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Spatial structure of the thermal boundary layer in turbulent convection
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We have measured the mean temperature profi{ey and the thermal layer thicknegg(x,y) at various
horizontal positions on the lower plate of a cylindrical convection cell, using water as the working fluid. The
Rayleigh number Ra in the experiment varied from 20° to 2x 10'°. The normalized vertical temperature
profiles measured at various positionslong the direction of large scale circulation and for the same Ra are
found to be self-similar, once the vertical distarzde scaled by the respective thermal layer thickn&g,0).
Whereas those measured at different Ra do not have a universal form. Our results further reveal that the
thermal layer thicknes8y, varied significantly in the two directions measured—along the large-scale circula-
tion (x) and perpendicular to ity(). We found that the scaling exponent & with Ra is a function ok (and
possibly a function of as wel), i.e. 5,,~ Ra #®. Moreover, our results suggest that the thermal layer will
eventually become uniform at very high Rayleigh numbg84.063-651%98)02405-2

PACS numbdis): 47.27.Te, 44.25:f.

[. INTRODUCTION conduction within the thermal boundary layer, the global
heat transport is intimately related to its thickness. An im-
The Rayleigh-Beard system refers to a fluid layer con- portant assumption made in a model by Shraiman and Siggia
fined between two horizontally parallel conducting surfacesvas that the thermal layer is buried entirely within the vis-
and an insulating sidewall. Turbulent convection of the fluidcous layer for large to moderate Prandtl numbers, and the
occurs when the temperature difference between the tweeverse is true for small Prandtl numbé¢r. This assump-
horizontal plates exceeds a certain critical value. Convectivéion has been confirmed experimentally by a direct measure-
thermal turbulence is interesting both for its obvious engi-ment of both boundary layers in watér =7) [10], and in
neering and geophysical applications and as a model systemercury(Pr =0.024) where the viscous layer was indirectly
for turbulence study. When the Rayleigh numttee dimen-  measured21]. However, most of the boundary layer mea-
sionless ratio of the driving energy to the dissipation)dee surements made so far were conducted along the central axis
above~4X 10, the so-called hard turbulence regime sets inof a convection cel[10,16]. A question naturally arises as to
[1]. This scaling state of convective thermal turbulence iswhether the boundary layers are uniform across the horizon-
characterized2,3] by a large-scale mean circulating flow tal conducting plates on which they reside. The existence of
that spans the entire system, an exponential probability digpossible spatial nonuniformity of the boundary layers was
tribution function of the temperature fluctuation at the centeffirst suggested by the numerical results of Wel2@] in his
of the convection cell, and scaling laws for the heat flux andwo-dimensional(2D) simulation study of the hard turbu-
other measured quantities with exponents being differenfence regime. Belmonte, Tilgner, and Libchaljgéd] also
from those predicted by the “classical” theorig§5]. Since  pointed out that in order to take into account the heat trans-
the discovery of the hard turbulence regime in 1987 byported by thermal objects like plumes, the shear produced by
Heslot, Castaing, and Libchabfl], much interest, both ex- the large scale circulation near the boundary should have a
perimental and theoretical, has been focused on the study dependence on horizontal positions and the need to check
turbulent convectioni6], and much progress has been madeexperimentally the horizontal dependence of both viscous
[2,7-13. Although some of the proposed theoretical modelsand thermal boundary layer properties. In her recent theoret-
[2,7] have been able to explain the observed scaling anital analysis of heat transport in the boundary layers, Ching
statistical properties of the temperature field in the hard turf15] assumed horizontal dependence for both the shear rate
bulence state successfully, not all of the assumptions andnd the thermal boundary layer thickness, and obtained a
predictions of these models are consistent with results frorgcaling relation between the heat flux and the shear rate
later experiment$14,15, our recent results on the scaling which is in better agreement with corresponding experimen-
laws of the viscous boundary layer also provide further extal resultg16,17 than a previous mod¢¥]. Thus an experi-
perimental evidence of thid6,17). mental investigation of the boundary layers in off-central-
Boundary layers have long been recognized as playing axis horizontal positions will not only provide information
key role in convective turbulence, since the early days in thebout their spatial structures, but will also serve to test some
study of turbulent convectionil8—-20. Two boundary lay- of the assumptions in, and predictions of, the above-
ers exist in thermal turbulence, one viscous layer and onenentioned numerical and theoretical studies.
thermal layer; both are produced by the shear of the large- In this paper, we report an experimental study of the ther-
scale mean circulating flow. Because heat is transported vimal boundary layer measured at various positions on the
lower plate of a cylindrical convection cell. The range of
Rayleigh numbefRa) spanned in the experiment was from
*Electronic address: kxia@phy.cuhk.edu.hk 2x 10 to 2x10%. Spatial variations of the thermal layer
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p uniform across the horizontal plates. The control parameter
in the experiment is the Rayleigh number-RagL3AT/ vk,
with g being the gravitational acceleratioh,the height of
temperature the cell, andw, v, and«, respectively the thermal expansion

