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A systematic study of velocity oscillations in turbulent thermal convection is carried out in small
aspect-ratio cells filled with water. Local velocity fluctuations and temperature-velocity
cross-correlation functions are measured over varying Rayleigh numbers and spatial positions
across the entire convection cell. These structural measurements reveal how the thermal plumes
interact with the bulk fluid in a closed cell and provide an interesting physical picture for the
dynamics of the temperature and velocity oscillations in turbulent convectioB0@ American
Institute of Physics.[DOI: 10.1063/1.1637350

I. INTRODUCTION the plane of the large-scale circulation. The temperature and
velocity measurements are conducted in convection cells
Turbulent Rayleigh—Beard convection is an interesting with different aspect ratios and over varying Rayleigh num-
problem in nonlinear physics and has attracted much atterbers and spatial positions across the entire cell. Water is used
tion in recent years:* Despite its relatively low Reynolds as the convecting fluid, in which the temperature and veloc-
number (Re), turbulent convection shares many commonity measurements can be made simultaneously with high
features that are usually associated with high-Re turbulerdccuracy. These local measurements provide a body of
flows. These features include coherent structures, intermifeliable velocity and temperature data and complement the
tent fluctuations, and anomalous scaling. There are two cqylobal measurements of heat transport in turbulent
herent structures, which are found to coexist in the conveceonvectiont®-19
tion cell. One is the large-scale circulation that spans the In Ref. 14(and a rapid communicatié®), we have de-
height of the cell, and the other is intermittent bursts of therscribed the structure of the temperature field in turbulent
mal plumes from the upper and lower thermal boundary layconvection. Direct measurements of local temperature fluc-
ers. An intriguing feature of turbulent convection is the emer-tuations and their spatial correlation functions are carried out
gence of a well-defined low-frequency oscillation in the at various Rayleigh numbers and spatial positions. These
temperature power spectrum.This oscillation takes place measurements fully characterize the spatial structure of the
in the hard turbulence regime when the Rayleigh numbetemperature oscillation and reveal interesting dynamics of
(Ra) becomes larger than a critical value R®a.=5x10"  the thermal plumes near the conducting surface. A sharp
in the aspect-ratio-one cell Recent velocity measure- transition from a random chaotic state to a correlated turbu-
ment$8~8 found a similar oscillation in the velocity power lent state of finite coherence time is found in the aspect-ratio-
spectrum. The temperature and velocity oscillations havene cell when Ra becomes larger thanR&xX 10’. Above
been observed in various convecting fluids, including lowRa, the measured temperature correlation functions show a
temperature helium gds, sulfur hexafluoride gas near its well-defined oscillation with a finite coherence time. The os-
critical point® mercury?® and water-®!! These measure- cillation period is found to be twice as large as the measured
ments have stimulated considerable theoretical efforts, aimetiansit time for the thermal plumes to travel between the
at explaining the dynamic origin of the temperature oscilla-upper and lower conducting surfacésell crossing timg
tion.1®10.12 The measurements demonstrate that the thermal plumes in a
In an attempt to further understand the structure and dyelosed cell organize themselves both in space and time,
namics of the thermal plumes, we have recently carried out shich provides a unique driving mechanism for the tempera-
systematic study of the temperature and velocity fields irture oscillation in turbulent convection.
turbulent convectiod®'*Using the techniques of laser Dop- The experiment is in good agreement with Villermaux’s
pler velocimetry(LDV), thermometry, and flow visualiza- theory*?> which proposed that the temperature oscillation is
tion, we map out the temperature and velocity structures iraused by a thermal boundary layer instability triggered by
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the incoming thermal plumes from the opposite conductingviched on the backside of the bottom plate to provide con-
surface. These thermal plumes are transported by the largstant and uniform heating. A dc power supply with a 99.99%
scale circulation having a mean velocity. Villermaux’s  long-term stability is used to provide the heating power. The
model assumed that the unstable modies., the thermal voltage applied to the heaters varies from 20 to 90 V, and the
plumes in the upper and lower thermal boundary layers in-corresponding heating power is in the range between 24 and
teract through a delayed nonlinear coupling with a time con485 W. The upper side of the top plate is in good contact
stant equal to the cell crossing tirg=L/U, whereL is the  with a cooling chamber, whose temperature is maintained
cell height. Because of this delayed coupling, the thermatonstant by circulating cold water from a temperate-
plumes are excited alternately between the upper and lowaontrolled bath/circulator. The temperature stability of the
boundary layers with a local frequency,=1/(2tg) circulator is 0.01°C. Cold water is fed into the chamber
=U/(2L). through two opposing inlets on the side of the chamber and
An important question one might ask is how is the tem-flows out through two outlets on the top of the chamber.
perature oscillation related to the velocity oscillation ob-  To record the temperature of the conducting plates, we
served in the same convection cell? While Villermaux'sembed two thermistors beneath the surface of each plate.
model explained the dynamic origin of the temperature osOne thermistor is located at the center of the plate and the
cillation, it did not discuss the consequences of the alternatsther is placed half way between the plate center and the
ing emission of thermal plumes to the flow field. In this sidewall. The whole convection celexcept an optical win-
paper we focus our attention on the correlation between theow) is wrapped in three layers of thermal insulating rubber
velocity and temperature fields in turbulent convection. Si-sheets to prevent heat leakage. In the experiment, the tem-
multaneous measurements of the local flow velocity angpberature difference\T between the top and bottom plates
temperature are carried out using the techniques of LDV andaries from 4 to 51 °C depending on the heating power. By
thermometry. From these measurements we obtain thedjusting the temperature of the cooling water, we maintain
temperature—velocity cross-correlation function over varyinghe temperature of the bulk fluid at29 °C for all the mea-
Rayleigh numbers and spatial positions across the entire ceBurements. The corresponding Prandtl num@ay of the
The simultaneous velocity and temperature measurementkiid is approximately 5.4. The temperature stability of the
fully characterize the spatial structure of the velocity oscilla-top and bottom plates is found to be within 0.1°C in stan-
tion and allow us to answer some important open questiondard deviation, which is less than 2.5% of the minima
that are related directly to the physical understanding of conused in the experiment.
vective turbulence. These questions include: How is the ve- The two A=1 cells are used to extend the accessible
locity oscillation generated and sustained? What is the conrange of the Rayleigh number RaxgATL%/(vk), whereg
nection between the velocity oscillation and the coherents the gravitational acceleratioh,is the cell height, and, v,
structures in the flow, such as the large-scale circulation andnd« are, respectively, the thermal expansion coefficient, the
the thermal plumes? The experiment demonstrates that tukinematic viscosity, and the thermal diffusivity of the con-
bulent convection in a closed cell is a well organized flowvecting fluid (watep. The larger cell covers the Ra range
and the structural measurements are essential to the physidgitween 7.5 1% and 1x 10'°, and the smaller cell covers
understanding of convective turbulence. the Ra range between 1.230" and 7.12x 10°. For the high-
The remainder of the paper is organized as follows. Weest Ra &7.1x10%) in the smaller cell, we haveAT
first describe the apparatus and the experimental method i 50.9 °C and the non-Boussinesq temperature deviation, de-
Sec. Il. Experimental results are discussed in Sec. lll. Fifined asA.=T.—(T,+T,)/2, is found to beA,=2.9°C,
nally, the work is summarized in Sec. IV. whereT, is the average temperature of the bulk fluid mea-
sured at the cell center, aflg, and T, are the average tem-
perature of the bottom and top plates, respectively. Thus we
haveA . /AT=5.7%. When the Boussinesq approximation is
The experiment is conducted in two up-right cylindrical valid, A, is expected to be zefd.In the larger cell at Ra
cells filled with water. The height of the larger cell is 20.4 cm =1.5x 10°, we haveAT=8.0°C, A,=0.4°C, and the cor-
and its inner diameter is 19.0 cm. The smaller cell is 8.2 cnresponding ratioA,/AT=5%. When compared with the
in height and 8.2 cm in inner diameter. The correspondingion-Boussinesq temperature deviations in glyc&ale find
aspect ratidA (= diameter/height) of these cells is unity. The the values ofA. in water are smaller. However, we have not
sidewall of the cells is made of a transparent Plexiglas ring/et studied any non-Boussinesq effect in our system system-
with wall thickness 0.6 cm. The top and bottom plates areatically. To check the aspect-ratio dependence, we also use
made of brass and their surfaces are electroplated with a thinvo other cells withA=2 and A=0.5, respectively. These
layer of gold. The thickness of the top plate is 1.0 cm andwo cells have the same inner diameter of 19.0 cm but their
that of the bottom plate is 0.85 cm. The Plexiglas ring isheight is different; one is 9.5 cm and the other is 40.7 cm.
sandwiched between the two plates and is sealed to the top Figure Xa) shows the experimental arrangement for the
and bottom plates via two regular rubber O rings. The topvelocity and temperature measurements. Local velocity mea-
and bottom plates together with the sidewall are held tosurements are conducted using a two-component LDV sys-
gether by six Teflon posts evenly spaced on a circle slightlifem (TSI Inc) together with an argon-ion laséCoherent
larger than the outer diameter of the Plexiglas ring. Twolnnova 90. A long rectangular flat windowW) made of
silicon rubber film heaters connected in parallel are sandtransparent Plexiglas with wall thickness 0.6 cm is inserted

