LSCR shown in Figs. 2 and $ L2/« (open circlesand the normalized maximum rotation

is invariant with Ra. B speed 2.,/ k (closed circlesas a function of Ra. The two
Figure 10 shows the time-averaged velocity profi(e,)

and the rms velocity profiler,(p,) in the vertical scan at

three different values of Ra. It is seen that the measured

U(pz) for different values of Ra can all be brought into co-
incidence, oncel(p,) is scaled by its maximum valug,,y. .

Plots ofu(p,)/umayx VS p,/L remain invariant and only .«
changes with Ra. Similar scaling behavior is also observed B
for the rms velocity profileor,(p,). Figure 10 thus suggests N
that the flow structure in a given cell is invariant with Ra.
While the measured velocity profiles over varying Ra in the
same cell scale with each other, the velocity profiles obtained
from different cells with varying aspect ratios do not scale. It
is shown in Sec. Il A that the shape of the LSCR and its tilt
angle « vary with the aspect ratio of the cdlee Fig. 1h
Therefore, we conclude that the spatial structure of the
LSCR scales with Ra but its exact form depends on the shape FIG. 11. Normalized rotation rate,L%« (open circley and
of the convection cell. normalized maximum rotation speeg.,L/« (closed circlesas a

Because of its scaling behavior, the LSCR can be charadunction of Ra in theA=1 cell. The solid line shows the power-law
terized by a single parameter. It is either the maximum rotafit y,L%/ x=1.1R&*.

B. Rayleigh number dependence

T T T T T T T 113
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[ 1 I L
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104 E = amplitude range of almost 4 decad@wmshed curvgs The
103 z i measuredH (u) starts to deviate from the Gaussian form and
= E 3 becomes more and more asymmetric wipens moved far-
F 107 E ther away from the cell center. It is skewed toward the nega-
10! b ] tive side with respect to the mean flaw having the largest
g E skewness at the edge of the viscous boundary lajgr (
102 =0.46). At this locationy reaches maximum. The measured
10 g E H(v) shows a behavior similar to that bff(u). The negative
10° = - skewness at large velocities indicates that while the large-
% 102 ; é scale mean flow carries most thermal plumes in one direc-
tion, there are still some energetic thermal plumes emitted
10 5& E from the opposite surface moving against the mean flow.
100 e, Ve ] Because there is no mean flow in the direction perpen-
10 £ oo LT '(C) 3 dicular to the rotation plane, the measutéfv) is symmet-
100 E 3 ric and its skewness is approximately zero at all locations.
5 g E The width of the measuret(w) (i.e., the rms velocity
=107 ¢ E becomes maximum at the edge of the viscous boundary
10! L %& ] layer. It is seen from Fig. 12 that both the measulgal)
E a® 3 andH (w) in the central region exhibit two small bumps near
10030 0 d 30 the zero mean, indicating that there is a small oscillation in

the measured horizontal velocity components. In fact, we
velocity (mm/s) have observed this velocity oscillation directly from the time

FIG. 12. Measured velocity histograra H(u), (b) H(v), and serigs Qati§27]. The emergence of the velogity oscillation i's
(c) H(w) at various vertical positiong,=z/L. The measurements a_n mtngumg' feature of Furb.UIer_]t convection and we will
are made in thé\= 1 cell at Ra=3.7x 10°. The values op, are:(a)  discuss details of the oscillation in a separate pap&f We
—0.46 (diamonds, —0.15 (triangles, 0 (circles; (b) —0.40 (dia-  @lso measured the velocity histograms in the horizontal scan
monds, —0.25 (triangles, O (circles; and(c) —0.44 (diamond$,  and find results similar to those shown in Fig. 12. The mea-
and O(circleg. The dashed curves show the Gaussian fits to thesured histograms in the other two cells show behavior similar
measuredd (u), H(v), andH(w) at the cell center. to that in theA=1 cell.

