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Measurements of the local convective heat flux in turbulent Rayleigh-Bénard convection
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A systematic study of the local convective heat transport in turbulent thermal convection is carried out in
small-aspect-ratio cells filled with water. The local convective heat flux is obtained from the simultaneous
velocity and temperature measurements over varying Rayleigh numbers and spatial positions across the entire
convection cell. Large fluctuations of the local convective heat flux are found mainly in the vertical direction
and they are determined primarily by the thermal plumes in the system. The experiment reveals the spatial
distribution of the local convective heat flux in a closed cell and thus settles a long-debated issue on how heat
is transported in small-aspect-ratio cells.
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[. INTRODUCTION ments have been carried out in various convecting fluids and

An intriguing feature of turbulent Rayleigh-Bénard con- under different experimental conditiori$-4,1§. Some of
vection is the emergence of a coherent large-scale circulatioff® measurements were conducted with a wide parameter
(LSC), which spans the height of the convection dai4].  range and great precessiph10-13. These measurements
This coherent flow structure arises in a turbulent environhave stimulated considerable theoretical efforts aimed at ex-
ment with irregular bursts of thermal plumes from the upperplaining the functional form of the measured Nusselt number
and lower thermal boundary layers. In an attempt to furthefnormalized total heat flyxNu(Ra, Py as a function of two
understand the structure and dynamics of the thermadxperimental control parameters: the Rayleigh number Ra
plumes, we have recently carried out a series of independeand the Prandtl number Pr. Like many transport phenomena
temperature and velocity measurements in turbulent thermah condensed matter physics, the measured macroscopic
convection[5—9]. Using the techniques of laser Doppler ve- transport properties can often be explained by theories with
locimetry (LDV), thermometry, and flow visualization, we different microscopic mechanisnji$—4]. A main issue of an
mapped out the temperature and velocity fields in the planenresolved theoretical debate is whether the heat transport in
of LSC. The temperature and velocity measurements wertirbulent convection is determined primarily by thermal
conducted in convection cells with different aspect ratios anglumes or by the large-scale circulation. Direct measure-
over varying Rayleigh numbers and spatial positions acrossents of the local heat flux, therefore, become essential to
the entire cell. Water was used as the convecting fluid, irthe understanding of the heat transport mechanism in turbu-
which both the temperature and velocity measurements cadmnt convection.
be made with high accuracy. These local measurements pro- In this paper, we report simultaneous measurements of the
vided a body of reliable velocity and temperature data andocal velocity v(r ,t) and the local temperatufE(r ,t), from
complemented the global measurements of heat transport imhich we obtain the local convective heat fl[7,18
turbulent convectiorj1,10-19.

An important finding of these experiments is that the spa- )= (V(r, ) 8To(r, H))H 0
tial distribution of thermal plumes in a closed convection cell kAT '
is neither homogeneous nor isotropic. The thermal plumes ) o ) ]
organize themselves in such a way that warm plumes aCCL_yyhereK is the thermal_ diffusivity of the convecting fI_uuAT
mulate on one side of the cell and cold plumes concentratt§ the temperature difference across the convection cell of
on the opposite side of the cell. The warm and cold plumegheightH, and:--); represents a time average owverThe
which are separated laterally in the two opposing sidewallocal temperature fluctuation is defined &gy(r,t)=T(r,t)
regions, exert buoyancy forces on the fluid and drive the-To with Ty being the mean temperature of the bulk fluid. As
vertical flow near the sidewall. The central core region isindicated by Eq(1), the local convective flud(r) is normal-
“sheared” by the rising and falling plumes, resulting in aized by the conductive heat flieAT/H. In the experiment,
large-scale circulation across the cell height. This coherenwve measurd(r) over varying Rayleigh numbers and spatial
guasi-two-dimensional flow structure is superimposed on gositionr across the entire cell. These measurements reveal
turbulent background with large velocity fluctuations both inhow heat is transported vertically out of the thin thermal
the central region and near the cell boundary. boundary layers near the upper and lower conducting sur-

An important question one might ask is how the spatialfaces. It is found that the heat transport in turbulent convec-
organization of the thermal plumes and the large-scale flowion over the parameter range studied is carried out mainly
structure affect the heat transport in turbulent thermal conby the thermal plumes. The experiment shows that the heat
vection. A large number of global heat transport measuretransport in the aspect-ratio-1 cell takes place primarily
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along the cell periphery in the direction of the large-scale
circulation.

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.

Il. EXPERIMENT

The experiment is conducted in two upright cylindrical
cells filled with water. The two convection cells have the
same inner diameter @=19.0 cm but their height is differ-
ent; one is 20.5 cm and the other is 40.9 cm. The corre-
sponding aspect ratiGA=diameterD/heightH) of the two
cells is, respectivelyA=1 and A=0.5. Details about the
apparatus have been described elsewh#8eld, and here
we mention only some key points. The sidewall of the cells
is made of a transparent Plexiglas ring with wall thickness
0.6 cm. The top and bottom plates are made of brass and
their surfaces are electroplated with a thin layer of gold. The
thickness of the top plate is 1.0 cm and that of the bottom
plate is 0.85 cm. The Plexiglas ring is sandwiched between
the two plates and is sealed to the top and bottom plates via
two rubber O rings. Two silicon rubber film heaters con-
nected in parallel are sandwiched on the backside of the bot-
tom plate to provide constant and uniform heating. A dc
power supply with 99.99% long-term stability is used to pro-
vide the heating power. The voltage applied to the heaters
varies from 20 to 80 V, and the corresponding heating power
is in the range between 23 W and 371 W. The upper side of
the top plate together with a circular aluminum cover form a y
closed cooling chamber, whose temperature is maintained ’
constant by circulating cold water from a temperature- +-
controlled bath and circulator. The temperature stability of {b) )
the circulator is 0.01°C. The temperature differedce be- o ]
tween the top and bottom plates is measured by two ther- FIG: 1. (&) Schematic diagram of the experimental setgp
mistors embedded in each plate. view): T, temperature probe; 1, 2, two laser beams for LDV; W,

The two cells are used to change the aspect ratio and ‘gtlcal window.(b) Space coordinates used for the presentation of
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extend the accessible range of the Rayleigh number R e local convective heat flux measurements. The long horizontal

. . . S) and vertical(VS) arrows indicate, respectively, the tracks of
— 3
=agATH®/(vx), whereg is the gravitational acceleratiohl, the horizontal and vertical scans of the simultaneous velocity and

is the cell h?'ght' ana-ly,- v, andx a,re’ respect_lvely,_ the ther- temperature measurements. The three crosses marked with a num-
mal expansion coefficient, the kinematic viscosity, and th%er indicate the positions used for the statistical study of local flux

thermal diffusivity of the convecting fluigwaten. The nu-  q,cryations. The dashed arrows near the sidewall indicate the direc-
merical values of the fluid parameters are taken from thgjon of the large-scale circulation.