Il. EXPERIMENT
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FIG. 2. Measured frequency power sped@aP,(f), (b) Py(f), and(c)
P,(f) for vy, vy, andv,, respectively, at Ra3.7x 10°. (a) The measure-
z ments are made along the centrabxis at positions 14=9 mm, dotted
curve, 2 (z=42 mm, dashed curyeand 3 ¢=102 mm, solid curvge (b)
The measurements are made at positioidakhed curve 3 (solid curve,
A and 5(8 mm away from the sidewall, dotted cujvéc) The measurements
are made at positions €20 mm, dotted curve 3 (solid curve, and 5(15
mm away from the sidewall, dashed curve

FIG. 1. (a) Schematic diagram of the experimental sefiogp view): T1, T2,

temperature probes; 1, 2, two laser beams for LDV; W, optical windbwv.

Space coordinates and eight locations for the velocity and temperature mea- .

surements. The long arrows near the sidewall indicate the direction of théicles follow the local flow well. In the experiment, we mea-

large-scale circulation. sure the local velocity as a function of time and the measur-
ing position(laser focusing spotcan be varied continuously
along they axis (horizontal scahand thez axis (vertical
onto the sidewall of the cell to admit the incident laser beamscan. This is accomplished by moving the fiberoptic trans-
and observe the scattered light by seed particles. The widtbeiver, which is mounted on a traversable table. A typical
of the optical window is 3 cm for the larger cell and 1.5 cm sampling rate of the velocity measurements is 10-15 Hz,
for the smaller cell. The length of the optical window re- which is approximately 10 times larger than the cutoff fre-
mains the same as the height of the Plexiglas ring. Two pairguency of the velocity power spectrum. Typically, we take
of laser beams of different coldblue and greencoming  7-h-long time series data~{5X 10° data point¥ at each po-
from a LDV fiberoptic transceiver are directed through thesition. The data accumulation time is much longer than the
optical window and focused onto a single point inside thetime scale for the large-scale circulation, which is of the
convection cell. The fiberoptic transceiver has a receivingrder of 1 min(see Fig. 2 for more detajlsensuring that the
fiber, which collects the scattered light in the backward di-statistical average of the flow properties is adequate.
rection and feeds it to two photomultiplier tub@e detects In this way, we obtain a complete series of velocity data
the blue light and the other detects the green Jighite laser  at various Rayleigh numbers and spatial locations with the
focusing spot has a cylindrical probe volume of 1.31 mm inhighest statistical accuracy possible. In the calculation of the
length and 0.09 mm in diameter. The two laser beams showwelocity statistics, we use the transit time weighting to cor-
in Fig. 1(a) are in the horizontal plane and are used to mearect for the velocity sampling bigs. The velocity power
sure the horizontal velocity, in the x direction. The other spectrum is obtained using a software package provided by
two laser beam&ot shown are in the vertical plane parallel TSI Inc. With unevenly sampled velocity time series data
to the laser propagation direction. These two beams are usedt), the program calculates the autocorrelation function of
to measure the vertical velocity, along thez axis. v(t) first and then Fourier-transforms the autocorrelation
Monodisperse polymer latex spheres of 44% in di-  function back to the frequency domain. As a result, the ob-
ameter are used as seed particles. Because their densigined velocity power spectrum becomes sensitive to the
(1.05 g/cn?) matches closely to that of water, the seed parmean flow (extra-low frequency componéntin the data
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analysis to be discussed below, we will ignore this low-
frequency tail.

Simultaneous velocity and temperature measurements
are carried out using a multichannel LDV interface module
(TSI Datalink to synchronize the data acquisition. A trigger-
ing pulse from the LDV signal processor initiates the acqui-
sition of an analog temperature signal. A small movable ther-
mistor (T1 or T2 of 0.2 mm in diameter, 15 ms in response
time, and 1 mK{) in temperature sensitivityThermomet-
rics, AB6E3-B10KA202)J is used to measure the local fluid
temperature. To guide the thermistor into the cell, we install
a horizontal stainless steel tube on the sidewall. The stainless
steel tube(Type 304 SS hypodermic tubipdias an outer
diameter of 1.07 mm and wall thickness of 0.19 mm. Thin
thermistor wires thread through the stainless steel tube from
the outside and a small head piece of the sensor tip sticks out
of the tube end inside the convection cell. The tube end
together with the sensor tip is sealed with glue so that the
convecting fluid cannot leak out through the stainless steel
tube.

