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Measured Velocity Boundary Layers in Turbulent Convection
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Direct measurements of the velocity boundary layer in turbulent convection have been carried out
using a novel light scattering technique. The experiment reveals that the velocity prefile as
a function of the distance from the lower surface of a convection cell has an invariant form
v,(z) = v, f(z/8,) over varying Rayleigh numbers (Ra). It is found that the scaling velogjty
the viscous boundary layer thickness, and the shear rate all obey power laws of Ra, i.e.,
v, ~ R&3, §, ~ Ra®% andy ~ R&%. [S0031-9007(96)00765-X]

PACS numbers: 47.27.Te, 05.40.+j, 42.25.—p

The discovery of the hard turbulence regime [1] inby measuring the time required for the particles to cross
Rayleigh-Bénard convection has attracted much attentiothe two parallel beams in succession. Experimentally,
in recent years [2]. The hard turbulence state at thé¢his transit time is obtained from the cross-correlation
Rayleigh number Ra> 4 X 107 is characterized by scal- function

ing laws in the heat flux and temperature statistics and I, (L (' + 1)
also by a coherent large-scale circulation that spans the g.(t) = b /g ~ =1+ BG.(), (1)
height of the convection cell. It has been widely recog- Iy (1) (T (1)

nized that the thermal and viscous boundary layers neajetween the scattered intensitigs(t) and]g(t), from the

the upper and lower surfaces of the cell play an imporplue and green beams, respectively. In Eq. @)= 1)

tant role in determining the heat flux and temperaturgs an instrumental constant. Because there is no phase
statistics [3—5]. Direct measurements of the boundargoherence betweet, and I, g.(t) is sensitive only
layer properties, therefore, become essential to the undefo the scattering amplitude fluctuations produced by the
standing of convective turbulence. In contrast to manyseed particles moving in and out of the laser beams.
thermal boundary layer measurements [3,4,6], howevekor a uniform flow with the velocity in the direction
experimental information about viscous boundary layergerpendicular to the laser beant,(z) in Eq. (1) has the

in turbulent convection is limited. The lack of the ve- form [7] G.(r) = %e*[@’*")/’o]z,wherero is the radius of

conventional methods for measuring velocity, such as hoty the scattering volumes. For a turbulent flasi.(¢)
wire anemometry and laser Doppler velocimetry (LDV), hecomes [7]

are not suitable for thermal turbulence. Recently, Tilgner

et al. have used an imaging technique to measure the ve- G.(1) = 1 ] dv P(v)e 1@ =0/nP
locity profile near the top plate of a cubic cell filled with ¢ N
water [6]. Because of the cumbersome procedure of the e~ wot =0 /[ +2(o1)*]
i = . 2
method, the velocity measurements were conducted only NVL T 201 mR 2

at a single value of R&=10°).

In this Letter we report results of direct measurementsn the above, the probability density function (PDiR)v)
of the velocity boundary layer properties for turbulentof the local velocityv has been assumed to be of a
convection in water with Ra ranging from 4@ 10'°.  Gaussian form withv, being the mean velocity and
A novel light scattering technique of dual-beam cross-o the standard deviation. Because it can distinguish
correlation spectroscopy [7] is used to measure thevhich of the two parallel beams a seed particle traverses
velocity profilev(z) as a function of the distancefrom  first, the dual-beam method is sensitive to the flow
the lower surface of the cell. In the experiment twodirection.
parallel laser beams with a known separaticare shone The convection cell used in our experiment was vertical
through the convecting fluid. The two beams are thecylinder with its inner diameter and height being 19 and
blue and green lights from an argon-ion laser operated9.6 cm, respectively. The upper and lower plates were
under the multiine mode. The fluid is seeded withmade of copper, and their surfaces were gold plated.
neutrally buoyant latex spheres 005 um in diameter. The sidewall of the cell was cylindrical ring made of
These particles scatter light and follow the motion of thetransparent Plexiglas to admit the incident light and
fluid. The velocity of the seed particles is determinedtransmit the scattered light. The temperature of the upper
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plate was regulated by passing cold water through a LA B L
cooling chamber fitted on the top of the plate. The lower 1.03
plate was heated uniformly at a constant rate with an

