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Temperature oscillations in turbulent Rayleigh-Benard convection
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A systematic study of temperature oscillations in turbulent thermal convection was carried out in two
aspect-ratio-one convection cells filled with water. Temperature correlation functions and local velocity fluc-
tuations were measured over varying Rayleigh numbers and spatial positions across the entire cell. These
measurements fully characterize the spatial structure of the temperature oscillation and reveal the mixing and
emission dynamics of the thermal plumes near the conducting surface. A sharp transition from a random
chaotic state to a correlated turbulent state of finite coherence time is found when the Rayleigh number
becomes larger than a critical value ,R& % 10’. Above Ra the measured temperature correlation functions
show a well-defined oscillation with a finite coherence time. The oscillation period is found to be twice as large
as the cell crossing time. The experiment demonstrates how the thermal plumes in a closed cell organize
themselves both in space and time and generate coherent oscillations in a turbulent environment.
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[. INTRODUCTION teract through a delayed nonlinear coupling with a time con-
stantty=L/U, which is the transit time for thermal plumes
An intriguing feature of turbulent Rayleigh-Bard con-  to travel between the two conducting surfaces of the(cell
vection is the emergence of a well-defined low-frequencycrossing timg Because of this delayed coupling, the thermal
oscillation in the temperature power spectrlti?]. This 0s-  plumes are excited alternately between the upper and lower
cillation takes place in the hard turbulence regime when théoundary layers with a local frequency,=1/(2t)
Rayleigh number Ra becomes larger than a critical value=U/(2L). Villermaux’s model provides an interesting
Ra.=5x10". Recent velocity measuremen{8,4] find a  mechanism for the temperature oscillation, but its predictions
similar oscillation in the velocity power spectrum. The co- have not been examined experimentally in detail.
herent oscillations are observed in various convecting fluids, In an attempt to further understand the structure and dy-
such as low-temperature helium gas?], mercury{5,6], sul-  namics of the thermal plumes, we have recently carried out a
fur hexafluoride gag3], and water[4,7]. These measure- systematic study of the temperature and velocity fields in
ments have stimulated considerable theoretical efforts, aime@irbulent convection. Using the techniques of laser Doppler
at explaining the dynamic origin of the temperature oscilla-velocimetry(LDV ), thermometry, and flow visualization, we
tion[1,2,6,8. map out the temperature and velocity structures in the plane
It was first interpreted as an oscillation of a stably strati-of the large-scale circulation. These temperature and velocity
fied region of size comparable to the mixing zdrié and  measurements are conducted in convection cells with differ-
later was linked to the rotation frequency of the large-scaleent aspect ratios and over varying Rayleigh numbers and
circulation in turbulent convectiof2,6]. In the latter case, spatial positions across the cell. Water is used as the convect-
the oscillation frequency, is determined by the circulation ing fluid, in which the temperature and velocity measure-
frequencyU/(4L), for an aspect-ratio-one cell with height ments can be made simultaneously with high accuracy.
and having an average large-scale velotityWith this in-  These local measurements provide a body of reliable veloc-
terpretationfy has been used to proleas a function of Ra ity and temperature data and complement the global mea-
in low-temperature helium gafl,2,9,14 and in mercury surements of heat transport in turbulent conveciibf—13.
[5,6]. These two systems are very important for the study of In Ref.[14] (and a rapid communicatiof#]), we have
ultrahigh Rayleigh number and ultralow Prandtl number con-described the detailed structure of the mean velocity field in
vection, but it is extremely difficult to carry out direct veloc- three different convection cells with the aspect ratie 0.5,
ity measurements in helium gas and mercury. Finding a reli4, and 2, respectively. Large velocity fluctuations are found
able velocity indicator from temperature measurementshoth in the central region and near the cell boundary. Despite
therefore, becomes essential for the study of turbulent corthe large velocity fluctuations, the flow field still maintains a
vection in the two systems. large-scale quasi-two-dimensional structure, which rotates in
Recently, Villermaux[8] proposed that the temperature a coherent manner. An important finding of the experiment is
oscillation is caused by a thermal boundary layer instabilitythat the spatial distribution of the thermal plumes in a closed
triggered by the incoming thermal plumes, which are transeell is neither homogeneous nor isotropic. The thermal
ported along the cell periphery by the large-scale circulationplumes organize themselves in such a way that warm plumes
His model assumes that the unstable mddes, the thermal accumulate on one side of the cell and cold plumes concen-
plumeg in the upper and lower thermal boundary layers in-trate on the opposite side of the cell. Because of buoyancy,
the spatial separation of warm and cold plumes provides a
self-feeding mechanism, which drives the large-scale circu-
*Email address: ptong@okstate.edu lation continuously.
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In this paper, we focus our attention on the structure of the (a) A
temperature field in turbulent convection. Direct measure- *
ments of local temperature fluctuations and their spatial cor-
relation functions are carried out in two aspect-ratio-one cells
over varying Rayleigh numbers and spatial positions across
the entire cell. These measurements reveal the emission and v
mixing dynamics of the thermal plumes near the conducting -
surface and explain the dynamic origin of the temperature
oscillation in turbulent convection. The experiment demon-
strates that the thermal plumes in a closed cell are organized
not only in space but also in time, which provides a unique

driving mechanism for the convective flow. It is shown that .
the structural measurements are essential for the physical un-
derstanding of turbulent convection, whereas single-point 2

measurements can only provide limited information. ()

The remainder of the paper is organized as follows. We
first describe the apparatus and the experimental method in
Sec. Il. Experimental results are discussed in Sec. lll. Fi-
nally, the work is summarized in Sec. IV.

