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Particle image velocimetry measurement of the velocity field in turbulent thermal convection
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The spatial structure of the velocity field in turbulent Rayleighh&e convection in water has been mea-
sured using the particle image velocimetry technique, with the Rayleigh number Ra varying ¥a6f €
9% 10" and the Prandtl number remaining approximately constart=@r The study provides a direct
confirmation that a rotatory mean wind indeed persists for the highest value of Ra reached in the experiment.
The measurement reveals that the mean flow in the central region of the convection cell is of the shape of a
coherent elliptical rotating core for Ra belowx10'™°. Above this Ra, the orientation of the elliptical core
changes by a 90° angle and an inner core rotating at a lower rate inside the original bulk core emerges. It is
further found that the rotation frequencies of the inner core and the outer shell have distinct scalings with Ra;
the scaling exponent for the outer-shell is 0.5 and it is 0.4 for the inner core. From the measured rms and
skewness distributions of the velocity field, we find that velocity fluctuations at the cell center are neither
homogenous nor isotropic. The turbulent energy production fields further reveal that the mean wind is not
driven by turbulent fluctuations associated with Reynolds stress.
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[. INTRODUCTION techniques in turbulent convectigd]. Through these mea-
surements we now have a good idea about the spatial struc-
Fluid turbulence often exhibits complex and seeminglyture and the scaling with the Rayleigh number Ra and the
random behavior but at the same time, depending on the timerandtl number Pr of the mean wind. On the other hand, the
and length scales one looks at, it is capable of organizingmitations of the various techniques have prevented us from
itself into highly coherent and symmetric structures. Thegbtaining a precise picture on the global velocity field. This
Rayleigh-Beard convection is a good system to demonstratgs partly because most of the quantitative studies of the ve-
this. Convective thermal turbulence is interesting. Not O”WIocity field are confined to local measurements either at a
does it have obvious engineering applications and but it a|59ingle point or at scans along certain symmetry axes of the
is an ideal model for studying turl_:)ulence ina Closed,SySt?mconvection box3,4], which, as we will see later in this pa-
A full understanding of convective turbulent flow in this per, can miss some of the important features in the flow field.

csolmplli?: afeyjtsg?]vvggltif)zusr(S)EIeedmlslggf:c%r;ri?] reilr?gr?atzfremgijec To our knowledge, some of the fundamental quantities im-
plicat b 9 ’ ortant for understanding the dynamics that drives turbulent
as those in the planets, the oceans, and the atmosphere.

e o
current work attempts to address the following three issueg oW have not been measured quantitatively so far. Thgse
(1) The structures, statistics, and dynamics of the global Ve|_ncIude the Reynolds shear stress and turbulence production.
locity field; (2) the persistence of the mean wind at very high _ _ _ )
Rayleigh numbers; anB) the scaling of the wind velocity B. Persistence of the mean wind at very high Rayleigh
with the Rayleigh number Ra. numbers

A natural question one may ask is “what will happen to
the fluid’s large-scale coherent rotatory motion at very high
values of Ra?” In other words, is the wind the asymptotic

A distinct feature of turbulent thermal convection in a flow structure in the convection box? There is evidence that
closed box is a large-scale circulatory fldwSC), also re- the wind may have reached a “stable” or “asymptotic” state
ferred to as the “wind” in turbulent convection. This wind for Ra larger than X 10, in the sense that the flow is in a
was observed by Krishnamurti and Howard through flow vi-more symmetric configuration with respect to the directional
sualization studiefl]. Since then there have been extensivereversal of the windl5]. But so far most of the studies of the
studies of this large-scale mean flow through both semispatial structure of the velocity field that directly confirm the
quantitative techniques and quantitative measurements. Forexistence of a circulatory wind are made for-Re0%; these
brief summary of some of the earlier results, we refer thenclude flow visualization$6] and systematic laser-Doppler
reader to the papers by Grossmann and LdB$@nd Cha- velocimetry measuremenitd]. Note that many local velocity
vanneet al. [3]. The recent paper by Qiu and Tong also measurements, i.e., at a point off the sidewall, in systems
contains a review of various velocity measurements anduch as helium gas have been made with Ra reachib@®

and some of the results may be taken to be consistent with
the wind picturg5,7], but they nevertheless do not provide a

A. Structures and dynamics of the global velocity field

*Email address: kxia@phy.cuhk.edu.hk direct confirmation of it. As Sreenivasan, Bershdskii, and
"Present address: Department of Physics and iQUEST, Universit{iemela argued recently, for Pr close to that of water a value
of California, Santa Barbara, CA 93106, USA. of Ra around 1¥ is needed for the boundary layer to be
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fully turbulent and therefore the flow field to be regarded as Il. EXPERIMENT
developed turbulenck8]. Thus, a whole-field velocity mea-

. . : . A. The convection cells
surement reaching this level of Ra becomes an interesting

test for the wind picture. The choice for the shape of the convection box is based
on the following considerations. For the most widely used
C. Scaling of the wind velocity cylindrical shape, the curved sidewall will introduce distor-

o ) o, tions in the images viewed by the camera. Although this

One of the standing issues in turbulent Rayleig&e  isiortion can be partly corrected by fitting a square-shaped
convection concerns the precise value of the scaling expgacket outside the convection cell, the jacket unavoidably
nenty of the mean wind with Rai.e., V~ R&), for which |inits the field of view in regions near the top and bottom
y ranging from 0.4 to 0.5 has been reported in the literatur|ates. For a cube-shaped cell, it is known that the mean flow
[3,9—-11. These can be largely classified into two categoriesjs confined in the diagonal plane of the bf&14], which
One measures the absolute magnitude of the wind and mogieans that the PIV method will measure only a projection of
results in this group yieldy~0.5. The other measures the the flow field. With these in mind, a rectangular shape is
oscillation frequency of the wind ang from this group chosen for the convection box. To extend the varying range
ranges from 0.42-0.47. As we will see below, this discrep-of the Rayleigh number, two convection cells are used in the
ancy comes partly from the fact that different experimentsexperiment. The length, width, and height of the “small cell”
measuring velocity at different places or making differentare 25<7x24 (cm) and those of the “large cell” are 81
“regional averages” in the convection cell. The fact that dif- X20x81 (cm). With this geometry, the large-scale flow is
ferent techniques may have different measurement bias magxpected to be largely confined in the plane with the aspect
also contribute to the differences. ratiol'’~1 and the PIV measurement of velocity in this plane
will capture the dominant features of the flow.