embedded film heater. The temperature differedde

between the two plates was measured by two thermistors 1.02
embedded in the plates. The control parameter in the
experiment is the Rayleigh number Raagh’AT /v«,

with « being the thermal expansion coefficient,the 1.01
gravitational acceleratior; the height of the cell, and

and « the kinematic viscosity and the thermal diffusivity
of the fluid, respectively. Our measurements of the .00 &
Nusselt number Nu (the normalized heat flux) as a
function Ra can be well fitted by the power law Nu
(0.14 = 0.01)R&P2=0004 " \when 108 = Ra= 2 x 10'°,

The measured scaling exponent agrees well with previous
measurements [1,3,8]. FIG. 1. Measured GCB (circles) and BCG (squares) cross-

The optical setup of the experiment has been detailedorrelation functions g.(tf) at Ra= 1.82 X 10° and z =
elsewhere [7], and here we only mention some key points3.0 mm. The solid curve is a fit by Eq. (2).

A lens was used to focus the two laser beams emerging

from a prism into the convection cell. The two beams

become parallel after passing through the lens, and theyas measured. The cell was also rotated about its central
were horizontally shone through the center of the cellvertical axis so that a maximum value @f was achieved.

A second lens was placed at O@ith respect to the It is seen from Fig. 1 that the measured GCB is a singly
incident direction of the beams, and projected the imaggeaked function, whereas the BCG is approximately zero
of the scattered beams in the cell onto an adjustablat all delay times (the BCG shows a slight hump at the
slit with a 1:1 magnification. The width of the slit was noise level, and it is too small to be resolved). Figure 1
set at 0.3 mm. The slit was so positioned that onlycan be understood as follows. Because the seed particles
the center portion of the scattered beams was seen Hiyst pass the green and then the blue beams, deldying
two photomultipliers (PM), which were placed far behind with a time interval equal to that for the particle to cross
the slit. Aided by a beam splitter and two interferencethe two laser beams will give a nonzero intensity product,
filters, the two PM’s were used to recorti(r) and (I,(t')I,(t' + t)). For other delay times the average of
I, (1), respectively. The output pulse trains from the twothe intensity product is zero, since the delay time does not
PM's were fed to a digital correlator, which gives(r).  match the beam crossing time. Obviously, for the same
Because the acceptance angle of the receiving optics flow direction, BCG is zero becaudg(s) is delayed in a
large enough, small amplitude beam wandering in thevrong direction. The solid curve in Fig. 1 shows the fit
convecting fluid will not affect the measurementgfr). to Eq. (2) withvg = 0.89 cm/s ando = 0.3 cm/s. |t
The entire convection cell sat on a rotation-translationals found that the measure@.(¢) at different values of
platform, with which one could rotate the cell about itsand Ra can all be well fitted by Eq. (2). Figure 1 thus
central vertical axis to change the direction of the largesuggests that, is essentially unidirectional near the
scale flow relative to the incident laser beams. The celboundary, and its PDFP(v) is of Gaussian form.
could also be moved vertically to change the distance Gaussian-like velocity PDF’s have also been found in the
between the beams and the lower surface of the cell. Theentral region of the cell [9]. The vertical velocity, is
orientation of the plane defined by the two beams waslso measured near the boundary at various Ra. Within
adjusted to be either parallel or perpendicular to the lowethe sensitivity of the technique, we find, to be negligi-
surface, so that the horizontal and vertical components dfle. This confirms a previous observation [6] that near
the velocity could be measured, respectively. The bearthe boundaryy, is the dominant component of the local
separation’ was fixed a0.22 = 0.01 mm. velocity.