X X X X
Il. EXPERIMENT
The experiment is conducted in two vertically oriented Zy
cylindrical cells filled with water. The height of the larger 6% 7x 8% ,Tx9 x10
cell is 19.4 cm and its inner diameter is 19.0 cm. The smaller al
cell is 8.2 cm in height and 8.2 cm in inner diameter. The o x

corresponding aspect ratioA diameter/height) of these  giG. 1. (a) Schematic diagram of the experimental seftgp
cells is unity. Details about the apparatus have been dejew): T1, T2, temperature probes; 1, 2, laser beams for LDY:
scribed elsewhergl5], and here we mention only some key optical window. (b) Space coordinates and ten locations for the
points. The sidewall of the cells is made of a transparentemperature measurements. The long arrows near the sidewall indi-
Plexiglas ring with a wall thickness of 0.6 cm. The upper andcate the direction of the large-scale circulation.
lower plates are made of brass and their surfaces are electro-
plated with a thin layer of gold. Two silicon rubber film cell, we install two horizontal stainless steel tubes of diam-
heaters connected in parallel are sandwiched on the backsig@ger of 1.1 mm on two opposing sides of the sidewall. The
of the lower plate to provide constant and uniform heatingtwo tubes can be mounted at three different heights of the
The upper plate is in contact with a cooling chamber, whoseell. At a given height each tube can slide in and out so that
temperature is maintained constant by circulating cold watethe local fluid temperatur€;(t) (herei is used to indicate the
from a temperature bath. The temperature differeiebe-  probe positioh can be measured at various horizontal posi-
tween the upper and lower plates is measured by two thetions away from the sidewall. All the thermistors used are
mistors embedded in each plate. calibrated individually with an accuracy of 0.01°C. Each
The two cells are used to extend the accessible range @hermistor is connected to an ac bridge as a resistance arm.
the Rayleigh number RaagATL®/(vk), whereg is the  The voltage signals from the two ac bridges are measured
gravitational acceleratior, is the cell height, and, v, and  simultaneously by a two-channel dynamical signal analyzer
x are, respectively, the thermal expansion coefficient, theHP 35665A at a sampling rate ranging from 2 to 20 Hz.
kinematic viscosity, and the thermal diffusivity of the con- Smaller sampling rates are used to obtain long-time records
vecting fluid (watep. The larger cell covers the Ra range (18—36 B in order to achieve better statistics for low-
between 7.5 10° and 1x 10", and the smaller cell covers frequency data. Typically, we take 7-h-long time series data
the Ra range between x80" and 7.2<1CP. In the experi-  (~4x10° data points at each position for the correlation,
ment, the mean temperature of the bulk fluid is kept atpower spectrum, and Ra-dependence measurements. This
~29°C and the corresponding Prandtl number: Pfx, is  data accumulation time is much longer than the time scale
~5.5. The temperature of the upper and lower plates is regufor the large-scale circulation, which is of the order of 1 min,
lated within 0.1 °C in standard deviation, which is less thanensuring that the statistical average of the flow properties is
2.5% of the maximumAT used in the experiment. adequate. In this way, we obtain a complete series of tem-
Figure Xa) shows the experimental arrangement for theperature data at various Rayleigh numbers and spatial loca-
temperature and velocity measurements. Two small movablgons with the highest statistical accuracy possible.
thermistors T1 andT2) of diameter of 0.2 mm, time con- Local velocity measurements are conducted using a two-
stant of 15 ms, and temperature sensitivity of 1 9K/ component LDV systenTSI Inc) together with an argon-
(Thermometrics, AB6E3-B10KA202Xkre used to measure ion laser(Coherent Innova 90A long rectangular flat win-
the local fluid temperature. To guide the thermistors into thedow (W) is inserted onto the sidewall to admit the incident
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laser beams and observe the scattered light by the seed par- ()

ticles. The width of the optical window is 3 cm for the larger 0 200 400 600

cell and 1.5 cm for the smaller cell and its length is the same s T ' b ]s
as the height of the Plexiglas ring. Two pairs of laser beams & (a)

of different color(blue and greecoming from a fiber-optic
transceiver of the LDV system are directed through the op-
tical window and focused onto a single measuring point in-
side the convection cell. The fiber-optic transceiver has a
receiving fiber, which collects the scattered light in the back-
ward direction and feeds it to two photomultiplier tubes. The
focusing spot has a cylindrical probe volume of 1.31 mm in
length and 0.09 mm in diameter. The two laser beams shown
in Fig. 1(a) are in the horizontal plane and are used to mea- e
sure the horizontal velocity, in the x direction. The other Lo Y
two laser beam@ot shown are in the vertical plane parallel 10 10 10°
to the laser propagation direction. These two beams are used f(Hz)

to measure the yertlcal velocity, in the z dllre.ctlon. FIG. 2. (@) Measured temperature autocorrelation function
The analog signals from the photomultiplier tubes are fedy () (open circles and cross-correlation functiog,(r) (solid
to a two-channel LDV signal processodel IFA-655, TSI curve as a function of delay time at Ra=1.4x 1¢°. (b) Measured
Inc.), which uses the fast Fourier transform to resolve tha‘requency power specti@;(f) of the temperature signals near the
two velocity components. The sampling rate of the velocitysidewall at Ra= 1.4 10° (solid curve and at Ra=4.7x 107 (dashed
measurements is 10-15 Hz, which is approximately tergurve.
times larger than the cutoff frequency of the velocity power
spectrum. In the calculation of the velocity statistics, we usechoose thex-z plane to coincide with the rotation plane of
the transit time weighting to correct for the velocity sampling LSC regardless of the actual arrangement of the tilt.
bias[16]. Monodisperse polymer latex spheres of 4.8
in diameter are used as the seed particles. Because their den- ll. RESULTS AND DISCUSSION
sity (1.05 g/cm) matches closely to that of water, the seed
particles follow the local flow well. In the experiment, we ] ] o
measure the local velocity as a function of time and the mea- We first discuss the temperature oscillation in the pIape of
suring position(laser focusing spptcan be varied continu- LSC. Some of the results have been reported previously
ously along they axis (horizontal scanand thez axis (ver- N & rapid communication{17]. Figure Za) shows the
tical scan. This is accomplished by moving the LDV fiber- Measured temperature = cross-correlation functigr(7)
optic transceiver probe, which is mounted on a traversable (8T1(t) 8Ts(t+7))/AT?, as a function of delay time at
table. Ra=1.4x10° (solid curve [18]. Here the temperature fluc-
Figure 1b) shows the space coordinates to be used belovuation is defined agT;(t)=T;(t)—T;, with T; being the
in the presentation of the temperature and velocity measurdecal mean temperature. In the experiment, the two tempera-
ments. The origin of the coordinate system coincides withture probes are placed, respectively, at positions 1 and 5
the center of the lower conducting surface. Maendz axes  (both at midheight of the cell and 8 mm away from the
are in the rotation plane of the large-scale circulatip8C)  sidewal) as indicated in Fig. (b). Figure Za) reveals two
and they axis is perpendicular to the rotation plane. The tenimportant features of (7). First, the measureg.(7) has a
marks indicate the locations of the temperature measuremeniell-defined oscillation af,, which varies with both. and
made in the rotation plane. Early temperature measuremenRa (see Fig. 12 beloyv Second, the amplitude of the oscil-
[6] showed that the azimuth of LSC rotates slowly in timelation decays with time, indicating that the oscillation has a
when the cylindrical cell is leveled perfectly. To pin down finite coherence time.. These interesting features are also
the azimuthal rotation, we tilt the cell with a small angle observed in the autocorrelation function,g,(7)
(<1°) by adding a few sheets of paper on one side of the=(5T;(t) 5T;(t+ 7))/AT? (i=1 or 5, as shown by the
cell bottom. Cilibertoet al.[7] have shown that such a small open circles in Fig. @).
tilt does not affect turbulent convection very much. When we The emergence of a well-defined oscillation in the side-
tilt the cell at the positiorB [see Fig. 18)], LSC is set up in  wall region is an intriguing feature of turbulent convection
the x-z plane and its rotational direction is shown in Fig. and has stimulated considerable theoretical debates on its
1(b). In this case, the LDV setup shown in Figalis ca- dynamic origin[1,2,6]. Villermaux’s model[8] provided a
pable of measuring the two in-plane velocity components detailed description for the temperature oscillation and gave
anduv,. Similarly, we can tilt the cell at the positioA. In two specific predictions, which can be compared with experi-
this case, LSC is set up in tlyez plane and one can measure ment. The first prediction is about the oscillation pattern of
an in-plane velocity component along the mean flow directhe local temperature signals. Because of the alternating
tion and an out-plane velocity component perpendicular temission of thermal plumes between the upper and lower
the rotation plane of LSC. To avoid confusion, hereinafter wethermal boundary layers, a local temperature probe at posi-