D. Driving force for the large-scale coherent rotation
quan|t|t\|;§ ﬁre nc/arm;hz_ed 'nltSliJCh a xv?z E{h&}t thn?y becr:ogne The above velocity measurements clearly show that the
equa eNUmax/ (L/2) =, S see at 1he measured g,y field in all three cells has a quasi-2D single-roll struc-

yuL?/x is well described by a power law,L*/k=1.1R& ' 1o find the drivin
o . - . . g force for the LSCR, we conduct
(solid line) with the exponente=0.45-0.06. Figure 11  qitiona| flow visualization and temperature measurements

shows that the Ra scaling Ozf the mgasure%.g(L/K.is in; in theA=1 cell. From the flow visualization we observe that

ldeed thr? Sa”ﬂ‘zlas that fepL*/ «, but its amplitude is 22% the thermal plumes emitted from the upper and lower sur-

arger t anéu | g liah . hod. iral.[13 faces are often sheared to the sidewall region by the large-
Using a dual-beam light scattering method, Xinal.[13] cale horizontal flow near the conducting surface. As a result,

measured - the praximum rotation  speed — and foundyq iy fiyids rise along one side of the cell and cold fluids fall
Z.UWaXL/K:O'SRé?I : Because-of the limited Ra range, itis o the opposite side of the cell. Regions occupied by the
difficult to resolve the sr_na_ll difference _betvveen the two V.al'warm and cold plumes coincide with the buffer layers near
ues of the exponent within the experimental uncertaintieSy,q gjgewall, in which the time-averaged longitudinal veloc-
We notice, however, that the value ©bbtained from Fig. 11 . — . o .

is slightly closer to 3/7 or 4/9 than to 1/2,5,33. We also :ty u reda_lchles r|r1a>§|mum. As shor\]/vn I'Tj Flg.”3_, trlle maxnr}num
find that the measured values gfL?/ k andupmal/« in the ongitudinal velocity Upmay N€Ar the sidewall is larger than
other two cells do not scale with the data shown in Fig. 11.that near the two conducting surfaces.

This suggests that the absolute valueygf(or u,,,,) varies It shoulgl be noted, howeyer, thay, also depends on.the
with the aspect ratio of the cell as well. aspect ratio of the convection C(_eII. In thf,tZ cell (see Fig.

6), the measured,,,, near the sidewall is smaller than that
near the upper and lower conducting surfaces. This is be-
cause the vertical flow near the sidewall occupies larger

We now discuss the statistical properties of velocity fluc-space than the horizontal flow near the conducting surfaces
tuations in theA=1 cell. Figure 12 shows the measured does. The continuity equation requires that the flow in the
velocity histogramdH(u), H(v), andH(w) at various ver- two different directions must carry the same amount of fluid.
tical positionsp,=2z/L. It is seen that the measured velocity The situation in theA=0.5 cell is reversed, and indeed the
histograms in the three different directions at the cell centemeasured,,,,, near the sidewall becomes dominant over the
can all be well described by a Gaussian function over arhorizontalu,,,, (see Fig. 8.

C. Velocity statistics
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FIG. 13. Time series measurements of the temperature fluctua- -0.5 0.0 0.5
tions at three horizontal positiongs,=+0.42 (top curve, 0 0
X

(middle curve, and —0.42 (bottom curve. These three positions
are all located in the rotation plane of the LSCR and at the mid-
height of the cell. The measurements are made inAthel cell at
Ra=3.3x10°.

FIG. 14. (a) Time-averaged temperature profifeas a function
of the normalized horizontal positiom,=x/D. The solid line is a
linear fit to the data points in the central regidm. Normalized rms
temperature profiler; /AT as a function ofp, . All the measure-

. . t de in theé=1 cell at Ra=3.3x 10°.
From the velocity measurements together with the flow o> are maden cellat R

visualization, we arrive at the following driving mechanism
for the LSCR. The outer region of the rotatigne., the ) _
buffer layers around the cell peripherig the active region —central region of_ the cell. Near the S|de_wall, however, tem-
that drives the LSCR. Thermal plumes erupt into the regiorPerature fluctuations are found to be highly skewed toward
from the upper and lower thermal boundary layers, and man@ne direction. Cold fluctuations are superposed on an aver-
of them are sheared to the sidewall region by the large-scafd€e base line on one side of the cell and warm fluctuations
horizontal flow near the conducting surfaces. The warm andre found on the other side of the cell. These upweain-
cold plumes, which are separated laterally in the two opposard going spikes are associated with the rising wafatl-
ing sidewall regions, exert buoyancy forces to the bulk fluiding cold plumes in the sidewall region. _
and drive the vertical flow near the sidewall. This vertical The spatial separation of the warm and cold plumes is
flow in turn enhances the horizontal flow near the upper andlso reflected in the measured rms temperature profile shown
lower conducting surfaces. This is a self-feeding procesdn Fig. 14b). The measuredr;/AT is small and remains
which connects the thermal plumes with the LSCR. The cenconstant in the central region of the cell. It becomes larger in
tral core region is “sheared” by the rising and falling plumes the sidewall region and reaches a maximum value at the
near the side wall, resulting in a constant mean velocity gras@me horizontal locations as those at which the rising and
dient in the region. Velocity fluctuations in the central regionfalling velocities become maximum. The lateral separation of
of theA=1 cell are approximately homogeneous and isotrothe warm and cold plumes also affects the mean temperature
pic. They are strong enough to fully mix the thermal plumesprofile in the horizontal scan. As shown in Fig.(a4 the
that occasionally penetrate into the region. time-averaged temperatufép,) on the right side of the cell