The horizontal tube can be mounted at three different 1
heights on the sidewall. At a given height the tube can slide:g. 3. Time series measurements of velocity fluctuations at the cell center.
in and out so that the local fluid temperat(rgt) (herei is  The measurements are madeRat 3.7x 10° and the three velocity compo-
used to indicate the probe positjocan be measured at vari- nents arda v, (b) vy, and(c) v,.
ous horizontal positions away from the sidewall. The ther-
mistor is connected to an ac bridge as a resistance arm. The N ) ) )
voltage signals from the ac bridge are fed to the interfacé&t POsition B[see Fig. 1a)], LSC is setup in the—z plane
module, whose output is connected to the LDV signal pro-2nd the direction of rotation is shown in Fig(b]. In this
cessor. A host computer is used to store each pair of the2Se, the LDV setup shown in Fig(al is capable of mea-
velocity and temperature measurements with the same timering the two in-plane velocity componentsandv, . One
stamp. All the thermistors used in the experiment are calic@n also tip the cell at positioA and setup LSC in thg-z
brated individually with an accuracy of 0.01°C. In the ex- Plane. In this case, we can measure the in-plane velocity
periment, we also vary the spatial separation between the?Mmponent along the mean flow direction and an out-of-
laser focusing spot and the thermistor tip. plane velocity c.omponen.t perpendwular to the rotation plane

Figure 1b) shows the space coordinates to be used be?f LSC. To avoid confusion, hereinafter we choose the
low in the presentation of the velocity and temperature meaPl@ne to coincide with the rotation plane of LSC regardless
surements. The origin of the coordinate system is chosen 8 the actual arrangement of the filt.
coincide with the center of the lower conducting surface. The
X andz axes are in the rotation plane of the large-scale cir{|]], RESULTS AND DISCUSSION
culation(LSC) and they axis is perpendicular to the rotation
plane. It has been showhthat the extent of LSC in thg
direction may vary between 2/3 and 1/3 of the cell diameter  Figure 2 shows the measured frequency power spectra
when Ra is in the range %610°<Ra<10% (in the A=1 P«(f), Py(f), andP(f) for the three velocity components
cell). The eight crosses shown in Figbl indicate the loca- vy, vy, andv,, respectively. The measurements are made at
tions of the velocity and temperature measurements made warious locations in the central core region, near the sidewall,
the rotation plane. Early temperature measurem®ntsand near the lower conducting surface. A sharp peafqat
showed that the azimuth of LSC rotates slowly in time when=0.018+0.002 Hz is found in all the horizontal power spec-
the cylindrical cell is levelled perfectly. It was found recently tra, P,(f) andP,(f), measured at different locations. From
that LSC in the levelled cylindrical cell also reverses its ro-the height of the frequency peak we find that the horizontal
tational direction randoml§??® The reversal of LSC occurs velocities at the cell center oscillate with a much larger am-
suddenly in a time span much less than a rotation periodplitude than those around the cell periphery. At the cell cen-
whereas the typical duration between two successive reveter, the measure®,(f) has a larger frequency peak when
sals remains quite long when compared with the rotatiorcompared withP,(f). Contrary to the horizontal power
period (more than 10 rotation periofds spectra, the vertical power spectrumy(f) shows a sharp

To pin down the azimuthal rotation and the random re-frequency peak only in the sidewall region. In the central
versal of LSC, we tip the cell with a small anglez(°) by  region v, fluctuates randomly and no obvious frequency
adding a few sheets of paper on one side of the cell bottonpeak is found in the measuré&y(f).

Ciliberto et al* have shown that such a small tilt does not Figure 3 shows the time series measurements of the
affect turbulent convection very much. When we tip the cellthree velocity components,, v, andv, at the cell center.

- (@

v_ (mm/s)

X

v_ (mm/s)

y

v, (mm/s)

1 | | 1 | 1 |
0 100 200 300 400 500

A. Spatial structure of velocity oscillations
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FIG. 4. Corresponding velocity histogrant(v,) (circles, H(v,) (tri-
angles, andH(v,) (diamonds for the time series data shown in Fig. 3. The
solid curve shows a Gaussian fit to the diamonds. For clearness, the origin
the lower two curves is shifted downwards.

FIG. 5. A schematic drawing of the velocity field and the plume distribution

the aspect-ratio-one cell. The central core rediamshadegis the fully
mixed bulk region and the shaded area shows the plume-dominant region.
The thin layers with wiggly lines near the upper and lower surfaces indicate
the thermal boundary layers. Cold pluniéght colored fall on the left side

Clear oscillations are observed only in the two horizontalef the cell ar_1d warm plum_e(slark colored rise on the right sid_e of the cell.
components but not in the vertical component. The horizon:I'he arrows indicate the direction of the large-scale circulation.

tal velocity v, perpendicular to the rotation plane of LSC
exhibits the strongest coherent oscillation. It is found that thQ)y the rising and fa|||ng p|ume3, resumng in a constant mean
velocity oscillations in different directions and at various lo- yelocity gradient in the region.

cations all have the same frequency at a fixed Ra, suggesting Figure §a) shows how the large-scale flow, near the
that they are driven by a common mechanism. As will besidewall changes with time. It is seen that the large-scale
shown in Fig. 12 below, the velocity oscillation frequerfgy  flow oscillates mainly in one direction, staying at a large
varies with both Ra and the cell heightand its numerical  yelocity (~18 mm/s) for a while and then falling to a mini-

value is the same as that of the temperature oscillation. mum Ve|ocity(c|ose to 0 momentar”y_ This asymmetric oS-
Figure 4 shows the corresponding velocity histograms

H(vy) (circles, H(v,) (triangles, andH(v,) (diamonds at

the cell center. It is seen that the measurdd,) can be well t(s)

dgscribed by a Gaussian functi¢solid curve over an am- 0 100 200 300 400 500
plitude range of almost 4 decades. The meastitaéd,) and
H(vy) are also of Gaussian shape but they exhibit two small
bumps near the zero mean. This is caused by the horizontal
oscillations discussed above.

In Ref. 13 we have described the detailed structure of the
mean velocity field in turbulent convection. Large velocity
fluctuations are found both in the central region and near the
cell boundary. Despite the large velocity fluctuations, the N e e I A ey
flow field still maintains a coherent structure. Figure 5 shows 104
a sketch of the velocity field in an aspect-ratio-one cell. This
picture is derived from that shown in Ref. 4 but is modified 10°
with inputs from our recent experimerits!* The flow field
has a quasi-two-dimensional structure, which undergoes a
coherent rotation. The single-roll structure shown in Fig. 5
can be divided into three regions in the rotation plaiea
thin viscous boundary layer around the cell periphéiry,a
fully mixed central core region of size-L/2, and(iii) an
intermediate plume-dominated buffer layer of thickness 100 —
~L/4. The plume-dominated buffer layer is the active region
that drives the large-scale circulation. Thermal plumes erupt v, (mm/s)
into the region from the upper and lower thermal boundary

Iayers and are Separated Iaterally in the two Opposing sid&lG. 6. (()ga) Time series measurements of the vertical velocityat Ra
. =3.7x10°. The measurements are made at positié8 ;:im away from the
wall regions. The warm and cold plumes exert buoyancysidewal). (b) Corresponding velocity histograhi(v,). The solid curve is a

forces on the flgid and drive the vertical ris.ing-and falling Gaussian function with mean velocity,= 13.0 mm/s and standard devia-
flows near the sidewall. The central core region is “sheared'ion o,=3.8 mm/s.

v, (mm/s)

H(v )

102

10!
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cillation gives rise to a large mean vertical velocity 1072 10!
(~13 mm/s) in the sidewall region. Figuréh$ shows the T T T T T
corresponding velocity histograrfl(v,). Contrary to the 0.04 - (@
Gaussian distribution at the cell center, the meastitéd,)
near the sidewall shows a bimodal distribution with a domi- -
nant peak at a positive velocity and a secondary peak at a
negative velocity, whose absolute value is comparable to that
of the main peak. It is also seen that the main peak is ad-
equately described a Gaussian functisalid curve and the
secondary peak is approximately 60 times smaller than the
main peak.