probe — coefficient, the kinematic viscosity, and the thermal diffusiv-
ity of water, which was used as the convecting fluid. During

) our experiment, the average temperature of water in the con-

- JI — vection cell was kept near room temperature, and only the
temperature difference across the cell was changed. In this
way, the variation of the Prandtl numberP»/ « was kept at
minimum (Pr=7).

The thermistor used in the local temperature measure-
ments had a diameter of 3Q@m and an in-water thermal
time constant of 10 m$AB6E3-B10KA103J, Thermomet-
rics). In order to access different positions in the convection
cell, we used a specially designed temperature probe. As is
shown in Fig. 1, a rectangular shaped stainless steel rod was
soldered perpendicularly on a stainless steel capillary tubing
| of outer diameter 1.5 mm and inner diameter 1 mm. The

horizontal rod had a cross section of 2.2 mm in height and

FIG. 1. Schematic diagram of the convection cell with the mov-0-75 mm in width. A Plexiglas cubg mm in sid¢ can slide
able thermistor probe for local temperature measurements. The fodf€€ly on the rod. The rod is marked at every 5-mm interval
“black dots” inside the top and bottom plates are imbedded therLt0 indicate the exact position of the cube. The thermistor is
mistors for measuring temperatures in the respective plates. attached at the end of a syringe nee@eater diameter 0.5

mm, length 88 mmwhich was fixed to the cube. To move
thickness were measured along two orientations, one in thée needle horizontally, two fishing strings of diameter 0.2
direction of the large-scale circulatiqh SC) and the other MM are tied to the Plexiglas cube. By pulling the two strings
one perpendicular to it. We analyze both the Ra and positiofeparately, one can move the needle in either direction along
dependences of the measured thermal layer, and its relatidR€ rod to the desired horizontal position. The leads of the
with the LSC. thermistor were fed through the needle, and then, together

The rest of the paper is organized as follows. In Sec. l1With the fishing strings, through the tubing to the outside.
we give detailed descriptions of our convection cell and thelhe tubing was fixed on a vertical translation stage which
thermistor probe used for local temperature measurement#as mounted right above the filling stem of the convection
The experimental results are presented and analyzed in S&&€ll- The stage has a total travel distance of 10 cm and a
IIl, which is divided into three parts. Section Ill A discusses Precision of 0.01 mm, and was driven by a computer-
the scaling properties of the measured temperature profile§ontrolled stepper motor.
and Secs. Ill B and Ill C discuss the positional variation and [N the automated temperature profile measurement along
the Rayleigh number dependence of the thermal layer thickthe vertical direction, a 30-min time series was first recorded
ness along and perpendicular to the LSC direction, respedy @ 7 z-digit multimeter (Keithly 2001 at each position.

tively. We summarize our findings and conclude in Sec. Iv.The mean value and the standard deviations fluctuation
of the local temperature were then obtained from the mea-

sured resistance using a calibrated conversion curve. A typi-
II. EXPERIMENT cal temperature profile consists of 30 vertical positions. After

Figure 1 shows a schematic drawing of the convectiorfomPpléting one profile measurement, the thermistor was
cell, which is a vertical cylinder with its inner diameter and Moved to a different horizontal position and the measure-