CRC Handbook of Chemistry and Physi@)]. The A=1
cell covers the Ra range between 8.80° and 7.6< 10°. In velocity measurements are conducted using a two-
the A=0.5 cell the maximum value of Ra can reach up tocomponent LDV systendTSI Inc. together with an argon-
5.9x10%. In the experiment, the temperature differedc®e  ion laser(Coherent Innova 90A long rectangular flat win-
between the top and bottom plates varies from 4.8°C talow (W) made of transparent Plexiglas with wall thickness
35°C depending on the heating power. By adjusting the tem0.6 cm is inserted onto the sidewall to admit the incident
perature of the cooling water, we maintain the temperature atiser beams and observe the scattered light by seed particles.
the bulk fluid at~29°C for all the measurements. At this The width of the optical window is 3 cm and the length
temperature, one hasv=8.2x103cn?/s, k=15 remains the same as the height of the Plexiglas ring. The use
%X 1072 cn?/s, and the corresponding Prandtl number Prof the flat window eliminates the optical distortions gener-
=v/k=5.5. The temperature stability of the top and bottomated by the curvature of the sidewall and thus increases the
plates is found to be within 0.1°C in standard deviation,LDV data rate, especially in the central region of the cell.
which is less than 2.1% of the minimuhT used in the Two pairs of laser beams of different colgidue and green
experiment. coming from a LDV fiber-optic transceiver are directed
Figure Xa) shows the experimental arrangement for thethrough the optical window and focused onto a single point
simultaneous velocity and temperature measurements. Localside the convection cell. The fiber-optic transceiver has a
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receiving fiber, which collects the scattered light in the back-cannot leak out through the stainless steel tube. The tube can
ward direction and feeds it to two photomultiplier tubes. Oneslide in and out so thaf(r,t) can be measured at various
of the photomultiplier tubes detects the blue light and thehorizontal positions along the cell diamethorizontal scan
other detects the green light. The laser focusing spot has a Similarly, we also install a vertical stainless steel tube
cylindrical probe volume of 1.31 mm in length and 0.09 mmthrough the center of the top plate and meadiret) along
in diameter. The two laser beams shown in Figa)Jare in  the central vertical axis of the ceflertical scain In the
the horizontal plane and are used to measure the horizontakperiment, we place the thermistor at a position very close
velocity v, in thex direction. The other two laser beaifi®t  to the laser focusing spot. The spatial separation between the
shown are in the vertical plane parallel to the propagationjaser focusing spot and the thermistor tip is fixed and we will
direction of the laser beams. These two beams are used thiscuss how the separation is chosen in the next section. The
measure the vertical velocity, along thez axis. thermistor is connected to an ac bridge as a resistance arm.
Monodisperse polymer latex spheres of 4448 in diam-  The voltage signals from the ac bridge are fed to the inter-
eter are used as seed particles. Because their densityce module, whose output is connected to the LDV signal
(1.05 g/cni) closely matches that of water, the seed par-processor. A host computer is used to store each pair of ve-
ticles follow the local flow well. With the LDV arrangement locity and temperature measurements with the same time
shown in Fig. 1a), we measure the local velocity as a func- stamp. Because the measurements of the two velocity chan-
tion of time, and the measuring positidaser focusing sppt nels are conducted independently, which allows a higher
can be varied continuously along thexis (horizontal scap  sampling rate compared with coincident measurements be-
and thez axis (vertical scan This is accomplished by mov- tween the two velocity channels, the temperature time series
ing the fiber-optic transceiver, which is mounted on a travershas approximately twice as many data points as that of each
able table. It has been shov,6] that LDV is capable of velocity component. To facilitate the calculation of the power
measuring the flow velocity with high accuradyetter than  spectrum and the correlation function, which requires evenly
1%) over the entire convection cell, except near the uppespaced time series data, both the temperature and velocity
and lower thermal boundary layers, whose thickness isime series are extrapolated linearly according to the average
~1 mm at Ra=10°. sampling rate of the temperature measurements. Calculations
A typical sampling rate of the velocity measurements isof the local convective heat flux are also made using the
10-15 Hz, which is approximately 3—10 timédepending extrapolated time series data. The use of the evenly spaced
on the value of Rplarger than the cutoff frequency of the time series data helps to correct for the velocity sampling
velocity fluctuations in the system. Typically, we take bias of unevenly sampled LDV daf21].
2-h-long time series daté~10° data points at each spatial Figure 1b) shows the space coordinates to be used below
position for the profile measurements andh-long time se- in the presentation of the local convective heat flux measure-
ries data(~4 X 10° data points for further statistical analy- ments. The origin of the coordinate system is chosen to co-
sis. This data accumulation time is much longer than the timéncide with the center of the lower conducting surface. Xhe
scale associated with the large-scale circulation, which is odndz axes are in the rotation plane of the LSC andyttaxis
the order of 1 min at R& 3x 10°, ensuring that the statisti- is perpendicular to the rotation plane. The long horizontal
cal average of flow properties is adequate. In this way, wgHS) and vertical (VS) arrows indicate, respectively, the
obtain a complete series of velocity data at various Rayleighracks of the horizontal and vertical scans of the simulta-
numbers and spatial positions with the highest statistical ameous velocity and temperature measurements. The three
curacy possible. In the calculation of the velocity statistics,crosses shown in Fig.(l) indicate the positions used for the
we use the transit time weighting to correct for the velocitystudy of the statistical properties of local convective heat flux
sampling biag21]. fluctuations. Early temperature measurem@s showed
Temperature measurements are simultaneously taken usat the azimuth of LSC rotates slowly in time when the
ing a multichannel LDV interface modul@SI Datalink for  cylindrical cell is leveled perfectly. It was found recently that
synchronization of the data acquisition. A triggering pulsethe LSC in the leveled cylindrical cell also reverses its rota-
from the LDV signal processor initiates the acquisition of antional direction randomiyj23,24].
analog temperature signal. A small movable thermi€igrof To pin down the azimuthal rotation and the random rever-
0.2 mm in diameter, 15 ms in response time, and 20 2K/ sal of the LSC, we tip the cell with a small andle1°) by
in temperature  sensitivity (Thermometrics, ABG6E3- adding a few sheets of paper on one side of the cell bottom.
BO5KA202R) is used to measure the local fluid temperatureCiliberto et al. [25] have shown that such a small tilt does
T(r,t). All the thermistors used in the experiment are cali-not affect turbulent convection very much. When we tip the
brated individually with an accuracy of 0.01°C. To guide thecell at position B[see Fig. 1a)], the LSC is set up in th&
thermistor into the cell, we install a horizontal stainless steetz plane and the direction of rotation is shown by the two
tube on the sidewall opposite the optical window. The staindfong-dashed arrows in Fig(l). In this case, the LDV setup
less steel tub€Type 304 SS hypodermic tubipgas an outer shown in Fig. 1a) is capable of measuring the two in-plane
diameter 1.07 mm and wall thickness 0.19 mm and isvelocity components, andv,. One can also tip the cell at
mounted at the midheight of the cell. Thin thermistor wiresposition A and set up LSC in thg-z plane. In this case, we
thread through the stainless steel tube from the outside andcan measure the in-plane velocity component along the mean
small head piece of the sensor tip sticks out of the tube enflow direction and the out-of-plane velocity component per-
inside the convection cell. The tube end together with thependicular to the rotation plane of the LSC. To avoid confu-
sensor tip is sealed with glue so that the convecting fluicsion, hereinafter we choose tke plane to coincide with the
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0.4 T T | T T T J Similarly, the vertical velocity fluctuation is defined as
S ,(t)=v,(t)—v, wherev, (=0 at the cell centeris the local
- 02 | . mean value ofv,(t). The cross-correlation function is nor-
malized by the product of the velocity and temperature stan-
02 b 00 f i dard deviationsy,,,s and T, It is found that the measured