The small cell is made of Plexiglas sidewall with gold-
plated copper as the top and bottom conducting plates, with

In this paper we report a direct measurement of the globaie plates’ temperatures monitored by four embedded ther-
velocity field in turbulent Rayleigh-Beard convection using mistors, two in each one. Other features of the cell are simi-
the particle image velocimetryPIV) technique. The main Ilar to those of a cubic cell with a dimension of 25 cm on the
advantage of the PIV method is its ability to make instantaside, which has been previously described in detail elsewhere
neous velocity measurements for the whole flow figld].  [14,15. Figure 1 shows a schematic drawing of the large
But even for measuring time-averaged flow properties, PIV'sconvection cell:(a) front view and(b) cross-section view.
ability for making simultaneous whole-field measurementsThe top and bottom conducting plates, indicated\and B
greatly reduces the time required for determining the spatiah the figure, are made of pure copper of thickness 3 cm and
structures of the velocity field. Our experiments are con-their surfaces are electroplated with nickel and then chro-
ducted in water and the range of Ra varied from®? to  mium. The reason for the double coating is that nickel has a
9x 10 while the Prandtl number Pr remained approxi- good bonding with copper and chromium provides protection
mately constant{4). In addition to the mean velocity field, against oxidation by water. A stainless steel cov€) (s
some statistical quantities, such as the rms and skewness aftached on the top of the upper plate; this cover together
the velocity field, and turbulent kinetic and Reynolds sheamwith the upper surface of the top copper plate served as a
stress fields are also measured for selected values of Ra. Theoling chamber to exchange heat with a circulating chiller
measurement reveals detailed structures and properties of the8 KT-50W, Thermo Haake Co. Maximum cooling power
flow field, and yields a precise value of the scaling exponenb000 watt$. The design of the cooling chamber is inspired
for the rotational frequency of the wind over three decades oby the design of the mercury convection cell by Glazeal.
Ra in a single experiment. In addition, we find a hitherto[16]. The chamber is divided into two compartments by a
unreported transition in the flow state. The time-averagedtainless steel plate, wielded on the plate are 60 tubes each of
convective flow in the central region of the convection cell5 mm in diameter and pointing vertically downwdske Fig.
forms a coherent rotatory core, as was found previols3y. 1(b)]; the tubes are distributed uniformly over the plate.
However, for Ra above % 10'° we find this rotatory core Cooling water is first pumped into the upper compartment
separates into an inner-core and an outer shell, which rotatBrough eight inlet nozzledY), four on the front and four on
at different frequencies and have different scaling exponentthe back, as shown in the figure. The tube diameter and cir-
with Ra. culator flow rate are such that the incoming cooling water

The remaining part of this paper is organized as followswill first fill the upper compartment, then flow to the lower
Section Il contains descriptions about the construction of th@ne through the 60 tubes, impinge on the copper plate, and
convection cells used in the experiment, details of the PI\tool it directly. Finally, the cooling water exits the chamber
measurements, and the experimental parameters. In Sec. thirough the eight outlet nozzles in the lower compartment
we present and discuss the experimental results, which afghree on the front, three on the back, and one each on the
divided into four parts: lll A, mean velocity field; 1l B, left and right sid¢& Such design ensures the temperature uni-
statistical quantities; Ill C, instant velocity field, and Ill D, formity over the plate and provides a high flow rate for effi-
velocity in the plane perpendicular to the wind. In Sec. IV cient thermal exchange. Eight aluminum strip heat&s ¢f
we summarize our findings and present the conclusions. size 102203 mm (Tempco Electric Heater Copp.which

D. The present work and organization of the paper
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C together by stainless steel pogt®t shown. The top and
o - D bottom part of the cell are wrapped with nitrile rubber sheets
T & A for thermal insulation. With this setup, the cell’s conducting

plates have temperature stability and uniformity better than
1% of the temperature difference across the cell.

N
\
\
S
N

b= B. The PIV measurement

(@) As shown in Fig. 1, the Cartesian coordinate for the ex-
periment is defined such that its origin coincides with the cell
center, itsx axis points to the right, the axis points upward,
and they axis points inward. As already mentioned, given
the geometry of both cells the LSC is expected to be con-
fined mainly within thexz plane, where the relevant aspect
ratio for the flow is unity and where most of the PIV mea-
surement are made in this experiment. The PIV system con-
sists of a dual Nd:YAQyttrium aluminum garngtlaser op-
erated at an energy of 80 mJ per pulse, a lightsheet optics, a
cooled charge-coupled devid€€CD) camera(12 bit dy-
namic range and 1.3K1K-pixel spatial resolution a syn-
chronizer, and a PIV control and analysis softwafel,
Inc.). The seeding particles used in the experiment are
50 um diameter polyamid (density1.03 g/cni) spheres
[17]. A two-dimensional(2D) velocity map is obtained by
(b) cross-correlating two consecutive images separated by a time
interval ranging from 20 to 100 ms which is selected opti-
mally according to the flow speed. Each 2D velocity vector
is calculated from a subwindow (3232 pixel9 that has
50% overlap with its neighboring subwindoWs8]. For the
small cell, the entire flow field comprises 8®0 velocity
vectors measured all at once. For the large cell, the 2D field
is divided into quarters and they are measured one at a time.
The time-averaged flow field is then a composite of four
FIG. 1. Schematic drawing of the large convection cell and thequarters consisting of 120120 velocity vectors. For most
coordinates of the experimerta) front view;, (b) cross-section view y3Jues of Ra the sampling rate is 0.25 Hz, and each measure-
of the middle vertical planeA andB are the top and bottom copper ment averages over 3000 and 1280 instant vector fields for
plates, respectively: cooling chamberD: inlet and outlet nozzles;  na small and the large cells, respectively. For two Ra values
E: hegters;F: insula_lting plateG: stainless steel bottom covet; (3.8% 10° and 3.5¢ 1010, in small cel), the average is over
thermistors; and: sidewall box. 15 000 vector maps at a sampling rate of 3 Hz so that certain

are specially designed for efficient heating of flat surfacesS;?tt'sggzl t\?vl:)a\?;lﬂiss 8]]: ;h: r‘ﬁ;gﬁéﬂi%?;g%iggq Zﬁ:zo
are arrayed beneath the lower plate. A heat transfer con{— ' W

pound was spread over the surface and the sides of the heg!_ane atx=0, i.e., in the plane perp_endlcular to the '?‘fgef
ers before they were attached to the bottom plate to ensurseg)ale.’ flow, so that a more complete picture of the flow field is
good thermal contact between the plate and the heaters af tained.
among the heaters themselves. An insulating pl&te Was