A. Spatial structure of temperature oscillations
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FIG. 3. Time series measurement of temperature fluctuations at

position 5(upper curvéand position Xlower curve. The measure-

ments are made at Ré3.2x 10°.
FIG. 4. A schematic drawing of the velocity field and the plume

tion 5, for example, will detect strong and weak burst signalsiistribution in the aspect-ratio-one cell. The central core region
in alternation. As indicated in Fig. &ee the discussion on shadeilis the fully mixed bulk region and the shaded area shows
Fig. 6 for more details the strong signals come from the the plume-dominant region. The thin layers with wiggly lines near
rising warm plumes that are generated from the lower conthe upper and lower surfaces indicate the thermal boundary layers.
ducting surfacgat the lower right corner of the cglivhen  Cold plumeglight colored fall on the left side of the cell and warm
the falling cold plumes hit the lower surfagen the lower plumes(dark coloredi rise on the right side of the cell. The arrows
left side of the cell. These signals contribute to a dominant indicate the direction of the large-scale circulation.
peak atf 5 in the frequency power spectruRy(f). The weak | i i o .
signals, on the other hand, come from those warm plume¥!d many mteractmg_plumes. We will dlsc_uss this effect fur-
that are produced from the lower surfa@ the lower right ~ ther in Sec. Il B. It is also found from Fig. 3 that the two
corner of the cejlwhen the cold plumes just erupt from the PUrst signals at position 1 and position 5 are out of phase.
upper surfacéat the upper left corner of the celBecause of Because the local mean temperatiireis shifted from the
buoyancy, the emission of the cold plumes produces a pulverage base lingsuch tha{ 5T;(t))=0), on which the burst
sation to the large-scale circulation, which triggers a wealsignals are superposed, the measygd) is shifted upward
burst of warm plumes at the lower surface. Becausdhije  with a positive value atr=0 [see Fig. 2a)].
drodynamig interaction is indirect and long ranged, the im-  The second prediction of Villermaux’s model gives a re-
pact of the pulsation on the plume emission at the loweltationship between the oscillation frequerfgyand the large-
surface is weaker when compared with the direct bombardscale velocityU. As mentioned in Introduction, the detailed
ment by the cold plumes. These weak burst signals give risstructure of the velocity field in turbulent convection has
to a smaller peak atf2 in P(f). Indeed, the measured been fully documented in Refsl4,4] and here we only refer
P+(f) (solid curve in Fig. 2(b) clearly reveals a dominant to some key points. Figure 4 shows a sketch of the velocity
peak atf,=0.0117 Hz and a second peak dt2Figure 2 field in an aspect-ratio-one cell. The flow field has a quasi-
thus confirms the first prediction of Villermaux’s model. The two-dimensional structure, which undergoes a coherent rota-
small second peak was also observed recently in a lowtion. The single-roll structure shown in Fig. 4 can be divided
temperature convection experimgag]. into three regions in the rotation plan@) a thin viscous

In fact, the strong temperature oscillations can be obboundary layer around the cell periphefy) a fully mixed
served directly from the time series data. Figure 3 shows theentral core region of size-L/2, and(iii) an intermediate
time series measurement of temperature fluctuations at pogdume-dominated buffer layer of thicknessL/4. The
tion 1 and position 5. It is seen that the temperature fluctuaplume-dominated buffer layer is the active region that drives
tions in the sidewall region are highly skewed toward onethe large-scale circulation. Thermal plumes erupt into the
direction. Cold fluctuations are superposed on an averagegion from the upper and lower thermal boundary layers
base line at position 1 and warm fluctuations are found aand are separated laterally in the two opposing sidewall re-
position 5. The downward going spikes are associated witlgions. The warm and cold plumes exert buoyancy forces on
falling cold plumes and the upward going spikes are associthe fluid and drive the vertical rising and falling flows near
ated with rising warm plumes. They are separated into twdhe sidewall. The central core region is “sheared” by the
opposing sidewall regions. From the flow visualization atrising and falling plumes near the sidewall, resulting in a
Ra=10°, we observe that the thermal plumes in the sidewallconstant mean velocity gradient in the region.
region often group together when moving across the cell. With this flow structure, it becomes clear that the nonlin-
Individual plumes are observed rarely near the sidewall. Thigar delay time, in Villermaux’s model is the cell crossing
collective behavior of the thermal plumes is clearly seen irtime L/U. In Sec. Il C we will discuss the measurement of
Fig. 3@. They arrive in groups at a frequen€y so that a the rotation ratey of LSC. In the experiment, we obtaip
dominant peak is found iR+(f). Figure 3 thus suggests that from the slope of the linear velocity profile in the central
the temperature oscillation is generated by a process involeore region. The average speed of the large-scale flow near
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the sidewall is given by = yL/2. It is shown in Fig. 12 that 12 . . : :
the normalized oscillation frequencyf@.?/v (solid tri- e @) |
L . position 6
angles coincides with the Reynolds number R&L/v /W
=yL?/(2v) (open circleyin the Ra range between & and 6
10'% Figure 12 thus confirms the second predictidg,
=U/(2L), of Villermaux’s model. Note that the plot in Fig.
12 is a compensated plot, which is sensitive to small varia-
tions. The experimental uncertainties for the mean velocity
measurement are mainly statistical and the relative error for
U is less than 3%. The accuracy of the LDV instrument is
better than 1%. We will discuss more experimental details
about the large-scale velocity in Sec. Il C.