. ‘ g.(7) has a single peak at=0. The amplitude of the peak is
-20 0 20 0o=0:(0)=0.3, which is much larger than the background
noise at the level of 0.05.

From the inset of Fig. @), we find that the full width at
0.0 half maximum(FWHM) of the peak id"y1=5.6 s. The cor-
responding autocorrelation functions of the temperature and
velocity fluctuations themselvagsiot shown have a similar

-500 0 500 1000 shape to the cross-correlation function and their FWHM val-
(@) 1 (8) ues are, respectivelyj;=2.4 s andl',=5.5s at Ra=3.6
X 10°. Clearly, the FWHM value of the measurgg(7) is
determined by the larger peak widkly. The half peak width
I't/2 of the temperature autocorrelation function provides
information about the transient timé,/2=g,/U, for the
temperature fluctuations of characteristic sigg(“vertical
plume size)} passing through the temperature probe with a
speed U [8]. At Ra=3.6x10°, we have U=Upq
=3.3mm/s and thus§;=3.9 mm. This value ofg, is
slightly larger than the average thermal boundary layer thick-

nessé (=1 mm) at the same Ra6]. Figure 2a) thus sug-
gests that the correlated fluctuations are localized events and
0.0 L . 1 . L . occur mostly in small time intervalé.e., in the form of
0 20 40 “plumes”) even at the cell center. Similar cross-correlation
(b) I (mm) functions are also observed near the sidewall.
Figure 2b) shows how the measureg) varies with the
FIG. 2. (a) Measured velocity-temperature cross-correlationseparation¢ between the LDV focusing spot and the ther-
functionge(7) as a function of delay time at Ra=3.6<10°. Inthe ~ mistor tip. Because the convective flow is slow and the time
measurement, both the velocity and temperature probes are placesrerage runs for less than an hour for these measurements,
at the cell center and their separatiof is0.5 mm. The inset shows thegy(f) obtained has somewhat larger scatter. Nevertheless,
the sameg,(7) with smaller range of- around7=0. (b) Measured it is clearly shown thagj,(¢) decreases with increasifigand
correlation amplitudegy(€) as a function of€. The solid curve the decay may be described by a simple exponential function
shows the fitted functiogy(€)=0.3 exg—¢/&), with £&=26 mm. Jo(€)=0.3 exg—¢€/ ), with £=26 mm(solid curve. A simi-
lar correlation length is also found in the sidewall region.
rotation plane of the LSC regardless of the actual arrangeFrom these measurements we decided to keep the separation
ment of the tilt. at a minimal valuef,=0.7+0.2 mm. This distance is three
times larger than the tip diameter of the thermistor but 37
times smaller than the correlation lengthlt is comparable
[ll. RESULTS AND DISCUSSION to the thermal boundary layer thickneds=0.8 mm at Ra
=3.6x 10°), which is the smallest length scale in turbulent
convection. For the measurements in the sidewall region, the
According to Eq(1), the local convective heat fluKr) is  thermistor is always placed at the downstream position to
obtained from simultaneous measurements of the local vefurther minimize the disturbances produced by the tempera-
locity v(r,t) and the local temperatur&(r,t) at the same ture probe.
positionr. In the experiment, however, we have to measure Another issue in the calculation dfir) is the choice of
v(r,t) and T(r,t) at two different positions with a small the reference temperatufg used in the definition of the
separationt, so that the thermistor tip does not block the temperature fluctuatio®T(r,t)=T(r,t)—-T,. The value of
laser beams. This separation should be small compared with, should remain the same across the entire body of the
the correlation lengtl§ between the temperature and velocity convecting fluid. Figure @) compares the temperature his-
fluctuations. On the other hand, it should be large enough teogramsH(5T,) measured at the cell cent@ircles and near
minimize the disturbances produced by the thermistor tip tahe sidewalltriangle3. Here we took the most probable tem-
the velocity measurement. Figurgaf shows the velocity- perature ad,, which is determined from the peak position of
temperature cross-correlation functiog.(7)=(sv()6T(t  the measured(sT,). Because temperature fluctuations at
+7))/ (vimsTrms), @S @ function of delay time measured at  the cell center are symmetric, the valueTgfis the same as

the cell center. Here the temperature fluctuation is defined age |ocal average temperatufie In the plume-dominated
ST(H)=T(t)-T, with T being the local mean value df(t).  sidewall region, however, temperature fluctuations become

9. (%)

g,

A. Measurement of the local convective heat flux
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' ' : ' A' S_d' ) ' Ty, the correspondindg(r,t) will be different so that the
: aewa resulting temperature fluctuation8Ty(r ,t)=T(r,t)-T, re-

O Center main unchangedfor fixed values of Ra and RrTherefore,
in the actual experiment one has to determine the reference
temperaturel, accurately in order to obtain the correct ab-
solute value ofl(r).

In addition to the convective contribution, the local heat
flux also contains a diffusive contributidai8]

V(T(r,t))H
AT '

10°

10

H (8T,

102

102

o

Jyr)=- (2

(a) 8T, °c) where V(T(r ,t)), is the time-averaged temperature gradient
36 T . r . — at positionr, and the local diffusive flud,(r) defined in Eq.
’ E (2) is also normalized by the conductive heat fluXT/H.