inserted between heaters and the stainless steel bottom cover

G. The heaters are powered by a dc power supply with 5000 Water is used as the convecting fluid. The control param-
watts of maximum powefDCR 300-16T, Sorensen Qo. €ter in the experiment is the Rayleigh number Ra
Twenty thermistord (2.4 mm diameter in size, model No. =agL3AT/vk, with g being the gravitational acceleration,
44031, Omega Engineering Inavere embedded inside the L the height of the cell, and, », and« being, respectively,
copper plates beneath the conducting surfaces, ten in eathe thermal expansion coefficient, the kinematic viscosity,
one. These thermistors serve to monitor the temperature ungnd the thermal diffusivity of water. To prevent temperature
formity across each plate and are also used to measure tiift and maintain constancy of the Prandtl number
temperature differencAT across the cell. The sidewalls)(  Pr(=v/«) for different values of Ra, two thermostats with
are made of 2 cm thick Plexiglas plates glued together téemperature stability better than 0.1 °C and with windows for
form a rectangular box. A groove is machined on the surfac®lV measurements are built to house the cells. In the experi-
of the conducting plates and an o-ring is placed inside foment, Ra varied from 810° to 3.5<10' in the small cell
water-tight sealing between the plates and the sidewall boyand from 2<10'° to 9x 10" in the large cell, and Pr
The top and bottom plates and the sidewall are then hel@=4.3) remains approximately constant. During the experi-

C. The experimental conditions
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The figure shows clearly that the mean flow is a clockwise
rotatory motion and, as Ra increases, the high velocity re-
gions are becoming increasingly concentrated along the pe-
0.87 rimeter of the cell with a relatively quiet central region. A
I closer inspection of the figure shows that the orientation of
0.60 the central region is different for the two Rayleigh numbers.
l This becomes evident in the full-resolutioimon-coarse-
¥

- grained color-coded contour maps shown in Fig. 3 for four

}‘ values of Ra, where three lower values of Ra are from the
small cell, and the highest Ra is from the large cell and hence
/] 033 is a composite of four separate measurements. Note that the
contour map for the highest Ra does not fully cover the

51 ; I"-17 extent of the cell in thexz plane. Because of the strong

Z (cm)

reflections of light from the wall and the plates in this cell,
0.00 the regions about 2 cm from the cell boundaries become
s 2 inaccessible to the measuremgh®]. For the small cell, the
S L measurement can access essentially the entire 2D plane ex-
cept regions very close to the cell boundariesd few mm.
By looking at the contour maps, one can immediately iden-
tify four features or regions of the flow field1) a central
167 ~ | I 342 low-velocity elliptical core;(2) two low-velocity or stagna-
tion regions represented by the blue spots at the lower-left
274 and upper-right corner$3) two high-velocity regions repre-
sented by the “reddish bands,” one stretches from the eight-
2.05 o'clock position to the one-o’clock position and the other
from the two-o’clock position to the seven-o’clock position;
and (4) two counterrotating vortices at the upper-left and
lower-right cornerd20]. We shall discuss these features in
turn.
I £ That the flow field in the central region of the convection

X (cm)

\\\\\\\

137

Z (cm)

cell has an elliptical shap@t least for aspect ratio one cell
] : 0.00 has been suggested previously. Based on the shadowgraphic
-0, id) study of the motions of thermal plumes by Zocchi, Moses,
R PR R UL L and Libchabef6], Kadanoff drew a highly suggestive car-
X (cm) toon that implies the mean flow in the cell takes an elliptic
shape[21]. A more quantitative evidence comes from Qiu
FIG. 2. (Color online Coarse-grained vector maps of the meanand Tong, who proposed, based on their LDV measurement
velocity field with the magnitudeU?+W? coded in both color and  of mean velocity profiles, that the mean flow is of an elliptic
the size of the arrow in units of cm/s for R&.8x 10° (top) and  shape rather than a circ[d]. The present study now pro-
3.5x 10" (bottom. vides the direct evidence that the central region is indeed of
an elliptical shape. Figure 3 also indicates that the large-scale
ment, the bottom plate of the cell is heated with constanflow becomes increasingly concentrated near the perimeter
power so that it is under a constant-flux boundary conditionof the cell with increasing Ra. This becomes more evident if
but at steady state its temperature remains effectively corwe look separately at the contour maps for the horizontal and
stant; the top plate’s temperature is regulated so that it igertical components of the velocity field as shown in Fig. 4,

under constant-temperature boundary condition. where positive is defined as upward and rightward going for
W(x,z) andU(x,z), respectively. By measuring the change
Ill. RESULTS AND DISCUSSION of the flow's effective path-length with Ra, Niemela and

Sreenivasan recently suggested that the mean flow will
change its shape from ellipselike to squashlike as Ra in-
We first look at the gross features of the mean flow fieldcrease$22]. Now the PIV result provides direct evidence for
by examining the “coarse-grained” two-dimensional vector this. Figure 3 also clearly shows that the central elliptical

map. Figure 2 shows two examples, for-R&a8x 10° (top) core changes its orientation above Ra x 10'°, which as
and 3.5<10% (bottom), which are obtained by combining we will see below is associated with the emergence of an
every two neighboring vectors into one, thus the spatial resanner core inside the rotatory bulk central cénete that the
lution is halved. In the figure the magnitude of the meanlow velocity bluish region in all the four images of Fig. 3 has
velocity (U%2+W?)2is coded by color and by the length of an even darker bluish region inside it; this is an artifact of the
the arrow, whereJ =(u(t)) and W=(w(t)) are the time- color-coding scheme and is not the inner-core referred to
averagedx and z components of the velocity, respectively. here, which is defined by the shape of the velocity profiles

A. Time-averaged velocity field
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FIG. 3. (Color online Color-coded contour maps afuZ+W? for four values of Ra(a) 3.8x 10°, (b) 7.5x 1¢°, (c) 3.5x 101, and(d)
1.1x 10"