In many early experimentg, was interpreted as the ro-
tation frequencylJ/(4L), assuming that the thermal plumes
also travel along the upper and lower surfaces with the speed
U [2,6]. Figure 12 clearly shows that this is not the case. The
important question one might ask is how the temperature
disturbances propagate near the conducting surface. Al-
though Villermaux’s model explained the main features of 0 100 200
the temperature oscillation, it is nevertheless a simplified T(s)
phenomenological model, which assumes that the interaction
between the upper and lower thermal boundary layers can be FIG. 5. (a) Measured cross-correlation functiopg 7) between
adequately described by two coupled time-dependent amplposition 1 and the four horizontal positions 6-@p to bottom
tude equations. Because it does not involve any space varurves. (b) Measuredy () from the three horizontal positions 9—7
ables, Villermaux’s model cannot provide information aboutto the final position Stop to bottom curves All the measurements
the structure and dynamics of the thermal plumes near thare made at Ra3.2x10°. For clarity, the origin of each curve is
conducting surface. To answer the above question, we me&hifted vertically.
sure the temperature fluctuations at five different horizontal
locations above the lower surface. The positions 6—10 shows slightly larger than that obtained from Figiah While we
in Fig. 1(b) are 8 mm above the bottom plateutside the do not know, at the moment, the detailed dynamics about
thermal boundary laygand their horizontal coordinates are, how such a small time delay is generated, the measurements
respectivelyx=—8, —5, 0, 5, and 8 cm. The direction of shown in Fig. 5 clearly support our conclusion ttgtis
the horizontal flow near the lower surface is from position 6determined byU/(2L), rather thanU/(4L), and the emis-
to position 10(left to right). sion of the thermal plumes over the entire conducting surface

Figure §a) shows the measured cross-correlation funcs triggered in a time scale much smaller than the cell cross-
tionsg¢(7) between position 1 and the four horizontal posi-ing time L/U.
tions 6—9(top to bottom curves Using the temperature sig-  To further understand how cold plumes are mixed and
nal at position 1 as a reference, the cross-correlatiogfvarm plumes are generated near the lower conducting sur-
functions measure the time required for the thermal plumesace, we compare, in Fig. 6, the local temperature fluctua-
to travel from position 1 to the four horizontal positions 6-9.tions at three horizontal positions(Gpstrean, 8 (middle),

The transit time can be determined by the position of the firsend 10 (downstream The upward going spikes shown in
peak in the measuregi(7). It is found from Fig. %a) that  Fig. 6 are produced by the warm plumes just erupted from
the downward plume traveling time from position 1 to posi-the lower conducting surface. It is seen that the number of
tions 6-9 is, respectively, 21, 12+1, 13+2, and 13 newly emitted warm plumes increases toward the down-
*2 s. The experimental uncertainties come from the deterstream direction. In the lower-right corner of the cglbsi-
mination of the peak position. If the thermal plumes weretion 10), the warm plumes become very dense and tend to
carried from position 6 X=—8 cm) to position 9 X  group together.

=5 cm) by the large-scale flow, the time delay would be It has been showfi4] that the velocity field in the lower-
At=Ax/U=16 s. HereU=0.8 cm/s is used for the large- left side of the cell is dominated by the downward flow pro-
scale velocity near the lower surfa¢g&4]. The measured duced by the falling cold plumes. In fact, the measured ver-
time delay is only~1 s, which is much smaller than the tical velocity along the lower central axis of the cell is in the
calculatedAt. We will discuss the initial phase difference downward direction. The upward flow becomes predominant
between the top and bottom curves together with Fig. 6.  only in the lower-right corner of the cell, as indicated in Fig.

Similar results are also obtained for the upward plumed. This flow structure together with the temperature measure-
traveling time. Figure &) shows the measuregl(7) from  ments shown in Fig. 6 suggest that the heat exchange be-
the three horizontal positions 9—7 to the final positiofidp  tween the falling cold plumes and the lower conducting sur-
to bottom curves The obtained upward plume traveling face takes place mainly on the left side of the lower plate
time is, respectively, 111, 15+2, and 152 s. The mea- (~3L/4 in size. Because of strong thermal mixing, the
sured time delay between positions 7 and 914s24 s, which  emission of warm plumes is suppressed by the falling cold

10°g (1)
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FIG. 7. Measured cross-correlation functigg(7) between po-
sitions 1 and 3solid curve and between positions 2 andelrcles.
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0 w0 00 The measurements are carried out in the smaller cell at Ra
t(s) =7.1x10°.

FIG. 6. Time series measurement of temperature fluctuations at . . . .
positions (a) 6 (x=—-8 cm), (b) 8 (x=0 cm), and(c) 10 (x 0.(7) between two sidewall locations, similar to positions 1

_g “Th ¢ de atR@x 10°. and 5 but in the plane perpendicular to the rotation plane of
cm). The measurements are made LSC. When compared with Fig.(®, we find thatg.(7)

plumes in the region. As a result, one sees less warm plumé&hown in Fig. 8a) is always negative and has less oscillation
on the lower-left side of the plate and more warm plumes aréycles. It is found that the oscillation frequenéy is the
observed on the lower-right side-(/4 in size. Figure 4 same as that measured in the rotation plane. To understand
shows a sketch of the spatial distribution of thermal plumeghe plume motion out of the rotation plane, we plot, in Fig.

in the aspect-ratio-one cell. This plume distribution explains3(b), the corresponding temperature fluctuations at the two
why the top and bottom curves in Figia[and in Fig. 3b)] locations. It is seen that the burst signals are skewed toward
have a different initial phase. Because the cold plumes ocone direction only for a short period of time and become
cupy predominately on the lower-left side of the cell, theSymmetric over a longer period of time. This is contrary to
measuredy.(7) between positions 1 and 6 shows the corre-the situ_ation_in the r_otation plane, in which the_ temperature
lation of the cold plumes traveling across the two positionsfluctuations in the sidewall region are locked in one direc-
At position 9, however, newly emitted warm plumes become

predominant and the measurgg(7) in this case shows the T(s)
correlation between the falling cold plumes at position 1 and 0 100 200
the rising warm plumes at position 9. This introduces a nega- @ ' ' '
tive sign to the measuregl,(7).