The maximum temperature gradient occurs near the upper
and lower thermal boundary layers, in which one finds
V<T(Z 0)>t ’9<T>/(92|wall__AT/(25) and thus (Jd)z|wall
=H/(26) [18]. It was shown[26] that at Ra=3.& 10°, §
=0.8 mm, and thus the correspondifd),|y.= 128 [27].

As mentioned above, the thermal boundary layer occupies
only a thin region near the conducting surfaces and the tur-
bulent bulk region is essentially isothernjab,18§. Because

of the lateral separation of warm and cold plumes, a small
temperature gradient was indeed found inxhdrection[6].

At Ra=3.3x10° we have &T)/X|pu=1.3 mK/mm and

2 — 170 e -
FIG. 3. (a) Measured histograms of the temperature quctuanonéhus(Jd xlbuk=1.6x10°% (for AT=17°0). This is a negligi-

at the cell centercircles and near the sidewaltriangleg. (b) Pl small number compared with the local convective heat

flux in the bulk region. In the following, we focus exclu-

sively on the local convective heat flidocal heat flux or
local flux for shorj unless otherwise specified.

® Local mean 4

d ’ O  Most probable

T(°C)

(b)

Profiles of the local average temperatdrésolid circleg and the
most probable temperatuilg (open circle as a function of/D.
The solid line is an average baseline . All the measurements
are made in thé\=1 cell at Ra=6.x 10°.

highly skewed toward one direction and the measured B. Spatial distribution of the local convective heat flux
H(8To) shows a long decay tail. In this cad,is no longer 1. A=1 cell

equal toT. In addition to the numerical difference, the mea-

suredT also shows considerable spatial variations. plane of the LSC. Some of the results have been reported
__ Figure 3b) shows the horizontal profiles of the measuredbriefly in a Letter[28]. For the horizontal scatHS) shown

T (solid circleg andT, (open circlegin the midplane of the iy Fig. 1(b), we measure the vertical fluk(x) and the hori-

cell as a function of the normalized horizontal positif.  onta| flux J,(x) out of the rotation plane. For the vertical

It is seen that the local average temperaflinemains con- scan(VS), we can measure all three flux componehi@),

stant only in the central region and gradually increases by \(2), andJ,(2). Figure 4a) shows the measurelj(x) (solid
more than 0.3°C when moved to the sidewall region. ThQ:lrcIes andJ,(x) (open circlegas a function of the normal-
value of T reaches maximum near the sidewall, where warmized horizontal positionx/D at Ra=3.6< 10°. It is seen that
plumes concentrate. It has been shd@hthat on the oppo-  the heat flux across the midplane of the cell is predominantly

site side of the cell cold plumes accumulate dnckaches a  in the vertical direction and the horizontal heat flux is negli-
minimum value instead. The most probable temperafigre ~gible. The vertical heat flux is concentrated in the sidewall
on the other hand, is found to remain on a constant baselinggion. It is found that the amplitude of the vertical flux
(solid line) across the entire body of the convecting fluid. Profile J,(x) increases with Ra but its shape remains un-
Therefore, we choose the most probable temperature as tigganged in the Ra range studied. Figuce)4displays the
reference temperature in the calculationJéf). It is seen normalizedl,(x) by its peak valug, at three different values
from Fig. 3b) that the experimental uncertainties fiyare  Of Ra. It is seen that all the measurg@x)/J, can be super-
within +0.05°C, which are caused mainly by ambient tem-posed on a single master curve. The vertical flux at the cell
perature drifts during the measurements over a time period afenter is small but is definitely nonzero. It accounts for ap-
several weeks. It should be pointed out that, while the dyproximately 5% of the peak valuly near the sidewall. Using
namic equations for turbulent convection are invariantthe estimated uncertainty of 0.05°C {6F,, we calculate the
against a constant temperature shift, the actual measuremegiror bar forJ,(x). It is seen from Fig. é) that the measured
of T(r,t) is conducted at a givel,. For a different value of J,(x) near the sidewall has a relatively larger error bar com-

We now discuss the measurementsl@f) in the rotation
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300 ' ' : ' TABLE I. Comparison between the calculated biod the mea-
| ) sured Nu in theA=1 cell (first three Rayleigh numbersnd in the
Jy(x) A=0.5 cell(last Rayleigh numbegrThe values of the measured Nu
200 _' JZ( ) i are taken from Refl26] (A=1 cell) and Refs[16,29 (A=0.5 cel).
™ y\&
X L ? 4 Ra Calculated Nu Measured Nu
=
100 _I { i 1.8x10° 66 74
3.6x10° 93 90
’f N } 1 6.0x 10° 103 104
S~ 0
o 00000000 p%-‘-c-&oa-e-&a—& 2.8x 10 150 182
-0.50 0.25 0.00
(@) x/D ~ _ _ .
of Nu using the experimental uncertainty of £0.05° C &,
10 F ' ' ' R at each position. For Ra=3:610° we havesNu/Nu=0.14,
?%8 which is somewhat larger than the corresponding error bar
o 4 s 1.8x10°9 for the measured Nu<5%). It is seen from Table | that the
° ’93 o  36x10° relative difference between the calculated &hd the mea-
= o é ' sured Nu in theA=1 cell is all within the estimated uncer-
X 05F A o 6.0x109 . tainty. To further examine whether the heat flux profije)
=3 P %)A in a titled cylindrical cell is azimuthally symmetric, one
N O% needs to measurk(x) in different azimuthal planes.
A cgf 7 The dashed curve in Fig(d sholvs the calculated,(x)
§A when the local average temperatdrginstead of the most
0.0 probable temperaturg,, is used as the reference tempera-
-0.50 0.25 ture. In fact, one can decompose the temperature fluctuation
(b) XD STy(r,t) in Eq. (1) into two parts,sTy(r ,t)=[T(r,t)=T(r)]

FIG. 4. () Measured vertical flux profild,(x) (solid circleg ~ *+[T(r)=To]=&T(r,)+[T(r)~To], wheresT is the tempera-
and horizontal flux profile,(x) (open circlegas a function ok/D  tyre fluctuation relative to the local mean afdr)-To] is
at Ra=3.6<10°. The dashed curve shows the calculalge) using  the time-averaged local temperature deviation from the com-
the local average temperatufeas the reference temperatuse  mon reference temperatufg [see Fig. 80)]. By further de-
text). (b) Normalized vertical flux profilel,(x)/Jy as a function of composing the local velocity as,(r,t)=v,(r)+dv,(r,t) and

x/D at Ra=1.8<10° (triangle3, 3.6x10° (diamonds, and 6.0  gypstituting these decompositions into EL), we have
X 10° (circles. All the measurements are made in the 1 cell.