To understand the dynamics that drives the mean winarder to have a long-enough lifetime to cross the {24].
and the evolution of the wind towards the cell's perimetersWe note that even if the plumes do not form composite ones,
we also made visualization studies of the motions of thermaby traveling in groups they will reduce their effective heat
plumes using thermochromic liquid crystal particles. Thesdoss to the surrounding fluid. If the plumes indeed accumu-
studies show that the thermal plumes that are generated frolate or “wait” in the stagnation regiongto gather enough
the conducting plates are swept to the low-velocity blue“critical mass” or buoyancy or some triggering instability
spots at the corners by the horizontal wind and then “turn”before starting their vertical motions, it will mean the motion
vertically to start their ascending/decending motions. As weof the mean wind is not really “continuous” but is made up
will see below, this turning produces large Reynolds sheaof a two-leg “relay race,” which corresponds to the two red
stress. It appears to us that, at least some of the time, dands and is performed by the hot and cold plumes, respec-
accumulation and/or a combination of plumes occur in theséively (the flow is of course continuous due to mass conser-
stagnation regions, which is manifested by the phenomenowation). Similar views have been advanced by Villermaux
that the plumes sometimes are going up/down in groups aheoretically[24] and by Qiu and Tong based on their study
clusters. Because the larger size will slow down the “heatof the correlated temperature signals from the opposite side-
loss” of plumes through thermal diffusion, this will allow the walls [4,23]. In this picture, in steady state convective flow
plumes to generate a more buoyant driving force as thethe release of the “plume clusters” from the two stagnation
rise/fall. Qiu and Tong have also argued previously thategions becomes coordinated in time in a quasiperiodic fash-
plumes need to combine to form “composite” plumes inion so the relay race is well synchronized. This is consistent
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FIG. 4. (Color online Contour map plots of the horizontéEft pane) and vertical(right pane] components of the mean velocity, for
Ra=3.8x 10° (upper panéland 3.5< 10 (lower panel. Positive is defined for upward and leftward motions and color coding is in cm/s.

with the recently measured result for the instantaneous hegtovides direct evidence to the intuitive physical picture that
flux near the sidewall which shows intermittent or quasiperi-thermal plumes rising and descending along opposite side-
odic behavior{25], since heat is predominantly transportedwalls are responsible for driving the rotational bulk fl¢er

by plumes. “flywheel” ) in the convection cell9,21].

As the rising and falling plumes accelerate along the side- Since the large-scale flow is mainly confined near the pe-
walls they create the regions of high mean velocity or therimeter of the cell, it would be useful to examine the velocity
reddish bands, the one from eight-o’clock to one-o’clock po-field near that region. Figure(® shows the variations from
sitions is due to the rising hot plumes and the other fallingthe lower plate to the top plate of the horizonta{z) and
cold plumes. These plume-motion dominated regions areertical W(z) velocity components “cut” at a distance 2 cm
also the regions that contain most of the kinetic energy of thérom the left sidewall(small cel). Figure &b) shows the
flow field as is shown in Fig. 5, where the color-coded mearprofiles of U(x) andW(x) cut at a distance 2 cm below the
kinetic energy per unit mass in thez plane K=(U? top plate, for Ra3.8x 10°. Keep in mind that near the side-
+W?)/2, in units of (cm/s§, is shown for Ra&3.8x10°  walls the vertical velocityW is the dominant velocity com-
(top) and 3.5<10% (bottom). As Ra increases the plumes ponent and the same role is played by the horizontal velocity
become more energetic and are more able to “shoot'U near the plates. If we combin& and U profiles near the
straight, resulting in the high velocity regions to become in-sidewall and the plate, we can have an approximate picture
creasingly confined near the perimeter of the cell and then how a fluid parcelor a thermal plumeaccelerates and
growth of the central low-velocity bluish region. This result decelerates as it rises from the lower-left corner to the top
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FIG. 6. Profiles of the horizontal velocity and vertical velocity

W cut, respectively, ata) 2 cm from the sidewall andb) 2 cm
below the top platéb), for Ra=3.8x 10°.
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values of Ra as indicated on the figure. The first thing we
would like to note is that the profiles do not reveal the de-
tailed structure in the boundary layer region, since our PIV
measures the flow field in the entisez plane and is not
plate and then move to the top-right corner. The sign changdecused on the boundary layer region. Thus the profiles in
of the “minor” component also tell us how the flow changes Fig. 7 do not show that the velocity decays to zero near the
directions near the corner. Note that the large negative valuesgall and plates as it should. Tilgner, Belmonte, and Libch-
of U(z) near the top plate corresponds to the small vortexaber have previously measured the profiléz) in a cubic
rotating counterclockwise at the top-left corner as seen ircell [26], and their profile shows more details in the bound-
Figs. 2 and 3. Counterrotating vortices at cell corners havary layer region and is able to resolve the boundary layer
been seen previously by Tilgner, Belmonte, and Libchaber ithickness. On the other hand, their profile does not show the
a cubic cell[26]. Another feature shown in Fig. 6 is that the “hump” (or “dip” ) seen in our profildaroundz~9 cm for
maximum values of dominant componen® (ear sidewall the small cell. This hump was also not observed in velocity
and U near the plateare not at the positions of the “sym- profiles measured in cylindrical cell4]. Because we see the
metry axes”(thex andz axes in this cagewhich means that same feature from LDV-measured profiles in the same cell
“scans” along these axes in local velocity measurements d$27], we know this hump is not an artifact of the PIV mea-
not measure the maximum value of the velocity field. surement. Since the mean flow in the cubic cell is along the
To study quantitatively the overall rotational motion of diagonal direction, it is not necessary that its flow structure
the central bulk region, we examine the mean velocity probe the same as ours. Another reason that Tilgner, Belmonte,
files cut along the symmetry axes of the cell. The left panelnd Libchaber did not see the hump in their profile could be
of Fig. 7 shows the “vertical cut{atx=0) of the horizontal due to the limited spatial resolution of their measurement, as
velocity component) and the right panel shows the “hori- they used an electrochemical labeling technique that requires
zontal cut” (at z=0) of the vertical componen for three  the manual accumulation of daft26].

FIG. 5. (Color online Distribution of the mean flow kinetic
energy per unit massU?+W?)/2 in units of (cm/s§ for Ra=3.8
x 10° (upper paneland 3.5< 10 (lower panel.
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A striking feature of the profiles shown in Fig. 7 is the apove,v andr are the velocity of and radial distance from
qualitative change in shape with Ra. At lower Ra the velocityihe cell center for the outer-shell poiaand inner-core point
in the central part of the convection cell is a linear function;, respectively. To our knowledge, the existence of an inner
of the distance from the cell center, indicating the existencq,'Otation core inside an outer oﬁe in turbulent Rayleigh-
of a central core that rotates about fexis of the cell. A Benard convection has not been reported previously, nor is

gg:ﬂ/g&%’r_‘l'\lfviscgrr;?rggéerr?/?éogy S?Ur]tgoc%rﬁ d ';]@%biglem there a theoretical prediction for it. Because the rotatory mo-
y ' ' tion of the bulk fluid is driven by the rising and falling ther-

a cylindrical cell. For the two higher values of Ra, however, | ol | the sid 1 ¢ that th
the central linear part of the profile changes into three/Na& PIUMES along the sidewalls, one may expect that the