We find that the measureHi(v,) deviates from the 0.00 /1 A
Gaussian shape gradually and becomes more and more 10!
asymmetric when the measuring point is moved away from
the cell center. The histogram is skewed against the mean 102
flow, having the largest skewness at the edge of the velocity
boundary layer, at which the mean flow velocity reaches
maximum. The measured histograms at other Rayleigh num-
bers and in théd=0.5 cell are similar to that shown in Fig.
6(b). Careful examination of the time series data near the
sidewall reveals that contributions to the secondary peak 105
come mainly from occasional negative spikes in the velocity
signals. These negative spikes last only 5—1l@ss than half
of the rotation periodand should not be confused with the
random reversal of LSC. As mentioned in Sec. Il, the rever-
sal of LSC has a much longer time sp@nore than 10 rota- f (Hz)
t@on periods$ than thesg short veIociFy spikes. We have veri-FIG. 7. (&) Measured frequency power specia(f ) (upper solid curv
fied that when the cell |s'tllted, the cﬁrecﬂon pf the mean flgwpy(f) (dashed curve andP,(f ) (lower solid curve at Ra-4.9x 1¢F. The
remains unchanged during the entire experiment. We belieVigieasurements are made at the center ofAke2 cell. (b) Comparison
that the negative velocity spikes are caused by a small nunbetween the measuré}(f ) in theA=1 cell at Ra=4.7x 1¢° (solid curve
ber of energetic cold plumes, which erupt from the upperﬂnd in theA=2 cell at Ra=4.9x 1 (dotted curvg Inset shows a linear
conducting surface and move downward against the risin lot of P,(f) vs logf for the same data obtained in the=1 cell at Ra

" 2 4.7x 108. All the measurements are made at the cell center.
mean flow at position 5. Because thermal plumes erupt alter-
nately between the upper and lower boundary layers, the

cold plumes fall in the "quiet” time period between wo tra measured in th&=0.5 cell. This conclusion is further

consecutive bursts of rising warm plumes at position 5.~ _ .
These events are rare because most cold plumes move do pnfirmed by the measurements at another Rayleigh number
ward on the other side of the caposition 7 a=5.8x10'9 in the same hard turbulence regime. In an

. early convection experiment with low temperature helium

We also study the velocity oscillation in the=2 and gas?’ Wu and Libchaber also reported that the temperature
A=0.5 cells. Fi h th da, (f o .
cells. Figure @ shows the measureR(f ) (upper oscillation is absent in th&=0.5 cell.

solid curve, P (f) (dashed curve andP,(f) (lower solid
curve at the center of thé& =2 cell. The measurements are
made at Ra&4.9x 10%. Clear oscillations are observed in all —
three velocity components. Figuréby compares the mea- 0.006 ' ' -
suredP,(f) in the A=2 cell (dotted curve with that in the
A=1 cell (solid curve at a similar Rayleigh number (Ra
=4.7x10%). It is seen that the amplitude of the frequency
peak in theA=2 cell is approximately two orders of magni-
tude larger than that in th&=1 cell, suggesting that the
velocity oscillations in theA=2 cell are much stronger. In
fact, one can observe the velocity oscillations directly from
the time series data. Note that the frequency peak inAthe
=1 cell can still be identified clearly at this Rayleigh num- 0.000 uul 4 4oy
ber, as shown in the inset of Fig(byJ. 102 101 109

Figure 8 shows the measured frequency power spectra at
the center of thé\=0.5 cell. The measurements are made at f(Hz)
Ra=3.1x 10" Contrary to the results obtained in the FIG. 8. Measured frequency power specBg(f) (lower solid curve,

=1 and A:_Z cells (at SomeWha_t Sma”er Rayleigh num- Py(f) (dashed curveandP(f ) (upper solid curvpat Ra=3.1x 10'°. The
berg, no obvious frequency peak is found in the power specmeasurements are made at the center ofith®.5 cell.
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Villermaux!? pointed out that the underlying mechanism
for the temperature oscillation in a closed convection cell
relies on the interplay between the linear growth of primary
instability disturbancesi.e., thermal plumesand the delay
of nonlinear saturation due to the finite large-scale velocity
U. Therefore, the interaction between the upper and lower
thermal boundary layers is critically dependent on the delay
timety=L/U. Itis assumed in Villermaux’s model that for a
fixed Ra,ty does not fluctuate. As a result, the calculated
temperature oscillation has an infinite coherence time. As
shown in Fig. 6a), the measured is actually a fluctuating
quantity and thus we hawét,/to=6U/U=0,/v,, wherev,
ando, are, respectively, the mean and rms velocities near the
sidewall. Fluctuations in the delay timg will broaden the
frequency peak at,.?

Our recent velocity measuremehitsshowed that the
large-scale flow in thé=1 andA=2 cells is fairly stable
but the large-scale circulatiofLSC) in the A=0.5 cell
wobbles even when the cell is tipped at a larger angle. The
wobbly LSC introduces large fluctuations tig, which may ©
destroy the coherent oscillation in the=0.5 cell. The mea- 0.1 = B
suredo, /v, in the A=1 andA=2 cells has a typical value
of 0.5, whereas in th&=0.5 cell it becomes slightly larger
than 1 When the rms velocity becomes larger than the ] j
mean value, one will not be able to visualize a persistent L A i
large-scale circulation directly. It was also fodhdhat the
time-averaged large-scale flow in the=0.5 cell has a single 0.1 = n
role structure similar to that in th&= 1 cell. Recent velocity ‘ R T T B Ll
measurements by Masaki Sano and co-workers showed that 2200 -100 0 100 200
the velocity field in theA=0.5 cell filled with mercury (Pr
=0.024) has a similar single roll structufprivate commu- T
nication. In the tilted A=0.5 cylinder filled with water (Pr FIG. 9. Measured temperature—velocity cross-correlation functi@hs
=5.4), we did not observe a flow structure with two verti- c,(7), (b) C,(r), and(c) C,(7) as a function of delay time at Ra=3.3
cally stacked, aspect-ratio-one rolls, as suggested by recentL0’. In the experiment the temperature probe is fixed at positic mm
numerical simulation® The numerical stucﬁ? was carried away from the sidewalland the _velocity measurements are cond_ucte{d)at