height being 19 and 19.6 cm, respectivélye aspect ratiois Ment was repeated. We measured the horizontal variation of
thus near unity The upper and lower plates were made ofthe ther'mal bqundary layer in djrections .both along thg large-
copper, and their surfaces were gold plated. The sidewall O'?pale_(:lrculatlon and perpendicular to it. To d_etermlne the
the cell was a cylindrical tube made of transparent Plexiglasdirection of the LSC, we employed the following method.
The temperature of the upper plate was regulated by passirﬁ?ﬁer the cor)vect|ve mqnon |s.fuIIy establlshec_i, a stal_nle_ss
cold water through a cooling chamber fitted on the top of the>t€el tube with a very light string attached to its end is in-
plate. The lower plate was heated uniformly at a constangerted into the convection cell; near the lower plate of the
rate with an imbedded film heater. The temperature differCell, the flow is unidirectional, so the string follows the flow
enceAT between the two plates was measured by four ther@nd indicates its direction. It has been found by 28] and
mistors imbedded inside the plates. The two thermistors g/SC by other§24], that, once established, the direction of
the top plate were at about a one-third radius from the edgkSC Will remain the same for different Rayleigh numbers.

at opposite positions, while the two at the bottom plate were

placed at the center and the half-radius position. The mea- Ill. RESULTS AND DISCUSSION

sured relative temperature difference between the two ther-

mistors in the same plate was found to be less than 1% for For ease of presentation and discussion, we first define the
both plates at all Ra. This indicates that temperature wasoordinate system for the experiment. Let the center of the

thermistor—
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tions x along the direction of LSC at Ra7.19x 10°. Here the
FIG. 2. The mean temperatu(&) (subtracted from the bottom mean temperaturesubtracted from that of the bottom plate nor-
plate temperaturé,, and normalized by the temperature difference malized by the temperature scald’, and the vertical distanceis
AT across the cell(circles and the rms temperature fluctuation  scaled by the respective thermal layer thicknégéx,0).
(dots vs the vertical distance from the bottom plate. The inset

shows an enlarged region near the plate. The measurement Wagaans convection dominajesand a transitional region in
made at the horizontal position=8.5 cm andy=0, and at Ra between. The rms profile has a sharp maximum Bgarand
=1.58x 10%.

then decays toward the cell center. These same features are

also found for profiles measured at other horizontal posi-
lower plate of the convection cell be the origin of our right- tions, and are similar to those measured by others along the
hand Cartesian coordinates with thexis pointing upward central axig11]. Note also from the figure that the normal-
and the large-scale circulation flowing along thexis from  jzed mean temperature profile saturates at 0.5, indicating that
—Xx to +x, they axis then being perpendicular to the LSC. the temperature drops at the top and bottom plates each con-
Below, we discuss first the general features of the measuregibute half to the total temperature difference across the cell.
temperature profiles, and then examine the variations of thghijs implies that the Boussinesq conditif26—27 is satis-
thermal boundary layer thickness along and perpendicular tfed in our systeni28]. Using encapsulated liquid crystals as
the LSC direction, respectively. thermal imaging particles in water, Gluckman, Willaime, and
Gollub[29] found that the temperature in the upper half of a
near-cubic cell tends to be warmer than the average tempera-
ture of the cell, and that in the lower half it is cooler than the

Systematic measurements were made at 11 positions @verage. Tilgner, Belmonte, and Libchalp&0], in a direct

the x and they axes, respectively. They wepe=—8.5, temperature profile measurement in a cubic cell in water,
—6.5,—4.5,—2.5, and— 0.8 cm(hereafter referred to as the also found this inversion of mean temperature along the cell
“upstream” positiong, andx=0.8, 2.5, 4.5, 6.5, and 8.5 cm height(though the deviation is only about 0.5%). Within the
(hereafter called the “downstream” positionsn thex axis.  experimental uncertainty of our measurement, we do not see
Also, y==*0.8, =2.5, 4.5, =6.5, and=8.5 cm on they  such an inversion in our cylindrical cell. Without knowing
axis, and at the central axis of the cell,y=0,0). Figure 2 the exact circumstances of their measurements, we can only
shows the results from a typical profile measurement at thepeculate that the reason is perhaps due to the geometrical
position x=8.5 cm,y=0 and at Ra=1.58x10'"°, where shape of the cells used in the different experiments. It is
both the mean temperatu&) (open circlegand the rms of known that flow patterns depend strongly on the shape of the
temperature fluctuatioor=((T—(T))?)2 (solid circle are  cell, and that sharp corners in a cubic cell can produce back-
plotted as a function of the vertical distarméom the lower  flows. With the change in flow field, the temperature distri-
plate. In the figure, the mean temperature is subtracted frorhution will be affected, which may result in an inversion.
that of the bottom platd,,, and then normalized by the We found that the mean temperature profiles measured at
temperature differencAT across the cell. The inset shows different x all reach the same 0.5 “plateau” value in the
an enlargement of the region near the plate, where the thickeenter region, while their linear parts have different slopes,
nessdy, of the thermal boundary layer is defined as the disimplying that 6y, changes withx. When the vertical distance
tance at which the extrapolations of the linear part and the is scaled by the thicknes%(x,0), it is found that tempera-
horizontal part of the mean temperature profile intersect. It isure profiles measured at differert but the sameRa all
seen from the figure that the mean temperature profile corsollapse onto a single curve, and this is true for all Ra. Fig-
sists of a linear portion near the plagehere heat is mainly ure 3 shows an example of such a scaled temperature profile
transported by conductidna “horizontal” portion away for Ra=7.19x 10°; note from the figure that data for both
from the plate (zero mean temperature gradient, whichthe upstreamx<0) and the downstreanx{0) positions