Figure 1 shows two cross-correlation functions mea- We now discussv,(z) at various Ra. Figure 2(a)
sured simultaneously at Ra 1.8 X 10°, with the shows the measured,(z) at Ra= 9.24 X 10%. The
correlator being operated under the “dual-cross” modevalues of v,(z) were obtained by fitting the measured
The circles represent a “green-cross-blue” (GCB) correG (1) by Eq. (2). It is seen thavy(z) increases with
lation function(Z,(¢')I,(¢" + t)), in which the measured z for small values ofz. After it reaches the maximum
I,(r) was delayed relative td,(r). The squares rep- valuev,,v,(z) decays when is further increased toward
resent a “blue-cross-green” (BCG) correlation functionthe cell centefz = 9.8 cm). Note thatv,(z) in Fig. 2(a)

(I, (") 1,(¢" + 1)). In this measurement the two beamsdoes not decay to zero at the cell center. This is because
were oriented such that only the horizontal veloaitydi-  G.(r) measures the particle velocity only in one direction,
rectly above the center of the lower platezat= 3.0 mm  and like many other time-of-flight velocimeters, the dual-
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z (mm) thickness§, of the viscous boundary layer is defined
0 25 50 75 100 as the distance at which the extrapolation of the linear

08{‘"& L part of v,(z) equalswv,, or simply 8, = v,/y. It
) .

is found that the measured velocity profiles(z) for
‘teage., Poe § different Ra can all be brought into coincidence, once
0.4 - the velocityv,(z) is scaled byv,, and the distance is
| scaled byés,. The plot of v, (z)/v,, vs z/6, is found
@ to remain invariant, and only,, and §, change with
0.0 ——=—"—"F———" Ra. Figure 2(b) shows typicab,(z)/v,, as a function
1.0 Hpagf ofO JBA g a - of z/8, for four values of Ra. The scaling behavior of
ﬁw ° AZ il the measured,(z)/v,, suggests that the law of the wall
[10] applies to the velocity boundary layers in turbulent
convection. However, there is a significant difference
® ] between thermal turbulence in a closed cell and turbulence
in open flow systems such as in a pipe. As discussed
0 2 25 4 6 in the above, the mean velocity in the core region of
. - )
turbulent convection is zero, whereas in most open flow
FIG. 2. (a) Measured horizontal velocity,(z) as a function Systems this velocity reaches maximum. The fact that the
?g)tfée O:iSéaﬂce; l‘rotmI th? bggttom fpllatt? ;l/t Re 9-24f>< l(t)f‘- nonzero mean velocity is confined mainly in the near-wall
caled horizontal velocity profiie,(z)/v, as a lunction  yregjon suggests that the size of the large-scale circulation
of z/8, for four values of Ra2.86 X 10° (circles), 9.24 X . .
1081(/squares)3.6 X 10° (triangles), and9.34(>< 10° )(inverted (i.e., the cell heightr) cannot be used as a sec_ond
triangles). length scale much larger thaf, for the asymptotic
analysis [10] of the velocity boundary layers in turbulent
convection. As a result, there is little range for the inertial
beam method has a low-velocity cutoff.. Below v.  sublayer, in which the velocity profile is of logarithmic
the seed particles will have an increasing probability toform [10].
change their direction of motion (due to Brownian and We now examine the Ra dependence of the charac-
turbulent diffusion) during their flight between the two teristic quantities for the boundary layer,,, vy, and
laser beams. As a result, the particles may never cros$,. The circles in Fig. 3 represent the measungg
the two parallel beams in succession and their motioms a function of Ra. The data are well described by
will not be registered byG.(r). For out experimental v, = (3.1 = 0.7) X 10°R&=0% ¢ /s (upper solid
setup, v. is small (<0.2v,) near the boundary, but it line). If the Peclet number Pe=v,,ih/k) is chosen as
becomes significant at the cell center where the meaa dimensionless velocity, we find from Fig. 3 that Pe
velocity vy = 0. Because of the velocity cutoff, the 0.4R&7. To understand the spatial structure of the flow
measuredG.(r) at the cell center only samples large field, we compare our velocity measurements with those
velocity fluctuations (rare events), and small velocitynear the sidewall of a cell far away from the upper and
fluctuations (the most probable events) are left out. Thishe lower plates [11]. The measured velocity near the
explains why at the cell center it took a much longersidewall is found to obey a power law of Ra, and the
time to accumulateG, () with good statistics. In fact, obtained exponent and amplitude are very close to our
as we move the beams toward the cell center, the BC@easuredv,,(Ra) near the boundary. With these two
gradually changes its functional form into a singly peakedocal measurements we conclude that the measuyged
function similar to the GCB shown in Fig. 1. In the is the speed of the large-scale circulation that sweeps
central region the measured GCB and BCG becomever the surfaces of the cell and shears the thermal
identical, indicating that the flow velocity fluctuates boundary layers [2]. Figure 2 clearly shows that this
symmetrically in two opposite directions. From the abovelarge-scale circulation is confined mainly in the near-wall
discussion, it becomes clear that the dual-beam methoggion and has a width of56,, within which the ve-
works best wherv is much larger than the standard locity is approximately a constant. The direction of the
deviationo (e.g.,vg = 30). The velocity boundary layer circulation is found to remain unchanged during the mea-
measurements reported in this Letter were all conductedurements over the entire range of Ra. The power law
under this ideal condition. It is found that whep = 30, behavior of the measured,,(Ra) could be explained if
the fitted values ofv,(z) from Eq. (2) are very close to one assumes that,, is proportional to the free-fall ve-
those determined directly from the peak position of thelocity v, = (aghAT)"/? = 1.9 X 107*Ra/? cm/s. The
measureds.(z). fact that the measured,, has a smaller amplitude than
As shown in Fig. 2(a), the measureg,(z) near the v, can be attributed to the dissipations in the real system.
boundary can be well described by a linear function ofin Fig. 3 we also plot the standard deviatiot),(Ra) for
z with a zero intercept (nonslip boundary condition). Thev,, (squares). The values af, were obtained by fit-
slope of the linear function is the shear rafe The ting the measured.(r) by Eq. (2). The lower solid line
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FIG. 3. Measured maximum horizontal velocity, (circles)
and its standard deviatiomr,, (squares) as a function of Ra.
The solid lines are the power law fits.