. - . . . . positions 3 ¢=102 mm, open circlgsand 4 =142 mm, closed trianglgs
outin a IeveIIe_dA—O.S cylinder filled with helium gas (Pr (b) positions 2 £=44 mm, closed triangl¢sand 3(open circley and (c)
=0.7). A transition from a one-roll flow to a two-roll flow positions 4(closed trianglgsand 3 (open circles The lines are drawn to
was used to explain the observed bimodal behavior of theuide the eye.
measured Nusselt number in A= 0.5 cell filled with low-

temperature helium g&s. . o .
From the above velocity measurements together with thé/elocny oscillations in a closed cell, we conduct simulta-

. neous temperature and velocity measurements and obtain the
recent temperature measureméfit®, we arrive at the fol-

lowing physical picture for the velocity oscillation in the temperature—velocity cross-correlation function at various

—1 cell. As discussed in the above, the temperature OSCiIIaIocatlons in the cell. In the next section, we discuss the cor-

tion is generated by the alternating emission of cold ar,|drelat|on and phase relationship between the temperature and

warm plumes between the upper and lower thermal boundar\{/elomy oscillations.

layers. These cold and warm plumes are separated Iateralg/ Correlations between the tem .
. - . . . perature and velocity
in the two opposing sidewall regions and exert buoyancyoscillations
forces to the surrounding fluid. As a result, the vertical ve-
locity oscillation in the sidewall region is coupled directly to ~ Figure 9a) shows the measured temperature—velocity
the temperature oscillation. Such a coupling via direct encross-correlation  function, C,(7)=(3T(t)dv,(t+ 7))/
trainment is expected to become weaker in the central retTimgx(ms), @s a function of delay time. Here the tem-
gion, where less thermal plumes are present. This conclusigmerature fluctuation is defined &3 (t)=T(t)—T, whereT
is supported by the experimental observation that the maxis the mean value of the local temperaturét), and the
mum vertical velocity oscillation occurs in the same sidewallvelocity fluctuation is defined adv,(t) =v(t) —vy, where
region as that for the temperature oscillation. vy is the mean value of the horizontal velocity(t). The

To further understand the spatial correlation between theneasuredC,(7) is normalized by the product of the two
temperature and velocity oscillations, especially the interacstandard deviationsT s and vyms)- In the experiment
tion between the vertical thermal forcing and the horizontalthe temperature probe is fixed at position 7 and the velocity

C (%)

C,(v)

c, (v)
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suggesting that the velocity oscillations at different locations
have the same phase relative to that of the temperature os-
cillation. This is possible only when the central region oscil-
lates together as a whole. Third, the relative phase difference
between the measurél(7) andC,(7) is found to be zero,
suggesting that the velocity oscillation in the central region is
linearly polarized. Because the rms valuesvgfor v, are
T T Y Y I approximately the sanfesee Fig. 18) for more detail§ the
ol L ® i oscillation direction should be along the bisectional line be-
tween thex andy axes.

Finally, we discuss the phase relation between the tem-
perature oscillation and the horizontal velocity oscillation.
From the recent temperature and velocity measurentéfits,

c, (v

01 F _ we learned the mixing dynamics of the thermal plumes. As
L illustrated in Fig. 5, when the falling cold plumes arrive at
200 -100 0 100 200 the lower surface, heat exchange takes place mainly on the
left side of the lower plate+3L/4 in size. At (almos} the
S same time, the impact of the cold plumes triggers off an

FIG. 10. Measured temperature—velocity cross-correlation functians instability of the lower thermal boundary layer, resulting in
Cy(7) and(b) C,(7) as a function of delay time at Ra=3.3x10°. Inthe  an eruption of warm plumes on the right-hand side of the
experiment the temperaéure zr(c;l;e is _ﬁxed gt( positior_l T ;md éhg \(:(elocityower plate €v|_/4 in size. Because the strong mixing effect

measurements are conducte ositions 3(open circleg an s -

— 43 mm, solid triangles and (b) pgsitions 3(0pe‘; circles, 8 (open tri- AN locally stabllllze the thermal-boundary layer, the emission
angles, and 6 &= — 47 mm, solid diamondsThe lines are drawn to guide Of warm plumes is suppressed in the region where the falling
the eye. cold plumes are annihilated. A similar process takes place

near the upper conducting surface after a delay tigpe
/U.
This dynamic process determines the phase relation be-
tween the cold plumes at position 7 and the resulting hori-
zontal velocity fluctuatior(say, 6v,). Suppose that the bulk
fluid is pushed to the right when the cold plumes erupt from
?fgg upper-left corner of the cell. To calculate the relative
hase lets further assume that the horizontal force produced

measurements are made at various locations along the centr_aIL
z axis (vertical scain Similarly, Figs. 9b) and 9c) show the
measuredC,(7) andC,(7), respectively.

Figure 10 shows the measur€j(r) and C,(7) when
the temperature probe is fixed at position 7 and the velocit
measurements are made at positions 3, 6, and 8. These th

positions are all in the central region of the cell. It has bee . :
y the eruption of the cold plumes takes a simple form

showrt*?%that the temperature oscillation takes place mainl . )
in the plume-dominated sidewall region. Using the temperaFX(t)Ns'n(ZWfot)' wherefo=1/(2to) is the frequency of the

ture signals at position 7 as a reference, the cross-correlatidfmPerature oscillation. The temperature signals at position 7

functions measure the phase relation between the temperdle have the formyT(t)~—sin(2mfet—e). Here a minus

ture and velocity oscillations. This phase relation is deterSign is introduced for the cold plumesT(t)<0) and the

mined by the delay time of the first maximufpeak or ipitial phasee (=27ufty/2=w/2) takes care of the delay
minimum (valley) position in the cross-correlation function. {ime for the cold plumes to travel from the upper surface to
One can also obtain the phase relation between the veloci§Sition 7. The velocity signals in the central region can be
oscillations at two different locations by comparing the rela-Obtained via dv,(t)=JF,(t")dt'~ —cos(2rfot). Finally,
tive phase difference between the cross-correlation function§€ — cross-correlation —function can be written as

measured at the two locations. Cx(7) ~(T(t) Sux(t+ 7)) ~(sin (2mfot—e€) cos[2mfy (t+7)])
Figures 9 and 10 reveal several interesting features of —C0S (27fo7). _
the velocity oscillation in a closed cell. First, while the tem- It is seen from Figs. 9 and 10 that the calculated phase

perature signals at position 7 show clear oscillatitfSthe ~ agrees with the measurements. Figures 9 and 10 thus suggest
vertical velocityv, in the central region fluctuates randomly that the thermal plumes in the sidewall region interact with
and no obvious frequency peak is found in the measurethe fluid in the central region via the hydrodynamic forces,
P,(f) [see Figs. &) and 3c)]. Therefore, one expects that Which introduce a phase shift to the horizontal velocity. We
there will be little correlation betweeAT(t) at position 7  notice that the minimuntvalley) position of the measured
and dv,(t) in the central region. This is indeed the case asCx(7) andC(7) is not exactly atr=0 as calculated but is
shown in Figs. &) and 1@b). A small correlation is found shifted by a small amount to the left. However, this shift is
only whenv, is measured at a location close to position 7, atvery small (~6s) when compared with the oscillation pe-
which the temperature measurement is maadid diamonds ~ riod 1/f,=56 s at Ra=3.3x 10°. In the above calculation of
in Fig. 10b)]. the initial phasee, we have ignored the time delay between
Second, we find that the measured cross-correlatiothe arrival of cold plumes and the emission of warm plumes
functions for a given horizontal velocity componggeither  at the lower conducting surfac¢and the similar delay time at
vy Orvy) but at different locations coincide with each other, the upper conducting surfaceThis small delay time has
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FIG. 12. Normalized oscillation frequendylL?/« obtained from the tem-
perature power spectrum near the sidewsdlid circles, the power spec-
trum of the horizontal velocity, at the cell centefopen circleg and the
autocorrelation function of the horizontal velocity near the sidewallopen

triangles. The solid line is a power-law fitf L%/ x=0.167 R&*’, to the

solid circles.