VAT = TolH (80X, ST(x,D)H

pared with that in the central region. This is because the AX) = kAT KAT G
vertical velocity near the sidewall is larger than that near the
cell center. where the first ternwz(x)[T(x —-To]H/(xAT) is the contribu-

From the measured heat flux profilgx), one can esti- tion from the mean flow and the second term
mate j[he 'Fotal heat flux across the _entire _horiz_ontal plan atsv,(x,t) ST(x,t))H/(«AT) results from the local velocity
the midheight of the cell. By assuminly(x) is azimuthally  fluctuations. The dashed curve in Fig(ay represents

symmetric, we have (v (x,1)ST(x,t))}H/(kAT), because {v,X)5T(X,1))=0
g 2 D/2 Therefore, the difference between the solid circles and the
= (D/2)? fo AX)xdx (3 dashed curve is,(X)[T(x)-To]H/(xAT), which approaches

zero in the central region of the cell. Near the sidewall, how-

whereD/2 is the radius of the convection ceII.~Using E8  ever, the contribution 06,(X)[T(X)~To]H/(xAT) can be as
and the measured heat flux profiles, we obtainfbiufour  large as 73% of the total,(x). It should be pointed out that
different values of Ra studied in the experiment. Table Iboth the mean flow and the velocity fluctuations are gener-
compares the calculated Nwith the Nusselt number Nu ated by the thermal plumg$,8,19,30. The decomposition
measured in th&=1 cell[26] and in theA=0.5 cell[16,29  of the local heat fluxJ, in Eg. (4) suggests that the Ra de-
both filled with water. It was found?26] that the measured pendence o8, is determined by two different velocity scales
Nu in the A=1 cell can be described by an effective powerand two temperature scales.

law Nu=0.19 R&?8 which is used in Table I. The heat flux ~ Figure %a) shows the measured vertical fluyz) (open
profile J,(x) shown in Fig. 4a) contains several repeating circles and two horizontal fluxes,(z) (solid circleg and
measurements and thus is the most accurate one among thgz) (triangleg along the central axis of the cell. Contrary to
four profiles measured so far. One can estimate the error béne situation near the sidewall, heat transport near the center
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FIG. 5. (a) Measured vertical flux profild,(z) (open circlesand _ ] o
two horizontal flux profiles,(2) (solid circleg andJ,(2) (triangle9 FIG. 6. (a) Measured vertical flux profild,(x) (solid circleg
as a function ofz/H. The measurements are made at Ra=3.6and horizontal flux profild,(x) (open circlegas a function ok/D.
% 10°. (b) Normalized horizontal flux profilé,(z)/J, as a function ~ (b) Measured vertical flux profilé,(z) (open circlegand horizontal
of z/8 at Ra=1.8<10° (triangles, §=0.98 mm), 3.6x10° (dia-  flux profile J(2) (solid circleg as a function ofz/H. All the mea-
monds, §=0.80 mn), and 6.0x 10° (circles, 5=0.69 mm). All the surements are made in the=0.5 cell and at Ra=2.810'°,

measurements are made in el cell. cell diameter in the midplane of the cell. Figurgppshows

the measured,(z) (open circley and J,(z) (solid circleg
of the lower conducting surface is dominated by the horizon—a|Ong the central axis of the cell. It is seen that the main
tal flux along the direction of the LSC and the vertical flux is features of the heat flux profiles measured in Axe0.5 cell
small. When compared with Fig.(@, we find thatJ(z)  are similar to those in thé=1 cell. The vertical heat flux
peaks at a location much closer to the cell boundary and thgcross the midplane of the cell is concentrated in the sidewall
width of the peak is narrower as well. The amplitude of theregion and the horizontal heat flux is negligible. The convec-
measuredl,(2) is found to increase with Ra but its shape tive heat transport near the center of the lower conducting
remains unchanged in the Ra range studied. This is clearlyurface is still dominated by the horizontal flux along the
shown in Fig. §b). It is found that the peak position of the direction of the LSC and the vertical flux is small. The mea-
measured,(z) scales with the thermal boundary layer thick- sured flux profiles in thé\=0.5 cell show somewhat larger
nessé. Lui and Xia[26] have shown that the measuré@t  scatter, because the large-scale flow in Aw0.5 cell is not
the cell center can be well described by an effective powegery stable and wobbles slowly in time even when the cell is
law 6=425 Ra®?mm. Figures 4 and 5 thus suggest thattilted at a slightly larger anglgs]. As a result, the calculated
heat transport in the aspect-ratio-1 cell is carried out primagj, ysing the measured,(x) in Fig. 6 shows a larger de-
rily along the cell periphery in the direction of the LSC. It |, i1 (~18%

. 0 from the measured Nu than those obtained
should be noted that, because the local convective heat trang- ... A-1 cell (see Table)|

port over the conducting surface is not uniform, the heat flux Figures 4—6 clearly show that the local convective heat

profiles sup_h as those shown in F'g' 5 may vary with thequx in a closed cell is neither homogeneous nor isotropic.
lateral position on the lower conducting surface. The spatial inhomogeneity and anisotropy are caused by the
non uniform distribution of the thermal plumes in the cell.
Our recent temperature and velocity measureme6is]
Figure &a) shows the measured vertical flixx) (solid  showed that the thermal plumes in a closed cell organize
circles and horizontal fluxJ,(x) (open circley across the themselves in such a way that warm plumes accumulate on

2. A=0.5cell
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one side of the cell and cold plumes concentrate on the op: o %0 1000 1500
posite side of the cell. The spatial separation of warm and . 45 i ' ' ]
cold plumes and the resulting LSC provide a fast channelcg
along the cell periphery for the transport of heat. This physi- 5 0.0

cal picture explains why the plume-dominated sidewall re- I
gion coincides with the “peak region,” in which bofh(x) . A
andv, reach maximum. Clearly, this is a self-organizing pro-
cess in that the plume separation and LSC help each othe €
and they are no longer independent of each other any more >~
Because velocity fluctuations in the central region are strong,

most thermal plumes are mixed up in that region. Neverthe-
less, there are still some unmixed warm and cold plumes left, E
which give rise to a nonzerg, in the region. =

m/s)

>

C. Fluctuations of the local convective heat flux

In Eq. (1) we define the time-averaged local convective -
heat fluxJ(r). Using the simultaneous velocity and tempera-
ture data, we can also obtain the instantaneous convectiv
heat flux