To further verify this physical picture, we measure thehaving more warm plumes is higher than that on the left side
temperature fluctuations at various horizontal positigns, of cell with more cold plumes. The measur@(jpx) in the
=x/D, at the mid-height of the cell. Figure 13 shows thepulk region is well described by a linear function with a
time series measurements at three horizontal positipps: slopedT/dx=1.3 mK/mm(solid line).
= +0.42(top curve, 0 (middle curve, and —0.42 (bottom Because of the rotational symmetry of the LSCR, one
curve. These three positions are all located in the rotationyould expect that there will be a stabilizing temperature gra-
plane of the LSCR. Temperature fluctuations at the cell cendient of similar amplitude in the vertical direction. Indeed,
ter are characterized by small spikes, which are intermittentfilgner et al. [11] has observed this stabilizing temperature
in nature and are symmetric about the mean temperdture gradient,dT/dz=1.1 mK/mm, at a slightly smaller Rayleigh
This indicates that the thermal plumes are fully mixed in thenumber, Ra 1.1x 10°. Figure 14 thus reveals the cause of
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the small temperature gradient in the turbulent bulk region. lpptained in the A1 cell: =1 mm (at Ra=3.7xX10°), «
is also seen from Fig. 14) that the mean temperature profile —1 47% 103 cn?/s, and v=8.0x 10 3 cn?/s (at 30°C),
changes abruptly near the side wall. This abrupt temperaturge nhaver ~1.25 s andr;=6.8 s. Because of the eruptive
change of~0.2°C occurs in a thin layer of thicknessé  nature of the thermal plumes, the plume velocity is compa-
mm, which is comparable to the velocity boundary layeryaple to the normal rms velocity, . If the smallest rms
thlckness(see Fig. 3. Thg co-rrespondlng temperature gradi-g|ocity o,~2 mm/s near the conducting surfaksee Fig.
ent is ~33 mk/mm, which is much smaller than the tem- p(p)] is taken as the ascending velocity of a thermal plume
perature gradient{T/26)=qx10° mk/mm near the Upper quring the acceleration, we find the acceleration distance
and lower conducting surfaces. Clearly, this “thermal bound-daz o,7,~2.5 mm, which is deep inside the viscous bound-
ary layer” is caused by the poor mixing inside the viscousary |ayer. Using the mixing length theof$2], we find the
boundary layer near the sidewall. maximum rms  velocity o,=Pe[(L/2)—]|z|]1«/?
Recently, Villermaux34] proposed a model aimed at ex- ~4 mm/s atz;=—92.5 mm ,=—0.46). Here we have
plaining the emission dynamics of the thermal plumes intaken the critical Pelet number Pe=3 [Ref.[32]]. The cal-
turbulent convection. The model assumes that the unstablsulated o, is very close to the measured value =4.5
modes(i.e., the thermal plumesn the upper and lower ther- mm/s. With the calculated,, we find the corresponding
mal boundary layers interact via a delayed nonlinear coutraveling distancel,= o, 7r=30 mm. It is seen from Fig. 2
pling with a time constan,=u/L, whereu is the rising(or  that the measured vertical velocity reaches maximum at
falling) speed of the thermal plumes. Because of this delayeghis gistance ,= —0.35).
coupling, the thermal plumes are excited alternately between The apove numerical calculation supports the following
the upper and lower boundary layers with a local frequencyiife cycle” for an individual thermal plume emitted from
fo=(1/2to). This model explains the experimental finding the conducting surface. It first accelerates within the viscous
that the temperature power spectrum has a peak at low frgsoundary layer and then travels through the bulk part of the
quency, which varies with the rotational speed of the Iarge—mixing layer with a terminal velocity comparable ts, .
scale circulatior] 33 o ~ Finally, the thermal plume is shattered and mixed with the
Villermaux's model focused on the emission dynamics ofsyrrounding fluid in the border region between the mixing
the thermal plumes and did not discuss the dynamic consgayer and the central region, in which the convecting fluid
quence of the alternating plume emission to the flow fieldyacomes fully mixed. This dynamic process was first dis-
From the velocity measurements and the visualization disg;ssed in a theoretical model by Castag@al. [4] It should
cussed above, we now have a complete physical picturgye pointed out that this mixing dynamics applies only to the
which links the local plume emission to the global flow jhgividual plumes, whose characteristic si@ar width) is
structure. Because of the buoyancy acceleration, the thermébmparable to the thermal boundary layer thicknés8e-
plumes exert vertical forces on the bulk fluid. An alternating.,se their life timer; is short, these thermal plumes cannot
eruption of the thermal plumes, therefore, gives rise 10 ggach to the opposite conducting surface.
periodic impulsive force to the fluid. Because of the lateral g rising and falling plumes near the sidewall, therefore,
separation of the warm and cold plumes, the vertical thermgly st pe a new class of plumes, whose life time is longer than
forcing becomes a periodic impulsive torque in the plume-s2/, From the flow visualization we observe that the ther-
dominated sidewall region. It is this periodic torque thatma| hiumes in the sidewall region often group together when
drives the LSCR continuously. In a recent experimé@,  noving across the cell. Individual plumes are observed
Qiu et al. have found a well-defined oscillation in the veloc- rarely near the sidewall. When two thermal plumes combine