At position 5 the velocity fluctuationsv, and év, be-
come in phase with the warm plumes, whose phase is oppo-
site to that of the cold plumes at position 7. Becad3¢t)
<0, the resulting correlation functiors,(7) andCy () still
peak atr=0. This is clearly shown in Fig. 1i). At position
1 the horizontal velocity fluctuatiov, is defined to be
positive when its direction is the same as the large-scale flow

7 (s) and there is a time delay betweén, and the cold plumes

(6T(t)<0) at position 7. Therefore, the measur€g(7)

FIG. 11._ Measured temperature_—velocity cross-corre_latio_n functs) becomes minimum near=0 with the exact valley position
(open diamonds C,(7) (open circley and C,(7) (solid triangleg as a . . . .
function of delay timer at Ra=3.3x 10°. In the experiment the temperature shifted toward the right in an amount equal to the time for
probe is fixed at position 7 and the velocity measurements are made 4he cold plumes to travel from position 7 and positiofs&e
positions(a) 1 (z=14 mm), (b) 5 (x=83 mm), and(c) 7 (x=-75mm).  Fig. 11(@)]. Similarly, C,(7) is found to be in phase with
The lines are drawn to guide the eye. C,(7). Figure 11a) also reveals that the correlation between
OT(t) and dv, at position 1 is very small withC,(0)
=0.037, which is at noise level.

0.0

-200 -100 0 100 200

been detected in a recent experintéand may contribute to
the small shift shown in Figs. 9 and 10. C. Ravleiah ber d d
The thermal plumes may also interact with the surround-"" ayleigh number dependence
ing fluid through direct entrainmer®:*! In this casesT(t) Figure 12 compares the measured velocity oscillation
and dv, will be in phase. Figure 11 shows the measuredfrequency with that of the temperature oscillation at different
Cx(7) (open diamonds C,(7) (open circleg and C,(7) Rayleigh numbers. The solid circles show the normalized
(solid triangle$ when the velocity measurements are made atemperature oscillation frequendyL?/ x obtained from the
positions 1, 5, and 7. These are three typical locations aroung@mperature power spectrum near the sidewall. This set of
the cell periphery, in which the thermal plumes concentratedata is well described by the power lavigL?/«
It is seen from Fig. 1(t) that the vertical velocity near the =0.167 R&* (solid line). This result is in good agreement
sidewall indeed oscillates with the same phase as that of theith the recent temperature measurements in low tempera-
temperature oscillation. Because of the direct entrainment biure helium gag® The open circles are the normalized veloc-
the cold plumes §T(t)<0) at position 7, the nearby fluid ity oscillation frequency obtained from the power spectrum
has a downward velocitydy,<0). Consequently, the mea- of v, at the cell center. The open triangles are obtained from
suredC,(7) peaks atr=0 with a large positive amplitude the autocorrelation function af, near the sidewall. In the
C,(0)=0.54. The correlation betweeiT (t) anddv, decays latter measurements, the bulk fluid temperature varied for
as the measuring position afv, is moved to the central less than 6 °C. As a result, the open triangles exhibit some-
region. At position 6, which is 2.8 cm away from position 7, what larger scatterer at lower Ra. It is seen from Fig. 12 that
the measure@,(0) is reduced to 0.09fsee Fig. 1(b)]. Itis  the velocity oscillation frequencies measured at different lo-
also found from Fig. 1(c) that the horizontal velocitgv, at  cations and obtained with different methods can all be super-
position 7 has the same phase&gt) (anddv,). The mea- posed on a single master curve, which coincides with the
suredC,(7) peaks atr=0 but the correlation amplitude is temperature oscillation curve. Figure 12 thus demonstrates
small[C,(0)=0.066]. that the velocity and temperature oscillations are indeed
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IR B IR represents the typical amplitude of vertical velocity fluctua-
(@) 7 tions.
It is seen from Fig. 1&) that the measured, curves up
in the entire Ra range,810'<Ra<9x10°, and the data
cannot be fitted to a single power law. Nevertheless, the ve-
locity data measured in the largér=1 cell with Ra>7.6
x10% can be well described by an effective power law,
o,LIv=4.6x10 % R&®, with the exponent3=0.55+0.03
(solid line). Because the data curve up at small Ra, the ob-
tained value ofB varies slightly depending on the Ra range
used. For example, Daya and Ecke fitted their data \@ith
=0.532 The value of 8 becomes slightly larger than 0.5
when the data points at larger Ra are included. We also mea-
103 surea, in the sidewall region. It is seen from Fig. (BB that
the measuredr, near the sidewal{open diamondsis 55%
larger than that at the cell center. This result further supports
our conclusion that the vertical velocity oscillation is driven
by the thermal plumes near the sidewall through direct en-
trainment. Because the vertical shearing force starts from the
o © 102 sidewall region, the amplitude of the vertical rms velocity is
Yl il expected to decay from the sidewall to the cell center.
107 108 10° 1010 Figure 13b) shows the normalized horizontal rms ve-
Ra locities, oL/ v (open circlesandoyL/v (solid triangles, as
FIG. 13. (a) Normalized vertical rms velocityr,L/v (open circles as a a function of Ra. These velocity meas-uremems are made at
func.tion.of Ra. The solid triangles are obtainedzby Daya and ERké 32. the _Ce,nter of theA=1 cells. The open ,CIrCl,eS have the S,ame
These velocity measurements are made at the center df4recells. The  Statistical accuracy as those shown in Fig(al3The solid
solid line is a power-law fitg,L/v=4.6x 10" R&S, to the open circles at  diamonds are the measureqL/v near the sidewall. Be-
:?fg_e R?- ITrfrl]esC:/F;TgCﬁiiz:OLf}dS(iri gk;ti?g:;afr\;af tf/e S(gﬁzﬁglgnngzg cause there are strong oscillations in the horizontal directions
aofﬁa(;?ioan of Ra. The vexlocizy n?easurements g?,e mvade at the ?:enter of th%se? Fl'g. 3, the .measuredrx a”O.' Ty actually rgpresept the
A=1 cells. The solid line is a power-law fitr,L/v=5.8x 104 R#5 1o OSCillation amplitude of the horizontal velocities. It is seen
the open circles at large Ra. The solid diamonds are the measytéds  from Fig. 13b) that the measured rms values at different
near the sidewall. locations and along different directions are approximately
the same, further confirming that the bulk fluid oscillates
together as a whole in a horizontal direction. As discussed in
driven by a common mechanism. As discussed above, bot8ec. IlI B, the horizontal velocity oscillation is linearly po-
the velocity and temperature oscillations are generated by tHarized and the polarization direction is along the bisectional
alternating emission of thermal plumes between the uppédine between thex andy axes, because the rms velocities in
and lower thermal boundary layers. the two horizontal directions are equat,~=oy).