[v(r,t)8To(r, ) H

KAT ®

jr,y)=

with (j(r,t));=J(r). In calculatingj,(r,t), we use the con- 0 500 1000 1500
vention that warm fluctuation$ST,>0) produce positive t(s)
flux if their velocities are in the upward directidi,> 0).
With this definition, both the rising warm plumes and the FIG. 7. Time series measurements of the temperature fluctuation
falling cold plumes contribute to a positive fljxr,t)>0.  T(t), horizontal velocityv(t), vertical velocityv,(t), horizontal
In this section, we discuss the statistical properties of thdlux fluctuationj,(t), and vertical flux fluctuation,(t) at the center
measured,(r ,t) at three representative locations in the con-°f the A=1 cell (top to bottom curves All the measurements are
vection cell. As indicated in Fig.(b), the three locations are Made at Ra=3.810°.
marked as position (at the cell center position 2(near the i fyctuations. This is because, when a cold plume fadfs
sidewal), and position Inear the center of the lower con- 5" \yarm plume risgsthrough the central region, it always
QUctln_g surface Becau_se the behawor_ o_f the flux fl_uctua- entrains the surrounding fluid in the downwamt upward
tions in theA=0.5 cell is found to be similar to that in the girection. Because both the cold and warm plumes produce
A=1 cgll, we focus our attention hereinafter to the measurepsitive fluxes in the vertical direction, the measujgd, t)
ments in theA=1 cell. becomes highly skewed toward the positive direction, even
though the temperature and velocity fluctuations themselves
are symmetric. This is clearly shown in Fig. 7. The measured

Figure 7 shows the time series data for the temperaturg,(r ,t), on the other hand, are symmetric relative to the zero
fluctuation 8T(t), horizontal velocityv(t), vertical velocity — mean, indicating that no such correlation exists between the
vA1), horizontal flux fluctuatiorj,(t), and vertical flux fluc-  temperature and horizontal velocity fluctuations. Figure 7
tuation j,(t) at the cell centertop to bottom curves Tem-  thus demonstrates that heat transport in turbulent convection
perature fluctuations at the cell center show irregular sharf$ indeed driven by the bouyancy forces associated with the
spikes of variable heights. Many of the large spikes are prothermal plumes.
duced by the thermal plumes passing through the tempera- Figure 8a) shows the measured histograms of the two
ture probe. They are symmetric relative to the local mearhorizontal flux fluctuationsi(j,)/Ho andH(j,)/H, as func-
fluid temperature. The measured temperature histograrions of j,/ oy andj,/ oy, respectively. To display the histo-
H(ST) has a simple(symmetrig exponential form(not  grams measured at different values of Ra in the same graph,
shown), which has been observed previously in other conwe normalize the histograms by their maximum vakdg
vection experiment§1,31]. The mean velocity at the cell and the flux variableg, andj, are normalized by their stan-
center is zero, and fluctuations of both the horizontal andlard deviationsoy and oy, respectively. It is seen that the
vertical velocity components are symmetric relative to themeasured(j,) andH(j,) are symmetric and the mean val-
zero mean. The measured velocity histograms in both diregdes of j, and j, are zero[J,(r)=J,(r)=0]. The measured
tions are found to have a Gaussian shame shown, which  H(j,)/Ho andH(j,)/H, for different values of Ra can all be
has also been observed in recent experimghied. brought into coincidence, ongeg and j, are scaled by their

A key signature of the plume-generated temperature flucrms values. Plots oH(j,)/Hg vs j,/ oy [and H(j,)/Hq vs
tuations is their correlation with the resulting vertical veloc- j, /o] remain unchanged in the Ra range studied and agly

1. At the cell center
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0 500 1000

{b) INCSY VLS
FIG. 8. (a) Measured histograms of the two horizontal flux fluc- - 0
tuationsH(j,)/Ho and H(j,)/Hq as functions ofj,/ o, and j,/ oy, .
. -800 : : . : . : : .
respectively. All the measurements are made at the center of the 0 500 1000

A=1 cell. The values of Ra are 98L0°, 1.8x 1(°, 2.6x 10°, 3.6
X 10°, and 6.0< 10° (eight curves in total (b) Measured histo- t(s)
grams H(j,)/H, (open circleg and H(j,)/Hoy (open trianglep at
Ra=3.6x 10°. The solid curve shows the fitted functidt(j)/Hg
=exfd—a(j/0)P], with «=3.1 andB=0.5(c¢ is a known parametgr

FIG. 10. Time series measurements of the temperature fluctua-
tion &T(t), horizontal velocityv,(t), vertical velocityv,(t), horizon-
tal flux fluctuationj,(t), and vertical flux fluctuatior,(t) near the

) ) sidewall of theA=1 cell (top to bottom curves All the measure-
(and o) changes with Ra. The measured histograms have gents are made at Ra= 60"

universal form, which can be described by a stretched expo-
nential functionH(j)/Hy=exd-a(j/o)?], with a=3.1 and

£=0.5. The solid curve In Fig.(8) .ShOWS the fit. The fact tant difference between the horizontal and vertical flux fluc-
that the measured(j,)/H, and H(jy)/Ho have the same , iions is that fluctuations of the vertical heat flux are asym-
shape suggests that fluctuations of the local heat flux in thg,etric with more fluctuations in the positive direction. The
two horizontal directions are statistically the same. . net gain of the positive fluctuations gives rise to a small

Figure 9 shows the measured histograms of the vertical,aan vajue for the vertical heat flux at the cell center. It is
flux fluctuationH(j,)/Hy as a function ofj,/ o, for different seen that the asymmetry occurs mainly in the tail part of
values of Ra. Againti(j,)/H, in the Ra range studied has the H(j,)/Ho. As discussed above, this asymmetry is caused by
the correlated temperature and velocity signals, which are
generated by a small number of energetic warm and cold
plumes remaining in the central region.

same shape, ongeis scaled by its rms value,. An impor-

2. Near the sidewall

Figure 10 shows the time series data for the temperature
fluctuation 8T(t), horizontal velocityv,(t), vertical velocity
vA1), horizontal flux fluctuatiorj(t), and vertical flux fluc-

\ . . tuation j(t) near the sidewal(top to bottom curves The
10 0 10 20 measurements are made at position 2 shown in Hig), 1
which is in the midplane of the cell and 9 mm away from the
sidewall. This is the position at which the measurkk)