A. Scaling property of the temperature profiles
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FIG. 4. Scaled temperature profiles measured along the central x/(L/2) x/(L/2)

axis (x=y=0) of the cell, and at various Ra. In the figure, the

vertical and horizontal axes are normalized the same way as those FIG. 5. Normalized thermal boundary layer thickness vs nor-
in Fig. 3. malized position in the direction of LSC measured at four different

Ra as shown in the respective figures. The arrof@jrindicates the

. . direction of LSC near the bottom plate.
collapse together with those for the central axis=Q) al- P

most perfectly.

In his 2D numerical simulation of hard turbulence, Werne
[22] found that the temperature profile is self-similar when
z/ 5y(X,0)<1, in the sense that profiles for differextand
Ra can be scaled into a single curve. A simple scaling of
temperature profiles with,(x,0) has also been assumedina We now examine the positional dependencedgfx,0).
recent theoretical studyl5]. Thus our results have verified To illustrate the evolution o8y,(x,0) with Ra, in Fig. 5 we
the assumption of Refl5], and in partial agreement with show four sets of the thermal layer thickness variation along
the results of Ref22]. But there are a few important differ- thex axis. In the figure §;,(x,0) has been normalized by the
ences between our profiles and those from the numericahicknessé,(0,0) measured at the central axis of the cell,
study. First, our scaled profiles collapse for the entire rangand x by the radiusL/2 of the cell. The arrow in Fig. (&)
of z (i.e., all the way to the cell center=L/2), not just indicates the direction of LSC near the bottom plate. It is
within the thermal layefin order to show the boundary layer seen from the figure that, at the lowest RBg(x,0) remains
region more clearly, only data points withl §;,<5 were more or less constant except close to the sidewall; as Ra
plotted in Fig. 3. Moreover, it was suggested in R¢22] increases, the thermal layer profile gradually evolves into a
that downstream ok=0 (i.e., for x>0) the profiles do not symmetricV shape which is fully established somewhere
exhibit simple scalingpresumably due to the influence of between Ra=2x 10’ and 4x 10°. Note that the variation of
the downstream sidewallwhich clearly is not the case ex- &y, across the horizontal plate is as much as 60%, which is
perimentally as shown in Fig. 3. quite significant. Thus we have shown experimentally that

More importantly, we found that profiles measured at dif- §;, indeed varies with the horizontal position, as was sug-
ferent Ra cannot be simply scaled to collapse onto a singlgested by numerical simulatid22], and assumed theoreti-
curve. Figure 4 shows scaled profiles measured at the centeally [15]. But some of the predictions of R¢22] were not
of the bottom plate X=y=0) for a few typical Ra, where borne out by our results. For example, the numerical result
only the near-plate portions were plotted for clarity. We havepredicted tha®,,(x,0) nearx=0 is thicker than it is near the
found that scaled profiles for Ra fromx2Lf to 2x 10  sidewall, which is just opposite to what we found. Also,
(using four different cells of aspect rath=0.5, 1, 2.0, and unlike the thermal layer profile shown in Fig(d, the one
4.4, respectivelychange their functional form continuously from the simulation is quite asymmetric about 0. A pos-
in a monotonic fashion like those in Fig. 4. This is in contrastsible reason for the difference is that our experiment is in
to the situation for the velocity field, where it is found that three dimensions, while the simulation is for two dimen-
velocity profiles for different Ra can all be scaled to collapsesions. Although 2D numerical simulatiof30,31] have pro-
onto a single curv¢16,17. This finding is also somewhat duced some of the important features of hard turbulence ob-
different from the experimental result of Belmonte, Tilgner, served in 3D convection experiments, it is probably too
and Libchabef11]. These authors found in gas that thoughmuch to expect that detailed characters such as boundary
the temperature profile is not universal throughout the entiréayer profiles be the same in both two and three dimensions
range of Ra in their experiment, there seems to be tw$32].