segment lines with the two outer ones having the same Slop%r?ving force will weaken towards.the inter_ior of the ce_II. But
which is larger than that of the central one. This indicated!iS would be expected to occur in a continuous fashion, not
that with increasing Ra the innermost region of the centraf Sharp change as manifested in Fig. 7. Note that the time-
core appears to be unable to follow the motion of the outeRveraged temperature in the bulk of the convection cell is
region (which is “driven directly” by plumes and an inner- essentially homogeneous, which means the viscosity of the
core rotating at a slower rate emerges foeRa< 10%. It is convecting fluid in the core and the shell should be the same.
found that the size of the inner-core remains approximatelyl hus there is a large mismatch of viscous shear stress at the
constant] ~(0.15-0.2)L] as Ra increases up toxal0'%. inner-outer core boundary. The questions now are why this
Figure 7 also shows that the velocity profile of the inner-coresharp change in the shear rate and what determines the po-
goes through the cell center, indicating it is the center ofsition of the core-shell boundary?

rotation for the inner core. On the other hand, the profile for The slope of the linear part of the profiles provides the
the outer shell does not go through the cell’'s center. In factrotational frequencyw (or shear rateof the corresponding

if we take a point in the inner core and a point in outer shellcore or shell. In addition to the cuts along thk@nd z axes,

and calculate the ratiov(—v;)/(r,—r;), we find that this cuts along other directions such as the diagonal all show the
ratio is approximately constant for any pair of points, indi- same qualitative features. While the valueswoére slightly
cating the center of rotation for the outer shell is not fixeddifferent for cuts along different directions, their Ra-scaling
but moving along the circumference of the inner core. In theexponents are essentially the same. The small difference for
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spatially averaged velocity. Indeed, we did not see any oscil-
lation in either the temperature or velocity fields in our cell.
Since w, and w; are “regional” averages over areas OcCCuU-
pied by the core and shell, our results suggest that different
regional averages can give rise to different values of a scal-
ing exponent for the large-scale velocity and that the scaling
exponent alone is not sufficient to distinguish the various
driving mechanisms for the flow. As far as we are aware, the
only other work that measured the Ra scaling of the rotation
frequency was that of Qiu and Tong, in which they found
woL?/2k=1.1R&**for the normalized rotation frequency in
a cylindrical cell[4]. Since Ra in their experiment is less
than 16° and only one core is observed, we compare their
ol el v d il result with our outer-shell and single core result. We note
109 10" 10" 102 that the 0.5 exponent can be understood in terms of a free-
Ra fall type velocity or ballistically moving plumes. As we al-
FIG. 8. Ra dependence of the normalized rotation rate%2x !'eady pointed .out_there is no COheren.t temporal oscillatipns
: X o in our cell, which is present in cylindrical cells. This oscil-
of the inner cordcircles and out shellsquares The solid lines are lation is presumably a horizontal wobbling of bulk flui]
power-law fits to the respective data. Inset: Orientation angle be- . ? ST L
tween the elliptical core and the horizontal. Because of this, viscous dissipation in the pyllndr|cal cell
should be larger than the rectangular one, which means more
rigorous driving by the thermal plumes in the latter. This
frequencies from different cuts could come from the fact thattould explain why the exponent for the cylinder is smaller
our cell in thexz plane is not a perfect square, i.e., the aspecthat the free-fall value.
ratio is not exactly one, which introduces a symmetry break-
ing for the spatial structure in this plane. Clearly, more sys- B. Statistical quantities of velocity field
tematic investigation is needed to ascertain this. Figure 8

plots the normalized rotation _frequenw_z_/ZK vs Ra for 10° and 3.5¢< 101°, for which longer-time measurements at
the outer shell(squares and inner-core(circles, respec-  pigher sampling rate have been made. Figure 9 shows the
tively, wherew, andw; are the average frequencies from the yisiripution of the root-mean-squaftems) velocity fluctua-
vertical and horizontal cuts of the shell and the core, respegions color coded in unit of cm/s. The left panel shows the
tively. The solid lines are power-law fits to the correspondinghorizontal rms velocityu, s and the right panel shows the
data: w,L%/2k=0.318R4**® and w;L?*/2«=1.780R&%®  vertical rms velocityw, ., the top panel is for Ra3.8
(only for those points that appear to be beyond the “transi-x 10° and the bottom panel is for Re8.5x 10'°. If we note
tional” region, denoted by dotted circlesThe inset plots the the scales of color bars, it is clear that the magnitude of
angled between thes axis and the major axis of the elliptical vertical velocity fluctuation is much higher than that of the
core, which shows that the emergence of the inner corborizontal one, which becomes more so with increasing Ra.
around Ra 1x 10 corresponds to the flipping of the orien- These large vertical fluctuations are caused by the intermit-
tation of the outer shell. Note that for lower Ra the core istent emission of thermal plumes that rise and fall due to their
not along the diagonal of the celb&20°), whereas after buoyancy. Since the plumes are moving primarily along the
the transition the elliptical core is aligned along the othersidewalls, velocity fluctuations are also concentrated in these
diagonal of the cell ¢=135°). This higher symmetry sug- "egions. We also note that the regions of lamge,s corre-

gests that the flow structure is in a more stable state for R§PONd t0 where rising and falling plumes hit the opposite
=1x10% plates and create the counterrotating vortices, with increasing

A standing issue in turbulent thermal convection is theR%rtg?:teerr]zg'Oggndecrﬁ?:iégﬁ'fﬁa?gi Tg\?vg:’g;?ﬁg?z t:gﬁ:me
scaling of the large-scale velocity with the Rayleigh numbermf | h - 'lms’ locity f : imaril 9
Ra,V~Ra". As already mentioned briefly in Sec. | various o 'arge orizontal velocity fluctuations are primarily con-

' ) . . ; ) > fined near the top-left and lower-right corners, just like the
measurements using different techniques and different fluid

in cells of different shape have yielded different values forZi{Sﬁzggnt% t?]:t %taf:rlgh;rtﬁg ’nt]gzr:ev%'iﬁgs izf gol%?;ggtat\gethe
the exponenty ranging from 0.4 to 0.5, which may be di- ’