Besides the oscillation frequency, we also measure the Similar to the situation foro,, the measuredr, also
Ra-dependence of the oscillation amplitude of the horizontaturves up in the entire Ra range and cannot be fitted to a
velocities and the vertical velocity fluctuations at the cellsingle power law. Nevertheless, the velocity data measured
center. Figure 1@) shows the normalized vertical rms ve- in the largerA=1 cell with Ra>7.6x 10% can be described
locity, o,L/v, as a function of Ra. Herer, is defined as by an effective power lawy,L/r=5.8x 10" % R&f, with the
o,=[{(v,—v)? 1Y% The open circles are obtained at the exponent3=0.65+0.03(solid line). While it varies slightly
center of theA=1 cells and represent the best set of data walepending on the Ra range used in the fitting, the obtained
have to date. The time average for each data point runs faralue of g for o is certainly larger than that foor, (B
more tha 8 h and the measurements are repeated many 0.55+0.03). Further comparison between Figs(aland
times over a period of 6 months. The data points in the Rd.3(b) reveals that the two fitted solid lines fer, and o,
range, 3< 10'<Ra<5x 10°, are obtained in the small&  cross each other at Ral0® and the value ofr, becomes
=1 cell. Because the convective flow is slow, the measurethrger thano, at the high Ra end.
rms values have a relatively larger error bar when compared From the above velocity measurements at different loca-
with the mean values. The experimental uncertainties aréons and in cells of different aspect ratios, we find that the
mainly statistical and the relative error faer, is approxi- measured rms velocities at the cell center, where the mean
mately 15%. This estimate is based on the scatterer of 1-hrelocity is zero, are influenced strongly by the large-scale
long time-averaged rms values obtained from run to run. Thenotion. This is certainly true for the horizontal rms veloci-
solid triangles are obtained by Daya and Ecke in a differenties. The bulk fluid in the central region oscillates together
experiment? Their data overlap with ourgopen circles  and thereforer, ando, measure the oscillation amplitude of
well. Because there is no apparent oscillation for the verticathe horizontal velocities. While there is no apparent oscilla-
velocity at the cell centefsee Fig. &)], the measuredr,  tion found in the vertical velocity at the center of the=1

103

c L/v
T T TTTT]
Ll

102 8° =

T TTTTIf T T TTTTg T TTTTI
- (b) .
103

G L/v
c L/v

102

Downloaded 21 Feb 2004 to 202.40.139.165. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



422 Phys. Fluids, Vol. 16, No. 2, February 2004 Qiu et al.

cell, velocity fluctuations in the vertical direction can still be The velocity oscillation in the central region of the
affected by the overall coherent motion in the region. Evi-=2 cell is stronger and is observed in all three velocity com-
dently, strong vertical velocity oscillations are found at theponents. Contrary to the situation in the=2 and A=1
center of theA=2 cell. These measurements suggest that theells, no obvious velocity oscillation is observed in the
oscillation of the velocity field is a response of the bulk fluid =0.5 cell. The large-scale flow in thA=0.5 cell is not

in a closed cell to the thermal forcing produced by the peri-stable, which may destroy the coherent stimulations needed
odic emission of the thermal plumes near the conductindor the generation of the temperature oscillattérthe ve-
surfaces. Thus one expects that the velocity variations can Hecity measurements conducted at different locations and in
influenced considerably by the geometry of the cell, whichcells of different aspect ratios clearly show that the large-
determines the large-scale motion. In fact, Daya and #cke scale convective flow in a closed cell is influenced strongly
have found that the Ra-dependence of the measmy@tithe by the cell geometry, such as the shape and the aspect ratio
cell center changes with the shape of the convection cell. of the cell.

In wind tunnels and other open flow systems, the distur-
bance flow produced by the boundaries is confined in the
near-wall region and is quickly discharged to the down-

We have carried out a systematic study of the velocitystream. Because of these reasons the flow boundaries usually
oscillation in turbulent thermal convection. Simultaneousdo not perturb the velocity fluctuations in the bulk regfan.
measurements of the local velocity and temperature are corhis situation is changed completely for flows in a closed
ducted in small aspect-ratio cells filled with water. Fromcell, in which the disturbances produced by the boundaries
these measurements we obtain the temperature—velocigre inevitably mixed into the turbulent bulk region. For ex-
cross-correlation function and study the velocity oscillationsample, we find that the measured rms velocities at the cell
over varying Rayleigh numbers and spatial positions acroseenter are coupled directly to the large-scale motion in the
the entire cell. These structural measurements provide an i¢losed convection cell.
teresting physical picture for the temperature and velocity  While at the moment we do not have a theory to show
oscillations in a closed cylindrical cell. The temperature os-quantitatively how the thermal plumes near the cell boundary
cillation is generated by the alternating emission of cold andgroduce horizontal velocity oscillations at the cell center, the
warm plumes between the upper and lower thermal boundargxperiment clearly reveals that the velocity oscillation is a
layers. The cold and warm plumes are separated laterally iresponse of the bulk fluid to the periodic emission of the
two opposing sidewall regions and exert buoyancy forces téhermal plumes between the upper and lower thermal bound-
the bulk fluid. An alternating eruption of the thermal plumes,ary layers. Evidently the cell shape and aspect ratio can in-
therefore, gives rise to a periodic impulsive torque, whichfluence the spatial distribution and the dynamics of the ther-
drives the large-scale circulation continuously. mal plumes, which may explain the observed geometry-

The spatial organization of the thermal plumes produceslependence of temperature and velocity fluctuations at the
a unique flow structure, which undergoes a coherent rotatiorgell center? A further theoretical analysis is needed in order
Careful examination of the measured temperature-velocityo fully understand the hydrodynamic interaction between
cross-correlation functions reveals that the thermal plumethe thermal plumes and the horizontal velocity oscillations in
interact with the convecting fluid in a closed cell in two the central region. Clearly, the present experiment provides
different modes. First, they directly entrain the surroundingan interesting example to demonstrate how the thermal
fluid in the sidewall region along the vertical direction. For plumes organize themselves in a closed cell to generate a
example, when a warm plume is pushed away from the lowelarge-scale flow structure, which rotates and oscillates coher-
conducting surface by buoyancy, it entrains the surroundingntly in a turbulent environment.
fluid and pulls the nearby plumes toward$4This “hydro-
dynamic attraction” causes the warm plumes and the sur-
rounding fluid to move together, which explains why the ACKNOWLEDGMENTS
vertical velocity oscillation occurs mainly in the plume- We thank L. Kadanoff, D. Lohse, R. Ecke, Z. Daya, and
dominated sidewall region and its phase remains the same gs Niemela for useful discussions and communications. The
that of the temperature oscillation. assistance of M. Lucas and his team in fabricating the con-