“classes” of them: one for those with Ral0® and the other We also found that the exact profiles shown in Figs),5
for Ra>1C%. A possible reason for the difference between5(b), and 5c) were different from different measurements
our result and theirs could be the large difference inbut the general features in Figb (flat central regiohand

Prandtl number in the two experiments; in gas=Br7[11],
which is ten times smaller than that in our system.

B. Thermal layer variations along the LSC
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FIG. 6. Typical thermal layer variations in the direction of LSC  FIG. 7. The sloped/ of the V-shaped profiles vs Ra. The dia-
for Ra >4x10°. The vertical axis is the normalized thickness monds are those obtained by fitting the “upstream” positions, and
om(x,0)/61(0,0), and the horizontal axis is the normalized positionthe circles are those for “downstream” positions. The solid line is
x/(L/2). The two solid lines are respective linear fits to the “up- the fit: M =1.26x 10'1°Ra" 1% for all data points except the down-
stream” (x<<0) and “downstream” &>0) data points for Ra stream datum for the highest Ra.
=1.02¢10%.

thickness will ultimately become uniform at very high Ray-
in Fig. 5(c) (&, is thinnest at the centewere reproducible. leigh numbers. This trend is shown more explicitly in Fig. 7,
While for Ra=4x 10°, the profiles were all reproducible, where the slopeM from the linear fits to the upstream and
like the one shown in Fig.(d). This implies that the spatial downstream data points for Rax 10’ are plotted as a
structure of thermal boundary layers was fully establishedunction of Ra in a log-log scale. We see here that the up-
only for Ra=4x 10°. We attribute this evolution of,(x,0) stream and downstream slopes are essentially the same for
with Ra to the gradual strengthening of the LSC. The argumost Rayleigh numbers, indicating that the variation of
ment here is that as the LSC is fully established, the “down-6y,(x,0) for these Ra is symmetrical about the central axis.
hill” and “uphill” sides of the flow will become more sym- Note that the difference between the upstream and down-
metric. Since the LSC modifies the boundary layers via itsstream slopes for the highest Ra is réhk error bar for the
shear, a symmetric LSC will give rise to a symmetric thermaldownstream point looks particularly large because of the
layer profile. The above argument is also in line with that oflogarithmic scale, it is in fact of the same order as the oth-
Belmonte and Libchab€f33]. By finding a transition of a erg. This can also be seen from Fig. 6, where the profile for
length scaldassociated with the power spectrum of temperathis Ra(inverted triangl¢ appears to be genuinely asymmet-
ture fluctuations near the boundary layet Ra~2x10°,  ric. We do not know whether this implies thag(x,0) will
these authors argued that there is a turbulent transition of theecome asymmetriéand presumably the LSC as welit
large scale circulation at Ral(®, and that the thermal layer higher Ra, as we have reached the highest Ra for the present
above this Ra will be determined by the shear of the LSCcell. For the very limited range of Ra, we have attempted a
instead of buoyancy. We would like to point out, however,power-law fit to all the slopegexcept the downstream datum
that both their argument and ours are somewhat speculativégr the highest Rawhich gaveM =1.26x10'° Ra 1%, as
the fact is that none of the gross features of hard turbulencéndicated by the solid line in Fig. 7.

such as the heat flux and the velocity field of the L&E One question we would like to ask in measuring the off-
mean speed, shear and the viscous boundary layer thigknessentral-axis thermal layers is whether they still obey the
shows signs of a transition around R&0° [16,17. same scaling with Ra as that fo= 0, i.e., would the valu@

In Fig. 6 we plot a few more profiles measured at Rafrom a power-law fit of6,(x,0)~Ra # be still Z, or would
above 4< 10°. The two solid lines in the figure are respective it be some other value that dependssh Figure 8 shows
linear fits to the upstream and downstream data measured &},(x,0) measured at variouspositions as a function of Ra