FIG. 9. Measured histograms of the vertical flux fluctuation reaches maximurfsee Fig. 4a)]. In contrast to the situation
H(j,)/Ho as a function ofj,/ o, at the center of th&.=1 cell. The  at the cell center, temperature fluctuations near the sidewall
values of Ra are 1.81(°, 2.6x1(°, 3.6x1(°, 4.8x1(° 6.0 are highly skewed toward one direction. Most of the large
X 10°, and 7.6< 10° (six curves in totgl upward going spikes are associated with the rising warm

ife,
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FIG. 11. (a) Measured autocorrelation functio@(7) for the V. L‘\
horizontal velocityv(t), vertical velocityv,(t), temperature fluctua- 105 ) L L L L
tion &T(t), and vertical flux fluctuation,(t) (top to bottom curves 5 0 ) 5 10
The measurements are made near the sidewall ofthk cell and (b) Jds,

at Ra=3.6< 10°. For clarity, the origin of the vertical axis for the ) )
top two curves and the bottom one is shifted by an amount of 0.6, FIG. 12.(2) Measured histograms of the horizontal flux fluctua-
0.2, and -0.2, respectivelyb) MeasuredC(r) for the horizontal ~ tion H(jy)/Ho as a function ofj,/ay. (b) Measured histograms of

velocity v,(t) over longer delay time. The experimental conditions  the vertical flux fluctuatiorH(j,)/Ho as a function of /0. All the
remain the same as the above. measurements are made near the sidewall ofAkd cell. The

values of Ra are 1.810° 3.6x 10°, and 6.0< 10°.

plumes in the region. It is seen that the thermal plumes do
not arrive randomly; rather, they arrive in groups with a well- oscillation cycles are in the measur€dr). The velocity os-
defined frequency. Qiu and Tori@,8] have shown that such cillations, on the other hand, have a much longer coherence
an oscillation is caused by the alternating emission of coldime. Figure 11b) displays the measured(7) for v(t) over
and warm plumes between the upper and lower boundaripnger delay timer. It is seen that the oscillation amplitude
layers. When they move up in the sidewall region, the warndecays in the first 500 s or so and then continues to oscillate
plumes entrain the surrounding fluid and produce a meaalmost indefinitely. The autocorrelation function fog(t)
flow in the vertical direction. It is seen from Fig. 10 that the (not shown shows a similar behavior. Funfschilling and Ahl-
resulting vertical velocity, follows the temperature oscilla- ers [32] reported recently that the velocity autocorrelation
tion well. It is also seen that the horizontal velocityhas a  function near the conducting surface exhibits the similar be-
zero mean value and oscillates at the same frequency as thgdvior. The slowly varying amplitude modulation, as shown
of the temperature oscillatiofL9]. A similar oscillation is  in Fig. 11(b), suggests that the velocity oscillation has a nar-
also observed in the measured vertical flux fluctuafigt).  row bandwidth, which produces frequency beatigg]. It is

Figure 1Xa) shows the measured flux autocorrelationclearly seen from Figs. 10 and 11 that the meastjsél
function C(7)=(j(t)j(t+ r))/(jz)fmS as a function of delay oscillates with the same frequency and phase as those of the
time 7 (bottom curvé. For comparison, we also display the temperature fluctuations. The two figures thus further dem-
autocorrelation functions of the two velocity componentsonstrate that the local heat transport in turbulent convection
vy(t) and v,(t) and the temperature fluctuatiofl in Fig.  over the parameter range explored is indeed carried out by
11(a). The measured correlation functions share some conthe thermal plumes. The oscillatory behavior of the local heat
mon features but also show differences. First, there exists #ux is not observed in the global measurement of the Nusselt
well-defined oscillation frequency, which is the same for allnumber, as the spatial averaging over the entire convecting
the correlation functions. Second, the oscillation amplituddluid can smooth out the local flux variations.
of the correlation functions changes with delay timeFor Figures 12a) and 12b) show, respectively, the normal-
the flux and temperature autocorrelation functions, the oscilized histograms of the horizontal flyy and vertical fluxj,
lation amplitude decays with time, indicating that the tem-near the sidewall. Similar to the situation at the cell center,
perature oscillation has a finite coherence tim¢7,8]. The  the measured histograms for different values of Ra can all be
value of 7, can be obtained simply by counting how many brought into coincidence, ondg and j, are scaled, respec-
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FIG. 13. Comparison between the vertical flux histogudy,)
(open trianglep and the horizontal flux histograrki(j,) (open -
circles near the sidewall. The measurements are made at Ra=3.t&
X 10°. The solid curve shows a fit to the open circles and the fitted ==
function is H(j,)/Ho=exd -a(j,/ )] with @=2.42 andB=0.58
(oy=88 is a known parameter

tively, by their rms valuesr, and o,. Plots ofH(jy)/Hg vs
iyl oy [and H(j)/Hg vs j,/o,] remain unchanged in the Ra
range studied and onlyy (and o,) changes with Ra. It is
seen from Fig. 12 that fluctuations of the horizontal flyx
(out of the rotation plane of the L§Gire symmetric and
their mean value is approximately zero. Fluctuations of the t(s)
vertical flux j,, on the other hand, are highly skewed toward
the positive direction. The net gain of the positive fluctua- .
tions gives rise to a large mean vertical heat flux near th%'o
sidewall. It is also seen that the measui¢d,)/H, has a W
long decay tail, indicating that the flux fluctuations produced
by the thermal plumes contain some large but rare events.
In Fig. 13 we compare the vertical flux histograj,)
(open trianglep with the horizontal flux histogrant(j,)
(open circlegmeasured at Ra=32610°. It is seen that nega-
tive flux fluctuations in the two directions are approximately
the same, whereas positive flux fluctuations in the vertica o the convecting fluid vig, is often concentrated in small
z

direction (parallel to gravity are much larger than those in time intervals or in localized regions. Near the sidewall the
the horizontal direction. Figure 13 suggests that the mea- 9 )

suredj, contains both the correlate@ctive) and uncorre- g]n()lStf;%bofbcl)? ti]\;eqéstéldegnﬁgt?gé U?Lgtgjcgcr:](t:glmrtefci)gn
lated (passive fluctuations. The negative fluctuations to- y ) pop : gon,

: . 0 :

gether with their symmetric counterpart of small positiveEQWi\éetrr’l tth|s rgur?brerﬂlnctrei?es ﬂﬁO/o'dIL 'Sthseerq frroTi

fluctuations are produced by uncorrelated temperature an 9- at some rare fiuctua ogsroduced by the energetic
umeg can carry an instantaneous heat flux as large as

velocity signals. These fluctuations are approximately th . d .
same as those in the horizontal direction and do not contrib-ooo' Th!s value is more than 20 imes Iarger than the aver-
ge heating fluXNu=93). The measuredt(j,) is found to

ute to the local heat transport. Similar to the situation at th X . . N .
cell center, the measuréti(j,) near the sidewall can also be e highly non-Gaussian and exhibits an exponential-like tail.

described by a stretched exponential functibij,)/Hg
=exfd-a(j,/ oy)#]. The solid curve in Fig. 13 shows the fit