ity power spectrum. into one, the characteristic size of the “composite plume” is
_ doubled and thus its life time is quadrupled. In a recent ex-
E. Thermal plumes in the buffer layer periment[33], we find that in theA=1 cell it takest,=28 s

From the flow visualization we observe that not all thefor a rising plume to reach the upper surface. When two
thermal plumes emitted from the upper and lower surfacetiermal plumes form a “composite plume,” its lifetime be-
are carried to the sidewall region. Some thermal plumes aré0mesrr=(26)?/x=27.2 s, which is very close to the mea-
mixed in the buffer layer near the conducting surfaces. Wesured cell crossing time.
therefore refer these two horizontal buffer layers as the mix- From the above observations, we conclude that there are
ing layers. In the vertical buffer layers near the sidewall,two types of thermal plumes in turbulent convection. Type 1
however, most thermal p|umes are carried to the uppeplumes are individual ones with a short life time, and type 2
(|0wer) Conducting surface by the r|s|r(@|||ng) flow with- plumes are ComDOSite ones haVing a |Onger life time. For the
out much turbulent mixing. These two vertical buffer layers “cComposite plumes,” the thermal diffusion is not very im-
are referred to as the advecting layers. portant and their risingor falling) velocity (proportional to

The characteristic lengtlii.e., the width of a thermal u) can be estimated by balancing the buoyancy with the
plume is the thermal boundary layer thicknesswith this  viscous drag. At a fixed Ra, we havéd] Upax
length scale, one finds the thermal diffusion tifie., the  ~Rax(ns)?/L3, wherend is the typical size of the “com-
“life time” of a typical thermal plume is 7r= 6%k and the  posite plume.” The exact numerical factor fof,,, depends
viscous diffusion timdi.e., the acceleration time for a typical on the shape of the “composite plume.” Clearly, the forma-
thermal plumgis 7,= 6%/v. Using the experimental values tion of “composite plumes” is a collective behavior of the
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the sidewall. This vertical flow in turn enhances the horizon-
tal flow near the conducting surfaces, providing a self-
feeding mechanism, which drives the LSCR continuously.
Under this mechanism, the outer region of the rotafios,
the buffer layers around the cell periphgerg the plume-
dominant active region that drives the LSCR. The central
core region is “sheared” by the vertical flow near the side-
(a) wall, resulting in a constant mean velocity gradient in the
region.
This spatial separation of the active and passive regions
has important implications to the physical understanding of
turbulent convection. First, it suggests that the boundary con-

dition of the sidewall is important in determining the flow

FIG. 15. Sketch of the large-scale quasi-two-dimensional flow . : :
. r re in small -rati Il h h in th
structure observed in th@) A=2, (b) A=1, and(c) A=0.5 cells. structure in small aspect-ratio cells, such as those used in the