; ! ) behavior ofw, .
vided into two groupg9]. The first one measures the LSC ~ frgm Fig. 9 it is clear that “cuts” along the symmetry

speed near the sidewall and most res[Bt3,14,28,29give  axes will miss the regions of the most intense velocity fluc-
y~0.5, which may be understood by thinking that flows tyations. Nevertheless, it would still be interesting to com-
there are driven by ballistic plumes with a free-fall type ve-pare such cuts with results from previous studies. Figure 10
locity. The second group measures the oscillation frequencghows the profiles ofi, s (solid circles and w,, (open

of the LSC and most result$5,9,11,30-32 yield y  squaresalong thex axis (left pane) andz axis (right pane).
~0.42-0.47, which may be understood by considering thain their cubic cell experiment, Tilgner, Belmonte and Libch-
the oscillation is associated with the rms velocity of the flow.aber also measured bath,,; andw,, profiles as a function
Unlike previous results, the 0.4 result for our inner core isof z and found that both decay approximately linearly to a
not arising from any oscillations but is associated with aminimum at the cell center, after reaching their maximum

105 prrmw—rr ey — T

P 000 135
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u?|o|§|J FRETTT BT
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We now present some statistical quantities for=Fa8
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FIG. 9. (Color onling Contour map plots of the horizontal rms velocity,s (left pane) and vertical rms velocityv, s (right pane) for
Ra=3.8x 10° (upper panéland 3.5¢< 10*° (lower panel in units of cm/s.

values near the boundaf26]. Another rms velocity profile quite different. For example, the “steps” or plateaus in our
measurement was done by Qiu and Tong in a cylindrical celtase are absent for the cubic cell, which may be a reflection
[4], also in water. What they found was that the rms profilesof the difference in cell geometry. At higher Ra our rms
along the symmetry axes of the cell are more or less conprofiles also become more symmetric and less “noisy” and
stant, except close to the cell boundary where the rms velodhe “valley” at the cell center becomes more steep, indicat-
ity has a peak. If we compare our rms profiles with these twadng that flow in the cell center becomes relatively “quieter”
experiments at a comparable value of Ral(®), we see as compared to flow in the cell's boundaries. This change of
that the gross feature of our rms profiles is similar to that offms profiles with Ra is also consistent with what we have
Ref.[26] in that both have a local minimum at the cell centerseen previously from the mean flow patterns, that the flow is
and the level of velocity fluctuations in the rectangular andbetter developed and more stable at higher Ra. Another fea-
cubic cells are smaller than those in the cylindrical cell forture to be noted is that,,,s andw, s in the central region of
both the “peak” and “bulk” values(in the cylinder, the the cell are neither constant nor of the same véldeich is
maximum rms values reach~% mm/s and remains 4 mm/s more obvious for the higher Rathis implies that velocity

in the bulk. We think this lower level of velocity fluctuations fluctuations are neither homogeneous nor isotropic in this
in the rectangular cell may be related to the fact that there isegion. This feature can be seen more clearly in the skewness
no oscillation or wobbling in the horizontal plane as is theof the velocity field, which is shown in Fig. 11. The left
case in the cylindrical cell. On the other hand, the detailecbanel of the figure shows the horizontal velocity skewness
features of our rms profiles and those from Rg6] are  S,=((u—U)%)/u3, and the right panel shows the vertical
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FIG. 10. Profiles ofi,, (dotg
and w,,s (open circleg for the
015 two values of Ra as indicated.
1.0 Left panel: profiles cut along the
axis (at z=0). Right panel: pro-
files cut along thez axis (at x
=0).
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velocity skewnessS,=((w—W)%)/w? .; the top panel is (and dissipationare concentrated, it shows how turbulent
for Ra=3.8x10° and the bottom panel is for Re3.5  energy is extracted from the plumes via Reynolds stress and
x 10 The figure further shows that the flow field becomesthen dissipated, largely in the form of counter-rotating vorti-
more symmetric at higher values of Ra. We note that thees near the opposite plate. When Krishnamurti and Howard
regions of large skewnesthe “red” and “blue” semicircleg first observed the existence of the large-scale flow, they sug-
correspond to the boundary between the inner core and thgested that the mean flow is driven by Reynolds stress asso-
outer core. ciated with tilting plumed 1], which implies that the mean

To study the dynamics that drives the turbulent flow in theflow is maintained by turbulent fluctuations and thus a nega-
system, we examine the turbulent energy and Reynolds shegie production. This assertion can be checked by examining
stress. Figure 12 shows the distribution of the turbulent Kithe turbulent energy productid®(=—(u;u;)aU;/dx;) [33]
netic energy per unit mase= 7 (UpnstWino (left pane)  of the system. The production dictates energy transfer be-
and the dominant component of the normalized Reynoldgyeen the mean flow and turbulence, a negative production
shear stress tens¢u’w’)/k (right pane} for the two Ray-  means the mean flow derives energy from turbulent fluctua-
leigh numbers, where’(t)=u—U andw’(t)=w—W are  {ons while a positive one implies that the mean flow sup-
the fluctuating parts ol andw. Similar to the mean kinetic  ,jieq energy to the turbulent fluctuations, which is the typical
energy, the figure shows that with increasing Ra tlerlJIenEituation for most flows. Figure 13 shows the color-coded

\?vr%eerrgeyalsscle?lilriiasgr?(ljy dcéc;r(l;céircl]ﬁ;atedmr:ﬁeasr ;[rrr]1eirtlwg t%c;mc%r %(oduction contour map for Ra3.5x 10'. It shows clearly
9 gp bing at production is positive in most parts of the cell and is also

and hot boundary layers, respectively. The Reynolds Stresc?verall positive when integrating over the whole two-

7 is responsible for the exchangg mo”!e”t”m between turdimensional plane. Thus, the mean flow is not driven by
bulence and the mean flow and its existence requires thﬁ . !

correlated fluctuations af andw [33]. From Fig. 2 we see uctuations or Reynolds stress associated with plumes.

that the regions of large;, correspond to where the hot and Rather, it is the buoyancy of the plumes that drive the mean

cold plumes start to accelerate along the sidewalls toward thftlaow as shown by Figs. 3 and 5.

opposite plategsee also Fig. 6 as coherent objects the dif-

ferent velocity components of a plume naturally have a high
degree of correlation which results in large Reynolds stress. Although the sampling rate of our measurements are
Since turbulence production is proportional g, we see rather low, the relatively slow fluctuations in thermal convec-
that the turbulent kinetic energy largely comes from thetion still allows us to obtain some useful information about
buoyant motions of thermal plumes. If we overlay the Rey-the instant flow field. Here we examine some properties of
nolds stress map on the turbulent energy map and bear ihe instantaneous velocity field, again for the two selected
mind that the flow is clockwise, we see that the regions ofvalues of Ra which are measured at a higher sampling 3ate

large 7;; are upstream of the regions where turbulent energyz). Figure 14 shows the instantaneous 2D vector field with