Ra=1.02x10%, i.e., in a log-log scale, where the upstream and downstream data
are plotted separately ifa) and (b). It is seen thatyy,(x,0)
Sn(x,0 = X c ) for differentx all have a power-law dependence on Ra, but
Sin(0,0) L2 the slope clearly increases with the increasing of the absolute

value of x. In fact, when respective power-law fits were
with the slope and interceptioM = —0.243+0.002 andC made to data for the same the obtained exponents yield
=1.00+0.01 for the upstream data, afdi=0.256=0.002 quite an interesting behavior. Figure 9 is a plot of the expo-
andC=0.99+0.01 for the downstream ones. It is seen herenent 8 versus the normalized horizontal positia(L/2),
that 8,,(x,0) at higher Ra all exhibit th¥-shaped variation where it is seen thaB is close to3 (=0.285) only near the
with x. Moreover, the horizontal variation aof;, decreases central axis of the convection cell, and that it increases sig-
with increasing Ra. This suggests that the thermal layenificantly toward the sidewall, giving rise to a symmetric
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It has been shown experimentally in ddgf] that the point-
wise heat flux at the center of the plate J{0,0) has the

distribution. It is also seen that the off-central-axis values ofsame scalindwith Ra) and approximately the same magni-

B are closer to the “classical” value df Motivated by the

tude as the total normalized heat flux J\& J/[ x(AT/L)],

highly suggestive shape of the data distribution, and unawarehereJ is the actual heat flux through the cell agds the

of any theory predictingd as a function ok, we fitted 8(x)

by a parabolic function g=(0.285-0.002)+(0.083

thermal conductivity of the fluid. By assuming a negligible
thermal leakage for our celB4], we obtained the flud by

+0.006) x/(L/2)]? (represented by the solid curve in Fig. dividing the heater input power by the cross-sectional area of

9). Note that the fitting incidentally producgs=0.285 atx

=0.

the cell, Ny, was then calculated from, and the measured
temperature differencAT across the cell. Figure 10 shows

We now discuss the implications of our results. Using theNuy; (circles as obtained above, (0,0) (squares con-
measured thermal layer thickne§g(x,y), one can define a verted from the measuredsy(0,0), and (Nuy(x,0))
pointwise Nusselt numbgd4,15,

0.36

0.34

0.32

0.30

FIG. 9. The fitted scaling exponeng? for the thermal layer
thickness vs the normalized positioi(L/2) in the direction of

LSC.

NUp(X,y) =

L
26n(x,y)

0.0
X/(L/2)

1.0

=L/2(5(x,0)) (diamond$, where(8y(x,0)) is the simple
arithmetic average of the 11 thermal layer thicknesses ob-
tained along thex axis. The two solid lines in the figure are
power-law  fits:  Ny=(0.19+ 0.01)R&-28020.06  gngd
Nuy(0,0)=(0.23+0.02)RP2850%4 to the corresponding
data respectively. Thus Ny and Nuy(0,0) have similar
power-law dependences on Ra but quite different ampli-
tudes, and this cannot be accounted for by any possible heat
leakage in the convection cdB5]. It is also seen from the
figure that the averaged pointwise Nusselt number
(Nup(x,0)) becomes very close to Ny We like to empha-
size here, however, thaNu,(x,0)) falling almost on top of
Nu,: IS probably a coincidence, since it is the true two-
dimensional averagéNuy(x,y)) over the entire conducting
plate that should be equal to the truly measureg,Nand

we have neither in the above. Thus the fld®({ 5;,(x,0)) in

the figure shows only qualitatively what kind of corrections
is needed in order to connect the local thermal layer with the
overall heat flux. Nevertheless, our results suggest that the
thermal layer measured at the center of the plate is not suf-
ficient to characterize the global heat flux in a quantitative
way, at least for water in the present range of Ra. The fact
that 8 is also position dependent tells us that caution must be
taken when measuring scaling properties for local quantities,
and relate them to those for global quantities, or generalize
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FIG. 11. Normalized thermal layer thickness vs normalized po- We denote the separat!on _between_ the wo peaks in Fig.
sition in the direction perpendicular to LSC measured at four dif-ll(d) asw, and associate it with the width of the LSC. Our

ferent Ra:(a) 2.47x 1%, (b) 5.65<10%, (c) 1.19x1(°, and (d)  argument here is similar to that given in Sec. Il B, which