Second, the interaction between the thermal plumes angection cells is gratefully acknowledged. P.T. was supported
the bulk fluid in the central region takes place via hydrody-in part by the National Science Foundation under Grant No.
namic forces, which introduce a phase shift to the two hori-DMR-0071323 and by the Research Grants Council of Hong
zontal velocity components in the region. It is found that thekKong SAR under Grant No. HKUST 603003. K.-Q.X. was
velocity oscillation in the central region of the=1 cell is  supported by the Research Grants Council of Hong Kong
predominantly in the horizontal direction. The horizontal ve-SAR under Grant No. CUHK4281/00P.
locity oscillation is linearly polarized and its phase is oppo-
site to that of the temperature oscillation. The velocity oscil-
lation frequencyf, is found to be the same as that of the !B. Castaing, G. Gunaratne, ‘F. Heslot, L. K_adanof_f, A. Libchaber, S.
temperature oscllation and obeys the same power law, TS X% 15, 25 B & Pt vaung et ol
foL?/x=0.167 R&", in the Ra range between %@nd 2 Siggia, “High Rayleigh number convection,” Annu. Rev. Fluid Mech.
10%. 26, 137 (1994).

IV. SUMMARY

Downloaded 21 Feb 2004 to 202.40.139.165. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 16, No. 2, February 2004 Velocity oscillations in Rayleigh—Bénard convection 423

3S. Grossmann and D. Lohse, “Scaling in thermal convection: A unifying G. Ahlers and X. Xu, “Prandtl-number dependence of heat transport in

theory,” J. Fluid Mech.407, 27 (2000. turbulent Rayleigh—Beard convection,” Phys. Rev. Le®6, 3320(2007).
“4L. P. Kadanoff, “Turbulent heat flow: Structures and scaling,” Phys. Today 19« -Q. Xia, S. Lam, and S.-Q. Zhou, “Heat-flux measurement in high-
54 (8), 34 (2001. Prandtl-number turbulent RayleighZ#&d convection,” Phys. Rev. Lett.

5M. Sano, X.-Z. Wu, and A. Libchaber, “Turbulence in helium-gas free 88, 064501(2002
convection,” Phys. Rev. A0, 6421(1989. 209 | . . N
6S. Ashkenazi and V. Steinberg, “High Rayleigh number turbulent convec- ; LI' _Q;]u gnd dP' Tong,t_ OTT:er: of ;ohe[e‘:?oggzgg&r;sodg turbulent
tion in a gas near the gas-liquid critical point,” Phys. Rev. L88, 3641 aylelgh—beard convection, ys. Rev. Lew/, )

21 B “ . .
(1999; “Spectra and statistics of velocity and temperature fluctuations in~ <--Z- Wu and A. Libchaber, “Non-Boussinesg effects in free thermal con-

turbulent convection,ibid. 83, 4760(1999. vection,” Phys. Rev. M3, 2833(1991).

X.-L. Qiu, S. H. Yao, and P. Tong, “Large-scale coherent rotation and 2], Zhang, S. Childress, and A. Libchaber, “Non-Boussinesq effect: Ther-
oscillation in turbulent thermal convection,” Phys. Rev. &, R6075 mal convection with broken symmetry,” Phys. Fluiels1034(1997).

(2000. 2L, E. Drain, The Laser Doppler Techniqu&Viley, New York, 1980.

8X.-D. Shang and K.-Q. Xia, “Scaling of the velocity power spectra in 2S_-|. Lui and K.-Q. Xia, “Spatial structure of the thermal boundary layer
turbulent thermal convection,” Phys. Rev.@8, 065301R) (2002). in turbulent convection,” Phys. Rev. &7, 5494 (19989.

°T. Takeshita, T. Segawa, J. G. Glazier, and M. Sano, “Thermal turbulences; 3 Niemela. L. Skrbek. K. R. Sreenivasan. and R. J. Donnelly, “The

in mercury,” Phys. Rev. Lett76, 1465(1996. wind in confined thermal convection,” J. Fluid Mec#49, 169 (2001
108., Cioni, S. Ciliberto, and J. Sommeria, “Strongly turbulent Rayleigh— 26, = crconivasan A Bershadskii a’nd 3.3 Niemela. “Mean wind and its
Benard convection in mercury: Comparison with results at moderate ~ o . y ’

Prandtl number,” J. Fluid Mect835, 111 (1997). reversal in thermgl convection,” I?hys. Rgv.GE,_ 056306(2002.
s, Ciliberto, S. Cioni, and C. Laroche, “Large-scale flow properties of 27X.-Z. Wu and A. Libchaber, “Scaling relations in thermal turbulence: The
turbulent thermal convection,” Phys. Rev.58, R5901(1996. aspect-ratio dependence,” Phys. Rew8, 842(1992.
2E  Villermaux, “Memory-induced low frequency oscillations in closed “°R. Verzicco and R. Camussi, “Numerical experiments on strongly turbu-
convection boxes,” Phys. Rev. Left5, 4618(1995. lent thermal convection in a slender cylindrical cell,” J. Fluid Medfi7,
13X.-L. Qiu and P. Tong, “Large-scale velocity structures in turbulent ther- 19 (2003.
mal convection,” Phys. Rev. B4, 036304(2001). 29p.-E. Roche, B. Castaing, B. Chabaud, and B. Hebral, “Prandtl and Ray-
14X./-L. Qiu and P. Tong, “Temperature oscillations in turbulent Rayleigh— |eigh number dependence in Rayleigh-nBed convection,” Europhys.
Benard convection,” Phys. Rev. 66, 026308(2002. Lett. 58, 693 (2002.

®X. Chavanne, F. Chilla, B. Castaing, B. Hebral, B. Chabaud, and J303 g Tumer
Chaussy, “Observation of the ultimate regime in Rayleighadd con- '
vection,” Phys. Rev. Lett79, 3648 (1997; X. Chavanne, F. Chilla, B.

“Turbulent entrainment: The development of the entrainment
assumption and its application to geophysical flows,” J. Fluid Maatg

Chabaud, B. Castaing, and B. Hebral, “Turbulent Rayleighadde con- 31431(1986)' . . . . .
vection in gaseous and liquid He,” Phys. Fluitig, 1300(2001) E. Moses, G. Zocchi, and A. Libchaber, “An experimental study of lami-
163, J. Niemela, L. Skrbek, K. R. Sreenivasan, and R. J. Donnelly, “Turbu-,_Nar Plumes,” J. Fluid MechZiSl 581(1993. ,
lent convection at very high Rayleigh numbers,” Natutendon 404, Z. A. Daya and R. E. Ecke, “Does turbulent convection feel the shape of
837(2000. the container?” Phys. Rev. Lei7, 184501(2001).
7% Xu, K. M. Bajaj, and G. Ahlers, “Heat transport in turbulent Rayleigh— 3*H. Tennekes and J. L. Lumleg First Course in TurbulencéMIT Press,
Bénard convection,” Phys. Rev. LetB4, 4357(2000. Cambridge, 1972

Downloaded 21 Feb 2004 to 202.40.139.165. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