C. Instant velocity field
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FIG. 11. (Color online Contour map plots of the skewness for the horizontal velogéft pane} and for the vertical velocityright
pane) for Ra=3.8x 10° (upper panéland 3.5 10*° (lower pane).

the magnitude of the velocityu(t)?+w(t)? coded by color low velocity region is growiny and(4) the roughly elliptical
and by the length of the arrow for these two Ra. It is seershaped “quiet” central region has different orientations for
that the flow is highly turbulent around the periphery of thethe two values of Ra.

convection cell with ‘bursts’ like eventdarge velocity fluc- In Figs. 1%a) and 1%b) we show the velocity time series
tuationg appearing in the upper-middle left wall and the over a period of- 3,300 sec for two Rayleigh numbers taken
lower-middle right wall, despite the fact that the mean veloc-at five positions in the small convection cell, one each close
ity of the flow is rather low by the standard of nonthermal to the top and bottom plates and near the left and right side-
turbulence. By inspecting the velocity field measured at dif-walls, and one at the cell centéhe exact coordinates in unit
ferent instances, we also observed that bursts always occur @f centimeters are indicated on the grapRigure 1%a)
these regiong34]. Because of the high validation rate of our shows the vertical velocity(t) near the sidewalls and at the
PIV measurement, we can see that many of the qualitativeell center, for Ra&3.8x10° (left pane) and Ra=3.5
features exhibited by the long-time-averaged mean velocity< 10*° (right pane). Figure 1%b) shows the horizontal ve-
maps (Fig. 2 can already be seen from a single measurelocity u(t) close to the plates and at the center for the same
ment. These includél) the overall flow is a clockwise glo- two values of Ra. We examine the vertical velocity first.
bal circulation, (2) there are two small vortices rotating Here we see that the “mean” flow is upward-goifdgfined
counterclockwise at the upper left and lower right cornersas positive and downward-goingdefined as negatiyenear

(3) the flow becomes increasingly confined in regions neathe left-sidewall and right-sidewall, respectively, which is of
the sidewalls and the plates as Ra incredses the central course consistent with the fact that the overall flow is clock-

066303-12



PARTICLE IMAGE VELOCIMETRY MEASUREMENT G . .. PHYSICAL REVIEW E 68, 066303 (2003

0.18 0.39

0.14 0.23

0.08

-0.08

-0.39

0.96

0.77

0.58

Z (cm)

-5

-10

-10 -5 0 5 10
X (cm)

FIG. 12. (Color online Turbulent kinetic energyleft pane) and normalized Reynolds shear stréight pane) for Ra=3.8x 10° (uppe)
and 3.5¢< 10'° (lowen).

wise. At the cell center the velocity fluctuates in both direc-absent for the higher Ra. As can be seen from the mean flow
tions with a zero mean. But a closer inspection shows thamaps(Fig. 3 at higher Ra the large-scale flow is more con-
the flows near the sidewalls are different for the two Ray-fined to the perimeter of the cell which means the associated
leigh numbers. For the lower Ra, we can clearly see that thplumes going in the “right” directions are reaching closer to
velocity near the sidewalls shows occasional spikes of théhe corners at the opposite plate before being mixed; this
opposite sign(those crossing the dashed linemdicating ~ “denies” the opportunity for the “opposite” plumes going
that the local flow changes direction at that instant. It is well@long the wrong sidewall. It should be noted that the above
known that, in the steady-state flow in a convection ce||,momentary reversal is not the same as the reversal of the

thermal plumes participate and drive the LSC in such a man€an wind observed mostly in cylindrical cel8, as we do
ner that hot plumes go up along one sidewall and coldot see directional reversal for the overall flow. For example,

plumes come down on the othgr21). The momentary di 42 Bl RREeE O Beer T Bt ements
rectional reversal of local flow suggests that occasionall e%elieve the directional reversal of the wind is related to .
there are unusually energetic plumes going “against th

y . . . §he bulk oscillation of the flow field and is perhaps unique to
flow” in their attempt to reach the opposite plate. This phe-the particular shape of the cylindrical cell.

nomenon has also been observed by &lial. in a cylindri-
cal cell of unity aspect ratio, in which the authors show that
the velocity histogram near the sidewall has a clear bimodal
distribution and they also attributed this to plumes going in  From the geometry of the cell, we expect the mean flow to
the “wrong” route [35]. On the other hand, this feature is be largely confined in thez plane. Nevertheless, to obtain a

D. Velocity in the plane perpendicular to LSC
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FIG. 13. (Color onling Contour map of the turbulent energy
productionP (in units of cn?/s®) for Ra=3.5x 10'°,

more complete picture on the flow field in the convection
cell we made PIV measurements in the plane (at x=0)
which is perpendicular to the mean wind, again for the two
special values of Ra. Figure 16 shows the mean and the rm
values of the velocity in this plane. Left panel: time-averaged
velocity vector maps with the magnitudd/?+W? coded in
both color and the size of the arrow in unit cm/s. Middle and
right panels: contour maps far,,,s andw, s, respectively.
The upper panel is for Ra3.8x 10° and the lower one Ra
=3.5x 10'% For the lower Ra, the mean flow pattern shows
that they component of the velocity is essentially zero ev-
erywhere except the small vortices at the four corners, which

z (cm)

ot Y SN
VT Tl i e o UV T e T T Tt Ve L T
- 5 10

confirms that the mean wind is confined mainly in the -10

plane. Note that since the mean flow in theplane does not X (cm)
have a circular shape whereas the measurement is made at

the middle vertical planex=0), this produces a relatively
large vertical velocity near the middle of the top and bottom