7.19x 10°. See text for the definition of in (d). assumes that the LSC modifies the thermal layer via its
shear, and thus the structure of the boundary layer reflects

the obtained results to the whole cell. Another interestingn® morphology of the LSC. Here we argue that the LSC

point to note from Fig. 10 is that Ny~ Ra?7 and 8,,(0,0) orms a band of widthw, since the LSC is stronger in the
~Ra~?7 imply that the two-dimensional average e center and that as it decays toward the edge it produces the

trough for the profile of6,(0,y). Note that, near the side-
L[ dxdy wall, &y, decreases again; we thi'nk this is probably due to the
(Nu(X,y))= _f (3)  “secondary” flows near the horizontal platésbserved, for
. 2) on(x.y) example, when we were searching the direction of LSC us-
ing the light string. These are shown schematically in Fig.
should produce thé scaling with Ra, since the average 12, together with the main circulating flow. The origin of
pointwise Nu must be the same as the total Nu. Xhde-  these secondary streams are likely to be some branches from
pendence of3 shown in Fig. 9 does not seem to guaranteethe main shear flow, but their strengths are much weaker. In
that the above will be automatically satisfied, and it remainghe figure the LSC is depicted to form a band of finite width
to be experimentally tested. which we assume to be directly related to the widttde-
fined in Fig. 11d). It is known that the LSC advects thermal
plumes between the two conducting plates. Figure 12 thus
suggests that the plumésr other coherent thermal objegts
We now look at the positional dependencedf in the  are advected between the top and bottom plates by the LSC
direction perpendicular to LSG/(axis). Like those measured when they areinside the main circulating streanithe
along the direction of LSC, the variation of, with y does  “band”), and that they traverse vertically across the cell
not show a systematic trend for Ra below 40°. In Fig. 11,  (and carries heat flux with themvhen they areutsidethe
we show four plots of the normalized thermal layer thickness‘band” of LSC. If this is indeed the case, then it could offer
6n(0y)/ 61(0,0) as a function of the normalized position an explanation as to why the LSC in the model of Shraiman
y/(L/2) along they axis, which shows the evolution of the and Siggia [7] (which essentially ignores the thermal
thermal layer profile from low to high Ra. The direction of plumeg is not able to carry all the heat flux across the con-
the LSC in this case points out of the paper. It is seen that agection cell[14,17]. To verify the picture depicted in Fig. 12,
the Rayleigh number increases, the seemingly “random’velocity measurements are currently underway to map out
variation of y,(0,y) with y becomes more and more system- the spatial structure of the LSC.
atic. Finally, anM-shaped profile emerges at higher Ra. Figure 13 shows a few typical profiles measured at higher
Similar to the situation along the direction of LSC, we found Ra, the dotted lines connecting the symbols in the figure
that the exact profiles of the thermal layer for<Ré&x 10°, serve to guide the eye. Figure(dBare theM-shaped varia-
such as those shown in Figs. (&), 11(b), and 11c), were tions of &;,(0y) with y, while in Fig. 13b), for Ra >1
different from different measurements, but that the generak 10'°, the layer thickness rises toward the edge giving rise
feature thatdy, is the thinnest at the center is quite reproduc-to a triple V-shaped variation. With the limited range in Ra
ible. However for Ra4 X 10°, such as the one shown in Fig. and limited spatial resolution, it is difficult to judge whether
11(d), the variations of5,,(0,y) with y are all reproducible. there is a transition around Ré x 10'°. We plot in Fig. 14
This is consistent with our earlier observation that the spatialhe separatiow between the two peaks as defined in Fig.
structure of the fluctuating,,(x,y) is stabilized for Ra above 11(d) as a function of Ra in a log-log scale. It is seen that
4X10°, with the very limited range of Ray seems to follow a power

C. Thermal layer variations perpendicular to the LSC
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FIG. 13. Thermal layer variations in the direction perpendicular
to LSC for Ra>4x 10°. The vertical axis is the normalized thick-
ness 6y,(0y)/ 6n(0,0), and the horizontal axis is the normalized
position y/(L/2); the dotted lines simply connect the symbols to
guide the eye(a) shows typical profiles for & 10°<Ra<1x 10%,

and (b) shows those for Ra1x 10°.