FIG. 4. (a) Measured shear ratg versus Ra. The solid
line shows the power law fity = 2.6 X 107 °R&%. (b)
Measured viscous (circles) and thermal (squares) boundary
layer thicknesses versus Ra. The solid lines represent the power

. 4 law fits 8, = 10Ra %16 déy = 70.0Ra ¥ .
represents the fitr,, = (7 = 4) X 107 °R&-0*0.04 ¢m/s, aw s & cmandom a - em

Figure 3 thus reveals that, for the large-scale circula- ) )

tion, the ratio of the standard deviation to the mean i&/iScOus boundary layer in our working range of Ra [5].
om/Um = 22% and is independent of Ra. The measured-learly, if the current trend foé, (R&) and 6 (Ra) con-
power law exponent forr,,(Ra is close to that found at UNUes, the viscous and thermal boundary layers would

the cell center [9]. not crossover at higher Ra.
Figure 4(a) shows the measured shear rateas a . W€ thank E.S.C. Ching and J.H.H. Perk for help-
function of Ra. The data are well described ky= ful discussions. Support of this work by the Research

(2.6 = 0.5) X 10~°R&66=001 51 (solid line). With the Grants Council (Hong Kong) is gratefully acknowledged.
measuredy(Ra) and Nu(Ra), we find Nu- y**. This P. Tong was supported by the National Science Founda-

result does not support the scaling relation Nuy!/3, ~ tion under Grant No. DMR-9312398.
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