We also measurg.(7) at other locations in the rotation
plane of LSC. The measurag(7) shows oscillations only
when both temperature probes are placed inside the plume-
dominated sidewall region. The oscillations disappear from
g.(7) when one of the probes is moved out of the region.
This is shown in Fig. 7, which displays the measugg(r)
between positions 1 and @olid curve and between posi-
tions 2 and 4(circles. The three positions 2—4 are all in the
central core region with positions 2 and 4 beixd /4 away
from the sidewall(2.2 cm from the sidewall of the smaller 1)
cell) and position 3 at the cell center. Inside the sidewall & ]
region, maximum correlations are obtained when one of the
temperature probes is placed at position 1 and the other is
placed at position 5. In this case, one probe detects the rising r
warm plumes and the other measures the falling cold plumes. {1 S S
The measured.(7) at other locations in the sidewall region 0 100200 300 400 500
is of the same shape as that shown in Fig) dut has a ‘e
different initial phase. This phase difference is consistent FiG. 8. (a) Measured cross-correlation functian(r) at Ra
with the fact that the fluid moves up on one side the cell and= 3.2x10°. In the measurement the two temperature probes are
falls down on the opposite side of the cell. placed in the plane perpendicular to the rotation plane of the large-

The measured) (7) also shows oscillations when both scale circulation. They are at the midheight of the cell and 8 mm
temperature probes are placed in the sidewall region but outway from the sidewallb) Corresponding temperature fluctuations
of the rotation plane of LSC. Figuré® shows the measured at the two positions.
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tion. Careful examination of Fig.(B) reveals that the burst T(s)
signals at the two locations are still correlated and their rela-
tive phase is off byr. Because of thisr-shift and because

the burst signals are superposed on an average base line with
zero mean, the final cross-correlation functigp(7) be-
comes negative at all delay times.

From the above measurements we arrive at the following
physical picture for the dynamics of the thermal plumes near
the lower conducting surface. When the falling cold plumes S S
arrive at the lower surface, heat exchange takes place in the
region occupied by the cold plumes. glmos} the same
time, the impact of the cold plumes triggers off an instability
of the lower thermal boundary layer, resulting in an eruption 276
of warm plumes in other regions not occupied by the cold
plumes. Because of the strong mixing effect, the emission of
warm plumes is suppressed in the region where the falling
cold plumes are annihilated. This process gives rise to a spa-
tial separation of cold and warm plumes, which is further 0 ' 100 ‘ 200
enhanced if there exists a stable large-scale flow. Such a flow t(s)
will localize (or polarize the spatial arrangement of the cold
and warm plumes. Clearly, this is a self-organizing process i . .
in that the plume separation and the large-scale flow hel§U/V9 @nd cross-correlation functiogy(7) (circles at Ra=4.7
each other. In regions where there is not a stable large-sc elO . The measurements are conducte_d in the smaller cell at posi-
flow (such as in the plane perpendicular to the rotation plan(f"ions 1_and 56 mm away from the sidewall (b). Temperature
of LSC), the separation of cold and warm plumes still re- Cﬁf\tgat'Tohnes n?éazzfg:ggngugr%ekggévz;gxpf;“On L(lower
mains but their spatial arrangement is random in a turbulent ’ '
environment. In this case, fluctuations become importan
which may play an essential role in the random reversal OLE‘
the large-scale flow when the convection cell is leveled per
fectly [6,19].

10%g,(1)

28.0

27.6 | 4

T (°C)

FIG. 9. (8) Measured autocorrelation functiog,(7) (solid

ent we obtain the value af, by simply counting the num-
er of oscillation cycles through to the noise level of the
measuredy (7). For example, we findr.fo=7 from Fig.
2(a). Because we are looking at the oscillations with a fixed
o frequency, the experimental errors for counting the oscilla-
B. Onset of temperature oscillations tion cycles are not very large. The final uncertainties-di,
The temperature oscillations discussed above are foundre* 1. Figure 10a) displays the normalized coherence time
only when the Rayleigh number becomes larger than a critivcfo as a function of Ra. It is clearly shown that the mea-
cal value Rg=5x10’". Below Ra the oscillations disappear
from the measured.(7) [andg,(7)], and no obvious fre- 10’ 10° 10° 101

quency peak is found ifP(f) [dashed curve in Fig.(B)]. 8 (;)' A
Figure 9a) shows the measured autocorrelation function i o o %“ * 9
ga(7) (solid curvg and cross-correlation functiog(7) i ° 1
(circles at Ra=4.7x10" (<Ra,). The measured,(7) be- £ 4l . E\"z .
comes a simple decaying function for small values of Ra | oo

(<Ra.). Figure 9b) shows the temperature fluctuations at i 2

positions 5 (upper curvg and 1 (lower curve when Ra Op o oo ]
=4.3%x10’. Similar to the situation at large Ra>R&,), the 014 o
temperature fluctuations in the sidewall region remain highly - ) .
skewed toward one direction. Cold fluctuations are super- 012 |- "
posed on an average base line at position 1 and warm fluc- 0.10 | } -
tuations are found at position 5. This suggests that the large- S L .
scale circulation remains even in the soft turbulence regime < 0.08 |- . *. } { .
(Ra<Ra). In fact, direct velocity measurements have oosl 7 { oo A
shown that the velocity profile below Ré& approximately L } .
of the same shape as that in the hard turbulence re(iee 0‘04107 e T T e T T e

Fig. 4 in Ref[17]). We therefore conclude that LSC provides

only a means to transport the thermal plumes between the

two conducting surfaces and is not sufficient to generate the FiG. 10. (a) Normalized coherence time.f, as a function of

coherent oscillation. Ra. The circles are obtained from the cross-correlation functions
To understand how the coherent oscillation is generatedind the triangles are from the autocorrelation functiéimsNormal-

we examine the coherence timg of g.(7). In the experi- ized plume sizer,U/L as a function of Ra.

Ra
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suredr.f, undergoes a transition near Rebx 10’. Below Fy u 0

Ra. the measured,f is zero and no obvious oscillation is
found ing.(7). Above Ra the measured(7) shows oscil-
lations and the coherence timg increases sharply with Ra.
At higher values of Ra ¥2x10°), 7.f, becomes saturated
at a constant value-8. We notice that the sharp transition
for 7, occurs in the same Ra range as that for the soft-to-hard
turbulence transitioi1,20]. While various gradual changes
between the soft and hard turbulence have been reported in
early experimentd1,20,21, Fig. 10a) reveals a drastic
change that occurred near the transition. This is an important
finding for the physical understanding of the universal be-
havior in the hard turbulence regime.