law of Ra as indicated by the fitting liney=2.7x 10%
Ra 16 We like to emphasize here that because of the very™
limited spatial resolution along the axis, there could be

large errors for the apparent position of the peaks, and thi
limits the significance of the obtained exponent. Still, we ar
surprised to see how well the data points follow the powe
law. If the identification ofw as the width of the LSC is

valid, then Fig. 14 suggests that the width of the LSC de
creases with increasing Ra, which implies that therm
plumes will play a larger role in carrying heat flux across the

04

02 r

0.1 :

5x10°

101
Ra

2x101°

FIG. 15. Thermal boundary layer thicknegg(0,y) measured
alongy axis as a function of Rga) Those for they<<0 positions.
(b) Those for they>0 positions. The solid line in both figures is a
power-law fit to the layer thickness at the center of the bottom plate:
51(0,0)=425Ra %285 (mm).

cell as Ra increases. This observation is also in line with
results from a recent measureméeb®] of the viscous shear
rate y in the boundary region, where it was found that
Ra%% instead of the theoretically predicted
y~Ra®"~Ra’® [7,22]. This later theoretical result was a
girect consequence of assuming that the LSC carries all the
eat flux with thermal plumes playing a negligible role
14,17.
We now examine the Rayleigh number dependence of the

measured thermal layer along thalirection. It is seen from

a‘Eig. 13 that the magnitude of variation &, decreases sig-

ificantly as Ra increases, from close to 40% to about 10%
at the highest Rathe trend seems to be reversed in Fig.
13(b), but with only two sets of data, it is difficult to tell
whether this is a fluctuation or the start of a new trefdius
the thermal layer thickness in the direction normal to the
LSC will ultimately become uniform at very high Rayleigh
numbers, just like the case along the direction of the LSC.
Combining the results for both the andy directions, we
infer that, for the current range of Ra, the thermal layer
thicknesséy, varies significantly in all directions along the
horizontal plates of the convection cell, but will become uni-
form at very high Rayleigh numbers. In Fig. 15, we plot the
measuredy,(0,y) at variousy positions as a function of Ra
in a log-log scale, where data for negative and posijivse
plotted separately in Figs. (@ and 1%b). The solid line
in Fig. 15a) represents a power-law fitsy= (425
+20)Ra 9285004 (mm) to the thermal layer at the center of
the bottom platecircles [also shown in Fig. 1)], and no
attempts were made to i, at othery positions because of
the large data scatter. But from the fact that the variation of

FIG. 14. The separatiow between the two peaks in the profiles i, With y changes with Ra as shown in Fig. 13, it is reason-
shown in Fig. 11 vs Ra. The solid line is a power-law ¥it=2.7  able that the scaling exponeftdepends ory, and in general
X 10"°Ra~ 18 to the first four data points. will not be £ at positions other thagp=0 (andx=0).
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IV. CONCLUSION ~Ra #™_ with a value of 8(x) that changes significantly

We have measured the temperature profiles and the thefith X (and possibly withy), and equalg only at the central

mal boundary layer thickness as a function of the RayleigXiS =0, y=0) of the cell. This implies that scaling rela-
number Ra at various locations on the bottom plate of dions obtained at the center cannot be simply generalized to

cylindrical convection cell, both along the direction of the Other locations, and that care must be taken when relating

large-scale circulatiofLSC) and perpendicular to it. The these local results to the global properties of the turbulent

temperature profiles measured at different horizontal posil®W- The experimental results presented in this paper dem-

tions along the LSC for theameRa are found to be self- onstrate that the hard-turbulence regime in thermal convec-

similar once the vertical distaneds scaled by the respective 10N iS & complex phenomena with many rich features, and

thermal layer thickness,(x,0), whereas those measured atmost .Of the existing models provide only a partial under-
differentRa do not have a universal form. The thermal IayerStandlng of this turbulence state. The data presented here

thicknesséy,(x,y) was found to vary at different horizonta
positions, and by as much as 60%. For Rax 10°, a V-
shaped profile was found fa;, in the direction of the LSC,
while for the direction perpendicular to the LSC i

shaped profile was found. We associate the observed boun
ary layer profiles to the morphology of the LSC, and sugges

| provide important information and constraints for the formu-

lation of future theoretical models. Clearly, to have a com-
plete understanding of the interplay between the large-scale
circulation and the heat flux, one needs to map out the full

e boundary layer region in future experiments.

qqpatial structures of the temperature and the velocity fields in

that the LSC forms a band with a width that decreases with

Ra.
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