0 500 1000

FIG. 14. Time series measurements of the temperature fluctua-
n &T(t), two horizontal velocity components(t) andoy(t), and

0 horizontal flux fluctuationg,(t) andj,(t) near the lower con-
ducting surface of théA=1 cell (top to bottom curves All the
measurements are made at Ra=31&°.

on an average base line. Most of the large spikes are associ-

ated with the rising warm plumes at position 2. While the

input heating power is constafdt a fixed Raand uniform
cross the entire conducting surface, the release of this power

3. Near the lower conducting surface

with @=2.42 andpB=0.58 (0,=88 is a known parameter Figure 14 shows the time series data for the temperature
The value ofg obtained near the sidewall is slightly larger fluctuation T(t), two horizontal velocity components(t)
than that obtained in the central region. andu,(t), and two horizontal flux fluctuationi(t) andj(t)

The correlated temperature and velocity signals are gerpear the lower conducting surfacp to bottom curves
erated by the thermal plumes and produce large positive fluckhe measurements are made at position 3 shown in fig. 1
tuations ofj,, which give rise to a large mean value of the which is atz=1.1 mm above the center of the lower conduct-
vertical heat flux. It is seen from Fig. 10 that the instanta-ing plate. This is the position at which the measudg@)
neous vertical fluxj, near the sidewallbottom curve is  reaches maximum. As shown in Figby the peak position
highly skewed with many upward going spikes superposedf the measured,(z) scales with the thermal boundary layer
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mately the same, whereas positive flux fluctuations along the
direction of the LSC are much larger than those in the

direction. Figure 15 thus further demonstrates that the large
positive flux fluctuations result from the correlated tempera-

10°

=y
(=]

= ture and velocity signals, which are generated by the thermal
= 102 plumes. By comparing Fig. 15 with Fig. 13, we find that both
-Io" the correlated+j,) and uncorrelatedj,) flux fluctuations

near the lower conducting surface are approximately twice as
large as those near the sidewall.

DI BB

L IV. SUMMARY

We have carried out a systematic study of local convec-
tive heat transport in turbulent thermal convection. The local

FIG. 15. Comparison between the two horizontal flux histo-convective heat flux is obtained from simultaneous measure-
gramsH(j,) (open trianglesandH(j,) (open circlegnear the lower  ments of the local velocity and temperature in two cylindri-
conducting surface at Ra=3@10°. The solid curve shows a fitto cal cells filled with water. The measurements were conducted
the open circles and the fitted function isi(j,)/Ho=exp  at a fixed Prandtl numbeiPr=5.5 and over varying Ray-
X[-aljyloy)?] with @=2.59 and3=0.58 (0y=174 is a known |eigh numbers(10°<Ra=<3x 109 and spatial positions
parametex across the entire convection cell. From the spatial measure-

ments of the time-averaged local convective heat flux, we

thicknesso, and the flux profile decays quickly to zero when obtain an interesting physical picture of the dynamics in tur-
zis moved away from the bottom plate. Similar to the situ-bulent convection. It is found that the local convective heat
ation near the sidewall, temperature fluctuations near the botransport in turbulent convection over the parameter range
tom plate are highly skewed toward the positive direction,studied is carried out primarily by the thermal plumes. The
indicating that there are many warm plumes erupting fromhermal plumes organize themselves in a closed cell in such
the lower thermal boundary layer. It is found that the ampli-a way that warm plumes accumulate on one side of the cell
tude of the temperature fluctuations near the bottom plate isnd cold plumes concentrate on the opposite side of the cell.
more than four times larger than that near the sideyg@le  The spatial separation of warm and cold plumes and the re-
Fig. 10. As they travel from the bottom plate to the sidewall sulting large-scale circulation provide a fast channel along
region, the warm plumes lose their potential eneiypor-  the cell periphery for the transport of heat. In the central
tional to 6T) but gain kinetic energgwhich is proportional to  region, velocity fluctuations are large, and most thermal
ug). The velocity field near the bottom plate differs from that plumes are mixed up. Nevertheless, there still exist some
near the sidewall6]. It is seen that the dominant mean flow unmixed thermal plumes in the region, which give rise to a
near the bottom plate is in thedirection, whereas the mean small convective heat flux in the vertical direction. The ex-
value of the other two velocity componenig andv, (not  periment reveals that the nonuniform spatial distribution of
shown is very small. In fact, the horizontal mean fldw,)  the local convective heat flux is generated by a unique dis-
near the bottom plate is a part of the LSC, which spans thé&ribution of the thermal plumes in a closed cell and thus
height of the convection cell. It is seen from Fig. 14 that it issettles a long-debated issue on how heat is transported in
this large-scale circulation which correlates with the tem-small-aspect-ratio cellgl—4].
perature fluctuations produced by the thermal plumes. The With the simultaneous velocity and temperature data, we
strong correlation gives rise to a large positive heat fjux ~ have also obtained the instantaneous local convective heat
along the direction of the LSC. It is found that the typical flux j(r,t) and studied its statistical properties at three rep-
amplitude ofj, near the bottom plate is more than two timesresentative locations in the cell. A careful comparison be-
larger than that of, near the sidewalisee Fig. 10 tween the local flux fluctuations near the conducting plate

Figure 15 compares the two horizontal flux histogramsand near the sidewall provides important insights into the
H(jx (open trianglesandH(j,) (open circleg measured at dynamic evolution of the thermal plumes, as they travel
Ra=3.6x 10°. It is seen that the measurggfluctuates sym- along the large-scale circulation. It is found that the mea-
metrically and its mean value is approximately zero. Similarsuredj(r,t) contains both uncorrelatggassive and corre-
to the situation near the sidewall, the measurigl) near lated(active fluctuations. The former are symmetric fluctua-
the bottom plate can also be described by a stretched exptions produced by uncorrelated temperature and velocity
nential function, H(jy)/HO:exp[—a(jy/ay)B]. The solid signals(turbulent backgroundand do not contribute to the
curve in Fig. 15 shows the fit witw=2.59 and8=0.58 average value of the local convective heat flux. These fluc-
(0y=174 is a known parameterThe value of3 obtained tuations are approximately isotropic and their histograms
near the bottom plate is the same as that obtained near tih@wve a common form, which can be described by a stretched
sidewall. Fluctuations of,, on the other hand, are highly exponential functionH(j)=Hgexd-a(j/o)?]. The value of
skewed toward the positive direction, giving rise to a netB obtained in the central region is 0.5 and that obtained in
mean flux in thex direction. It is seen that negative flux the plume-dominated region near the sidewall and near the
fluctuations in the two horizontal directions are approxi-bottom plate is 0.58. The latter are large positive fluctuations
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