There is a characteristic difference between Fip) @nd
Fig. 3. Below Ra the thermal plumes arrive individually at FIG. 11. A schematic drawing of two nearby warm plumes
random time intervals and no frequency peak is found in(solid images forced away from the lower conducting surface by
P.(f) [see dashed curve in Fig(#]. Because of random the buoyancy forcé . They are drawn together by the hydrody-
dephasing, coherent oscillation cannot take place when thgamic interactions, because the flow due to one plume’s image
rising (or falling) plumes arrive at the uppélower) surface  force (dashed imagesulls the other plume towards it.
randomly in time. Therefore, the sharp transition neag Ra
reflects a change of the convective flow from a random chaexponential-like decay ofg,(7) persists even when Ra
otic state to a correlated turbulent state of finite coherence-Rg,. The flow velocity used is U=yL/2=3.0
time. As shown in Fig. 3, above Réhe thermal plumes in  x107° R&*® cm/s, wherey is the measured rotation rate
the sidewall region tend to group together, indicating that theyf LSC. As shown in Fig. 12 below, this power law describes
coherent oscillation involves many interacting plumes. ltthe velocity data well for Ra5x10° but has relatively
should be pointed out that the sharp transition neari®a  |arger uncertainties for lower values of Ra. As a result, the
new effect, which is not included in Villermaux's model. Itis data shown in Fig. 1®) exhibit somewhat larger scatterers
assumed in Villermaux’s model that the coupling timg  at the lower values of Ra. Nevertheless, Fig(bllearly

between the upper and lower boundary layers is a constant ghows thats, is almost doubled as Ra is increased from
all values of Ra. As a result, the calculated temperature 0s<5x 10° to ~1x 10%. Figure 1@b) thus provides an impor-

cillation has an infinite coherence time. In real turbulent con+tant evidence for the formation of composite plumes.
vection, howevert, is actually a fluctuating quantity, which |t should be noted that the thermal plume is an anisotropic
will broaden the frequency peak db, or equivalently, object with its vertical size being much larger than its hori-
shorten the coherence time of the measwggd) [8]. zontal width. As shown in Fig. 48), the normalizedverti-
From Fig. 2a) we find that the cell crossing time i3 cal) plume size is5,/L=0.07 at Ra=1x10?, which is ap-
=1/(2fo)=42.7 s at Ra1.4x10°. This time is too long proximately five times larger than the corresponding thermal
for an individual rising plume of life time; = 6°/x to reach  boundary layer thicknes&/L=0.014. We also find that the
the upper surface. Here we take the thermal boundary laygheasured-, near the lower surface at positions 6, 8, and 10
thicknesss as the characteristic lengthe., the thicknegsof  (not shown is, on average, three times smaller than that
the plume. Using the experimental valués1.27 mm and measured near the sidewall. Because the meastyeear
k=1.47x10"% cn?/s, we havet;~11 s. This estimate the lower surface is proportional to the horizontal width of
suggests that above Rthe rising and falling plumes in the the thermal plumegwhich pass through the temperature
sidewall region must be a new class of plumes, whose lifeprobe with a horizontal speddl), this result suggests that the
time is longer thars®/ k. For example, if two thermal plumes characteristic width of the thermal plumes is indeed compa-
combine to form a “composite plume,” the plume size is rable to the thermal boundary layer thickness.
doubled and thus its lifetime is quadrupled. In this case, we From the above measurements we conclude that at lower
have t,=(28)%/ k=44 s, which is very close to the cell Ra (<Ra,), only a small number of thermal plumes is gen-
crossing timetg. erated near the conducting surfaces. These plumes erupt
In fact, one can be obtain the plume size directly from thefrom the thermal boundary layers randomly and move inde-
decay timer, of the measuredj,(7) shown in Fig. 9a). pendently in the convection cell. More plumes are generated
Physically, 7, represents the typical duration of the fluctuat-as Ra increases, and the system becomes “concentrated”
ing signals shown in Fig. (8). Therefore, we haver, = when Ra>Ra.. In this case, the thermal plumes start to in-
=§5,/U, whered, is a characteristi¢‘vertical” ) size of the  teract through the flow field generated by themselves. Figure
thermal plumes passing through the temperature probe with Hl shows a possible mechanism for the generation of a “hy-
speedU. Figure 1@b) shows the normalized“vertical”) drodynamic attraction” between two risingor falling)
plume sized,/L=7,U/L as a function of Ra. The decay plumes near the conducting surface. The two nearby warm
time 7, is obtained from the exponential fit to the initial plumes in Fig. 11(solid image$ are pushed away from the
decay of the measured,(7). It is found that the Ilower conducting surface by the buoyancy foreg. The
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flow field generated by the two rising plumes must vanish on -1.3 — , .
the lower surface, which can be achieved by introducing two
downward going image plumegslashed imagessimilar to
image charges used in electrostatics. As shown in Fig. 11, the
flow field from one plume’s image tends to pull the other
plume towards it, and vice versa. This problem has been
solved analytically for two rising solid spheres near a sub-
strate[22] and we believe that the same principle is also
applicable to the thermal plumes near the conducting surface.

log,, (Re/Ra"")

With this “hydrodynamic attraction,” the motion of the ris- 216 L ! . ! ; |
ing plumes becomes correlated in time. This correlated mo- 8 9 10
tion provides synchronized stimulations, which are needed log,, (Ra)

for the generation of the coherent oscillation.

It should be pointed out that the argument given in Fig. 1]1r
for the plume attraction is based on the assumption that th
flow field generated by a plume is similar to that of a solid
sphere_(a Iong-rangeq monopole f!e'ldThere will be neither G0 a1 The solid line is a power-law fit ReD.075 R&*¢to all
attraction nor repulsion for two rising spheres at low Rey-y . jata points.
nolds numbers when they are far away from the boundary.