present experiment. Second, it affects the scaling of small-
scale velocity fluctuations over varying length scales. Re-
cently, several theoretical calculatiof35-37 have sug-
thermal plumes under the influence of the large-scale horigested that the velocity differencév(/) in turbulent
zontal flow near the conducting surface. We believe that botlagnvection changes its scaling behavior when the separation
types of thermal plumes contribute to the heat transport proy’ pecomes larger than the Bolgiano scalg. At large
cess in turbu_lent conve_ction and their relative weight needﬁength scales (> /), buoyancy is important and one has
to be determined experimentally. the Bolgiano-Obukhov scalingsv(/)~ /5. At smaller
length scales, howevefy (') obeys the usual Kolmogorov
scaling: év(/)~/*3. The experiment indicates that this
We have carried out a systematic study of the large-scalérossover may vary with the spatial position in the cell.
velocity structures in turbulent thermal convection. The ex- Finally, the spatial separation of the active and passive
periment is conducted in three different aspect ratio cellgegions may also affect the Ra-scaling of the mean and rms
filled with water. Laser Doppler velocimetry is used to mea-velocities. As discussed in Sec. Il E, there are two types of
sure the velocity profiles and statistics over varying Rayleighthermal plumes in turbulent convection. Individual plumes
numbers and at various spatial positions across the wholemitted from the upper and lower surfaces have short life
convection cell. The results obtained in the aspect-ratio times and some of them are mixed in the horizontal mixing
=1 cell are compared with those in tie=2 andA=0.5 |ayers. Other thermal plumes, however, group together under
cells. the influence of the large-scale horizontal flow near the con-
Large VeIOCity fluctuations are found both in the Centralducting surface and form “Composite p|umes_" These “com-
region and near the cell boundary. Despite the large velocityosite plumes” have longer life times and thus can travel
fluctqat|ons, the flow_ﬂeld still maintains a Iarge-scalgthrough the vertical advecting layer and get to the opposite
quasi-2D structure, which rotates in a coherent manner. Figsonqycting surface. From the flow visualization and the ve-
ure 15 ShQWS the sketch of thg coherent single-roll Structurﬁ)city measurements, we find that the large-scale circulation
observe_d in the three conveqtlpn ce]ls. These rovy stru'ctureﬁ_e” the mean flowis driven mainly by the “composite
scale with Ra and can be divided into three regions in th lumes” near the sidewall, whereas the velocity fluctuations

rotation plane: a thin viscous boundary layer, a central COre o vroduced brimarilv by the individual plumes. Because
region with a coherent rigid-body rotation, and an interme- P P y by P ’

diate buffer region. It is seen from Fig. 15 that the LSCR iSthermaI , dlf’fl.JSI.OIj] IS Ies§ 'mport"’?m to the. composite
not exactly of circular shape. Rather, the rotation is around glumes, their rising(or fa!lmg) velocity (proportlonal o the
tilted ellipse. It is found that the tilt angle with respect to Mean flow may have a different Ra-scaling from that of the
the vertical direction varies with the aspect ratio of the cell™S Velocity. In scaling theories of turbulent convection
but is not sensitive to Ra. The fact that a quasi-2D single-roll1,2:4, the mean velocity of the large-scale flow is often
structure is found in all three cells suggests that the LSCR i§'S€d as the characteristic velocity, whereas the role played by
not the remnant of the convection rolls formed at low Ray-the rms velocity, which is much larger than the mean veloc-
leigh numbers, rather, it is a unique new state of turbulentty in the bulk region, has not been studied in great detail.
convection. The present experiment provides an interesting example

From the flow visualization and the temperature measureto demonstrate how otherwise random unstable modes in a
ments, we find that the thermal plumes emitted from theclosed system are organized in both space and time to gen-
upper and lower surfaces are often sheared to the sidewadrate a large-scale flow structure, which rotates in a coherent
region by the large-scale horizontal flow near the conductingnanner. The formation of the LSCR makes turbulent convec-
surface. The warm and cold plumes, which are separatetion a unique and ideal system to explore new ways of sepa-
laterally in the two opposing sidewall regions, exert buoy-rating small-scale fluctuations from the large-scale coherent
ancy forces to the bulk fluid and drive the vertical flow nearstructures in turbulencks8].

©

IV. SUMMARY
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