FIG. 14. (Color online Snapshots of the velocity field viewed
from the front,(a) Ra=3.8x 10° and(b) Ra=3.5x 10'°. The veloc-

plate. The figure also shows that as the fluid hit the pIategy magnitude is coded by both the length of the arrows and color in
. cm/s

some will “spill-over” sideways to create the vortices at the '

corners. Note that the mean velocity at the top and bottom igon to create vortices at these two corners. This tilting of the
not quite symmetric. We recall that the orientation of therotational plane of the mean wind at higher values of Ra
elliptical core in thexz plane for this Ra is not along the suggests that the flow likes to assume a configuration having
diagonal direction but is at arr 20° angle with the horizon- the largest spatial extend allowed by the geometry of the
tal, which means a cut at the middle vertical plamxe=Q) convection cell, as it corresponds to the most stable mode.
will not produce a symmetric result. Indeed for the higher The maps for the rms velocities show that most of the
Ra, the mean flow becomes more symmetric as the ellipticéluctuations and dissipations are associated with the vortices
core is now oriented along the diagonal of the cell. An im-at the corners. But at lower Ra, these fluctuati¢ersd the
portant feature revealed by the figure is that the plane of theorresponding turbulent kinetic energiese dominated by
large-scale mean flow at higher Ra becomes aligned alonghe vertical component,s) which is probably a reflection
the diagonal plane of the cdli.e., along the diagonal from of the fact that the vortices at lower Ra are stretched along
the upper-left corner to the lower-right corner in Fig) 88d  the vertical direction and thus have a smaller horizontal size.
thus makes an angle with thxe plane, not parallel to it as is Whereas at higher Ra horizontal fluctuations become compa-
the case for lower Ra. This can be seen from the fact thatable to the vertical one, the latter is still slightly more con-
there are now only two vortices at the top-right and lower-centrated and intense. The rms maps also show that although
left corners. This is because the main flow is now against théhe mean velocity along thgdirection is zero in the central
sidewall plates at the top-left and lower-right corners andpart of the cell, the corresponding fluctuations, () are
there is no room for the fluid to spill-over to the other direc- rather significant.
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FIG. 15. (Color online (a) Time series of the vertical velocity at three positions in the small convection cell, from top to bottom: near
left sidewall, at cell center, and near right sidewttle exact coordinates of the positions are indicated on the figure in units)oflorilime
series of the horizontal velocity at three positions, from top to bottom: below the top plate, at cell center, and above the bottom plate. In both
(@ and(b), the left panel is for Ra&3.8x 10° and the right panel for Ra3.5x 10%.

IV. SUMMARY AND CONCLUSION with the Rayleigh number Ra varying fromxaC® to 9

In the work reported in this paper we have made a sysX 10" while the Prandtl number remained approximately
tematic investigation of the properties of the velocity field in constant (~4). Time-averaged 2D velocity fields are mea-
two Rayleigh-Beard convection cells of same geometry, sured in both the plane of the large-scale mean fitve
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wind) and that perpendicular to the wind, using the particlesition to the seven-o’clock position in the box; at two
image velocimetry(PIV) technique over the range of Ra counter-rotating vortices at the upper-left and lower-right
spanned in the experime(three decadgsFor two selected corners.
values of Ra, certain statistical and dynamical quantities of By studying the Ra-dependent properties, we find the fol-
the velocity field are also obtained. The measurement proowing: (1) An inner rotational core is formed inside a bulk
vides a direct confirmation that a rotatory mean wind indeeduter rotational shell when Ra becomes larger than 1
persists for the value of Ra close to'i0at least in water or X 10'° below this Ra only one core is observed. Comparing
in systems with comparable values of the Prandtl number. the instant vector map and the time-average ones, we see that
From the measured two-dimensional velocity field in thethe flow field can exhibit coherent structures at different
plane of the mean wind, four prominent features or regiondength scales depending on the time scale we look at them.
of the flow field are identified{1) A central low-velocity (2) The rotational frequency of the outer-shell may be taken
rotatory core;(2) two low-velocity or stagnation regions at as the average rotation rate of the mean wind and it has an
the lower-left and upper-right corner®) two high-velocity  exponent of 0.5 for the Ra scaling, whereas the inner core
regions, one stretches from the eight-o’clock position to thehas a distinctly different scaling with an exponent of 0.4. The
one-o’'clock position and the other from the two-o’clock po- results suggest that different regional averages can give rise
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to different values of scaling exponent for the large-scaleplates, thereby creating counter-rotating vortices near the
. scaling exponent f ge-scalep y creating ating vort
velocity and that scaling exponent alone is not sufficient tacorners where turbulent energgnd dissipationis concen-
distinguish the various driving mechanisms for the flow. Ittrated. Furthermore, the thermal plumes not only drive the
also partly explains why there are varying values for thismean flow via their buoyancy but also provide energy for
exponent from different experimen'(g) With increasing Ra, turbulent fluctuations via the associated Reynolds stress. The
the mean wind becomes increasingly confined near the p&mergence of the inner core inside a bulk rotating core is a
rimeter of the convection cell, and a similar trend is alsoStriking example of how complex systems are capable of
found for both the mean flow kinetic energy and turbulentSelf-organizing ‘into coherent structures. Because heat is
kinetic energy. transported mainly along the periphery of the cell by thermal
The measu.rements made for two selected values of Ra gj#mes[ZS], it is not sensitive to changes in the cell interior.
higher sampling frequency and also in the plane perpendicul 'S IS why the transition in the flow state was not detected

lar to the mean wind, reveal the following propertiés: The In previous measurements of global quantities like heat flux
rms and skewness maps of the velocity field show that thgrlp velodcny megxsm;]reme_nt_s r}ear Elde(;/_valls. d hell
velocity fluctuations at the cell center are neither homog- . 'C Un erstand the origin for the discovered core-she
enous nor isotropic, the skewness maps further show thafructure and why it has such a sharp boundary with a large
there are large asymmetric velocity fluctuations at the core[n'sm""tch in shear stress poses a new th.eoretlca! chall_e nge
shell boundary(2) The measured Reynolds shear stress dis@nd @lso calls for more systematic experimental investiga-
tributions indicate that the turbulent production is largely fOnS- Ir:v;f”tbe f[)f mtetresttto knor\]/\_/ vr\]/hat V\;'” becfoge of t‘??h
positive, which implies that the large-scale mean flow is not0'€-S ?I struc urela )(/je _ev&ra]n Igher values o Ua(,jorl g
driven by turbulent fluctuation€3) Velocity measurement in  Current flow state already is the asymptotic one. Understand-

the plane perpendicular to the mean wind reveals that th@g this structure and the associated transition will undoubt-
flow likes to be in a configuration with the largest spatial edly enrich our knowledge not only about turbulent convec-

extent allowed by the geometry of the convection cell, whichtion Put also many natural phenomena.

corresponds to the most stable mode. In this particular case,
it means that even with the small aspect ratio inytaglane,
the rotational plane of the mean wind is aligned along the We have benefited from stimulating and helpful discus-
diagonal of the convection box. sions with many people, in particular P. Tong, L.P. Kadanoff,
If we combine results from the present experiment andA. Thess, F. Busse, R. Ecke, and K.R. Sreenivasan. This
from some of the previous studies by others, the followingwork was supported by the Research Grants Council of Hong
picture emerges: thermal plumes are first accelerated alongong SAR under Project No. CUHK4224/99P and by
the sidewalls, reach maximum velocity, then impinge on theCUHK Research Committee under Project No. 2060229.
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