This is because the Stokes equation for the two rising ) )

spheres is invariant when the direction of all the velocitiesN0rizontal scan across the cell diameter. This suggests that
and forces is reversd@3]. Moseset al. have showri24,25| the bulk fluid indeed undergoes a two-dimensional rotation
that the flow field generated by a laminar plume in a quies@round the cell center. From the measuredve define a
cent background can be adequately described by a dipolelikgharacteristic large-scale velocity=yL/2 and the corre-
velocity potential. Two such rising laminar plumes are foundsponding Reynolds number is given by ReL/v

to attract and coalesce when their separation becomes YL*/(2v). Figure 12 shows the Rayleigh number depen-
smaller than the size of the plumes. If this result could bedence of the measured Re. To view deviations from tf&’Ra
applied to turbulent convection, one would expect that thescaling more clearly, we plot the data in logarithmic scales
two rising plumes shown in Fig. 11 will remain attractive With R being divided out. The velocity measurements are
even when they move to the sidewall region. conducted in both aspect-ratio-one cells and the data points

However, the interaction between the thermal plumes irfor Ra>7x 10 are obtained from the larger cell.
turbulent convection is more complicated and has not been In the velocity profile measurements, we measure the lo-
explored in detail. First, the attraction between two laminarcal velocity over varying locations and each data point is
plumes is obtained in a quiescent background. In turbulendveraged over 2 h. The rotation raeis obtained from the
convection, however, the dense risifa falling) plumes in  linear profile with more than ten data points evenly spaced
the sidewall region entrain the surrounding fluid in such aacross the central region of sizeL/2. Therefore, the data
way that the fluid velocity becomes comparable to that of thepoints shown in Fig. 12 have been averaged many times and
plumes. Second, the thermal plumes themselves may becorfepresent the best set of velocity data we have to date. The
turbulent at high Rayleigh numbers. In fact, we have foundhree data points in the Ra range betweew 18" are
in a flow visualization[15] that the cap size of a starting 1x10% are obtained in the smaller cell. This set of data
plume near the lower conducting surfacedis=3.4 cm at shows a somewhat larger scatterer, because the flow in the
Ra=2.6x 10°. Given the large-scale velocity=0.8 cm/s, smaller cellis slower and the final statistical average is not as
we have Rg=Ud,/»=270. This Reynolds number based large as that for the larger-cell data. It is seen that the veloc-
on the cap size is larger than the transition Reynolds numbéty data are well described by an effective power law Re
Re,~220, above which thermal plumes lose their stability=0.075 R&4 (solid line).

[26]. Clearly, the interaction between the thermal plumes is As discussed in Sec. Il A, the oscillation frequerfgyis
an essential ingredient for describing the velocity and temyelated to the large-scale flow vig=U/(2L). The solid
perature structures in turbulent convection and needs to bgangles in Fig. 12 are the normalized oscillation frequency

FIG. 12. Measured Re/Ra (circles and normalized oscillation
equency (Z,L%/v)/R&® (solid triangle$ as a function of Ra. The
measurements are conducted in two aspect-ratio-one cellg,asd
obtained from the temperature power spectrum measured near the

further studied. 2f,L?/v measured in the Ra range betweef aad 13°. It
is seen that the two sets of data coincide with each other,
C. Rayleigh number dependence suggesting that the oscillation period dis indeed twice as

large as the cell crossing tintg=L/U. For convection ex-

. . . ) ) eriments in helium and mercury, direct velocity measure-
in the aspect-ratio-one cell is Ioca_lted in the plume-dominateth . ts are extremely difficult. The results shown in Fig. 12
buffer layer around the cell periphery. In the central corey, s nrovide an important connection between the tempera-
region, the measured rotational velocityis well described  tyre and velocity measurements in turbulent convection.

by a linear function of radial distanaeaway_from the cell While the fitted power-law exponent of 0.46 is close to
center. The slopey of the straight line foru remains the the classical value of 0.5 for the free-fall velocit®,6,19,
same in both the vertical scan across the cell height and tHeig. 12 clearly shows that the difference between the two

It has been showfil4] that the maximum mean velocity
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TABLE |. Experimental results for the normalized large-scale  TABLE Il. Experimental results for the normalized oscillation

velocity, U;L/k~Ré&’, near the sidewall. frequency, 2,L%/ k~Ré&’.

B values Pr range Technique used Referencesp values Pr range References

0.485 0.64—1.4helium  Dual thermometer [1,2] 0.49 0.64-1.4helium) [1]

0.488 0.7(helium) Dual thermometer [9] 0.47 ~0.7 (helium) [19]
0.50 ~0.7 (helium Dual thermometer [19] 0.46 ~5.5 (watep Present expt.

0.50 ~5.5 (watep Dual laser beam [30] 0.43 1-93 (SR [3]

0.46 0.024(mercury Dual thermometer [5] 0.46 0.024(mercury [5]

0.424 0.024(mercury [6]

. . — . 0.42 3-7(watep [31]

values is beyond the experimental uncertainties. This small 0.43 3-1027solvents [32]

difference in exponent can be explained by a recent theoret-
ical model proposed by Grossmann and LoliG&d) [27].
Within the GL theory, the origin of having an effective ex- §=0.46 for mercury (P£0.024). Because the bulk fluid
ponent less than 0.5 comes from the combined Contributionﬁgmperature was not kept constant in some of the Ve|ocity
from several dynamic regimes, in which the boundary |ayel'measu|'ements, converting’dm number, PeU;L/k, to

and bulk contributions to the kinetic and thermal dissipationsReynolds number, ReU;L/v, results in small changes i

have different scaling exponenf&8]. Although the mea- [19]. This is partially due to the fact that the large-scale flow
sured exponent is clearly smaller than 0.5, one should interlso depends strongly on P3,9]. It is difficult to compare

pret the result with caution, especially when the control pathe amplitude of the obtained power laws, because the veloc-
rameter Ra is varied only in a limited range. In recent yearsity measurements were conducted in leveled convection
the large-scale flow in turbulent convection has been meagells, in which the azimuth of LSC rotates slowly in tirf&.
sured using various velocimetry methddst]. These mea- Therefore, these velocity measurements were not made at the
surements showed that the large-scale velddityan be ad- same location relative to LSC. Recently, we measuded
equately described by a common power lalw; R&?, but the ~ using LDV in a tilted cell, in which t'he rotation plane of LSC
measured exponerni varies among the experiments in a IS fixed. We conducted the veIc_>0|ty measurements at three
range between 0.5 and 0.42, which is comparable to th¥alues of Ra and found thad, is ~22% larger thanl,
small difference discussed above. 14].

To understand the small variations #) we need to ex- . Taple I summarizes t_he megsurementsUQ,f (=2f,L)
in various convecting fluids. It is seen that the valueg3of

amine the exact sampling conditions, under which the velocObtained varv sliahtly amond the experiments with a tvpical
ity measurements are performed. Up to now one has mea- y shghtly 9 P yp

sured three different kinds of large-scale velocity in thevalue 0.46-0.03. We notice that those velocity measure-
; . 1arg y n ments that are more sensitive to the large persistent thermal
aspect-ratio-one cellll) the maximum local mean vertical

locity U he sid () th ) i | plumes near the sidewall tend to give an expon@st0.5,
velocity U, near the sidewall.2) the maximum linear veloc- \yereas the other velocity measurements involving more

ity, U= yL/2, determined from the mean rotation rage  «py|k average” give a smaller value oB. As indicated in
and(3) a spatially averaged large-scale veloclyy=2foL,  Fig. 4, the spatial distribution of the thermal plumes in a
determined from the temperatui@ velocity) oscillation fre-  ¢josed cell is not uniform and these plumes may have differ-
quencyf,. In a recent experimeri29], we have found that ent fate. Some plumes have a short lifetime and are mixed in
the temperature and velocity oscillations have the same frahe bulk region where thermal dissipation is strong. Other
quencyf,. The velocimetry methods used in these experi-plumes group together and accumulate in the sidewall region
ments have different sensitivities to velocity fluctuations inwhere thermal dissipation is relatively weak. The “compos-
turbulent convection. Some techniques are sensitive only tie plumes” have a longer lifetime and hence are more “bal-
the large velocity fluctuations associated with strong thermalistic” with a terminal velocity proportional to the free-fall
plumes and others can pick up smaller fluctuations as weNelocity, U= (agATL)Y2 In this case, we havg=0.5.
[14]. Consequently, the mean velocities obtained in these eXBecause of strong thermal dissipation, the velocity field in
periments are averaged over somewhat different ensembletfle bulk region may have a different scaling with Ra. Con-
Most measurements dfi; in the sidewall region were Sequently, the Ra-dependencelbf andU;, which involve
performed using a dual-thermometer sefeip By measuring  more bulk average, may have a slightly different exporgent
the cross-correlation function between two temperature sig! NiS conclusion is also supported by recent numerical results
nals, one obtains the average transit time of large temperg£-33]- A similar argument could also be made on the mercury
ture fluctuations(e.g., thermal plumesacross two nearby System in which(moleculaj thermal dissipation is very
temperature probes. The flow velocity is determined by thestrong. Further experlmenys are needed in order to under-
distance between the two probes divided by the measuret{and the spatial organization of the thermal plumes and ex-
transit time. Like many time-of-flight velocimeters, the dual- Plain the small variation irB.
thermometer method has a cutoff velocity and thus is insen-
sitive to small velocity fluctuationgl4]. As shown in Table
I, the measurements ofJ; give consistent results with We have carried out a systematic study of the temperature
B=0.5 for helium gas (RPe0.7) and water (R£5.5) and field in turbulent thermal convection. Direct measurements

IV. SUMMARY
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of local temperature fluctuations and their correlation func-boundary layer, resulting in an eruption of warm plumes in
tions were conducted in two aspect-ratio-one cells with varyother regions not occupied by the cold plumes. Because of
ing Rayleigh numbers and spatial positions across the entirgfrong thermal mixing, the emission of warm plumes is sup-
cell. These measurements fully characterize the spatial strugressed in the region where the falling cold plumes are an-
ture of the temperature oscillation and reveal the mixing andnihilated. This dynamic process provides a basic mechanism
emission dynamics of the thermal plumes near the conducfor the plume separation near the conducting surfaces. The
ing surface. A sharp transition from a random chaotic state t®lume separation is further enhanced by the large-scale cir-
a correlated turbulent state of finite coherence time is foungulation, which localizesor polarizes the spatial arrange-
when the Rayleigh number becomes larger than a criticdl"€nt of the cold and warm plumes in the cell. This is a
value Ra=5x10'. Above Ra the measured temperature self-organizing process in that the plume separation and the

correlation functions show a well-defined oscillation with alar%ee-ssigaels t?]%\’\g haetlipalesi,\Cha?;tk;grrw. the thermal plumes are also
finite coherence time. The oscillation period is found to be P P ’ P

twice as large as the transit time for thermal plumes to trave?rgamzed in time to produce synchronized stimulations. This
between the two conducting surfaces of the ¢edlll cross- IS the seconq cgndmon requwed for the generation of the
ing time) coherent oscillation. As Ra increases, more thermal plumes

With these structural measurements, we now have a conft'® generated near the c_onducting surface and they start to
plete physical picture for the temperature oscillation in gyr-nteract through the flow field generated by themselves. Fig-

bulent convection. The temperature oscillation is generateHr:a 11 |Ilustrate-_s a posslbI? mechanism fo_r_the generation of
a “hydrodynamic attraction” between two rising plumes near

by the alternating emission of cold and warm plumes be- ducti ; Wh I - hed
tween the upper and lower thermal boundary layers. Thef}-‘e conducting surface. €n a warm piume IS pushed away

thermal plumes exert vertical buoyancy forces to the bul rom the lower surface by buoyancy, it entrains the surround-

fluid. An alternating eruption of thermal plumes, therefore,Ing fluid and pulls the nearby plumes towards it. This hydro-

gives rise to a periodic impulsive force to the fluid. Becausedynamlc attraction allows the warm plumes to mave up to-

the cold and warm plumes are separated laterally into twcgether anq provide a synchronized stimulation 1o tr!gger off
opposing sidewall regions, the vertical thermal forcing re-an instability of the upper thermal boundary layer. It is found

sults in a periodic impulsive torque, which drives the Iarge_that such a temporal organization occurs when the Rayleigh

" v
scale circulation continuously. The central core region ism;]mge.r bect%mes IargeRr than a Cfltltchalt\?alutteﬁﬂaxf:tl(t) g
“sheared” by the rising and falling plumes near the sidewall, ICh 1S In the same Ra rangeé as that for the soft-to-har

producing a constant mean velocity gradient in the region'gurbulence transition. The experiment thus p.rowdes a unique
Velocity fluctuations in the central region are approximatelyexarnple to show how the thermal plumes in a closed con-

homogeneous and they are strong enough to fully mix mos’\{ection cell organize themselves both in space and time and

of the thermal plumes in the region. generate coherent oscillations in a turbulent environment.

Two important conditions must be satisfied in order to
generate the coherent temperature oscillation. The first con-
dition is the spatial separation of cold and warm plumes in We thank L. Kadanoff, S. Grossmann, D. Lohse, K.
the convection cell, which is needed in order to set up &reenivasan, J. Niemela, K.-Q. Xia, E. Ching, and T. Squires
large-scale flow. When the falling cold plumes arrive at thefor useful discussions. The assistance of M. Lucas and his
lower surface, heat exchange takes place in the region th&am in fabricating the convection cells is gratefully ac-
they occupy. At(almos} the same time, the impact of the knowledged. This work was supported by the National Sci-
cold plumes triggers off an instability of the lower thermal ence Foundation under Grant No. DMR-0071323.
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