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Viscous boundary layers at the sidewall of a convection cell

Xin-Liang Qiu and Ke-Qing Xi&
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(Received 25 February 1998

Profiles of both the mean value and the standard deviation of the local fluctuating velocity were directly
measured near the sidewall of a cubic convection cell using water as the working fluid. Scaling laws with the
Rayleigh number Ra for various boundary layer quantities have been established over the range of Ra from
10°-10'° and were found to be substantially different from those near the horizontal conducting plates where
large temperature gradients exist. This in turn signifies the interplay between the temperature and the velocity
fields at the horizontal plates. The length scale associated with the root-mean-square velocity is found to be
analogous to the thickness of the wall layer, while the length associated with the mean velocity is analogous to
the thickness of the boundary layer, in conventional wall-bounded shear flows. Our measurements also reveal
that the large-scale circulation is quite uniform over a large region on the sidewall plate.
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[. INTRODUCTION ents (thermal boundary layersexisting at the upper and
lower surfaces are absent at the sidewalls. Thus, a compara-
; ) . 1aturgye study of the viscous boundary layer properties at the
of turbuleqt cc.Jnvectlor[l—4].'An important discovery N sidewall and at the conducting surface will provide insight
these studies is the observation of a new turbulence regimg; the interplay between the thermal and velocity fields.
in Rayleigh-Beard (RB) convection[1,2]. This so-called  gecondly, measurements of the velocity field at different lo-
hard-turbulence state occurs when Ra is greater than @ations of the convection cell will provide us with a more
X 10" and is characterized bj) a scaling relation between detailed picture on the spatial structures of the large-scale
the Nusselt numbefthe dimensionless heat flwand the circulation and the flow field in the cell. The first velocity
Rayleigh number with a nonclassical exponent, i.e., Numeasurements at the sidewall in the hard turbulence regime
~R&", (i) the exponential form of the probability density was done by Sano, Wu, and Libchabg8] in low-
function for temperature fluctuations at cell center, &g  temperature helium gas, which was accomplished by deter-
the existence of a coherent circulation that spans the heighmining the time delay in temperature signals from a pair of
of the convection cel(the so-called large-scale circulation bolometers. Using this method, these authors obtained the
It has been widely recognized that the thermal and viscougagnitude of the large-scale circulation and its scaling with
boundary layers near the upper and lower surfaces of the céfa. By placing the bolometer pair at varying distances from
play an important role in determining the heat flux and tem-the wall, they were also able to obtain a qualitative behavior
perature statistics in the hard turbulence reg#e6]. Re- for the profile of the vertical mean velocity. However, be-
cently, we have carried out direct velocity profile measurecause of the nature of the technique it was not possible for
ments near the bottom plates in four convection cells othem to obtain velocity profiles with sufficient precision and
cylindrical shape, with a combined range of Ra that spangesolution such as the associated boundary layer quantities
from 1CF to 10" [7,8]. Our results show that the mean value (shear rate, viscous layer thickngsan be extracted.
and the standard deviation of the fluctuating velocity have We present below results from direct measurements of the
the same scaling behavior outside the boundary region bwelocity profiles at the sidewall of a cubic cell with the Ray-
have quite different behavior inside the boundary layereigh number(Ra varying from 16 to 10" using water as
where large temperature gradient exists. The measuremeritie working fluid. Measurements were also made at various
also suggest that the thermal boundary layer has a stronglfications on the sidewall plate both along and perpendicular
effect on velocity fluctuations than it does on the mean velo the vertical mean flow direction.
locity [8]. The rest of the paper is organized as follows. In Sec. Il,
To further study the interplay between the velocity andwe give detailed descriptions of our convection cell and the
the temperature fields in the boundary layer region, we havéethod used for local velocity measurements. The experi-
undertaken to measure the velocity boundary layer propertie®ental results are presented and analyzed in Sec. lll. We
near the sidewall of a convection cell. The purposes for measummarize our findings and conclude in Sec. IV.
suring the velocity field near the sidewalls are twofold. First,
the shear and the viscous layer at the insulating sidewalls and
at the conducting surfaces are created essentially by the same
large-scale circulatiof3,7], but the steep temperature gradi-  The convection cell is a cube of dimensibs 25 cm, the
aspect ratio is thus 1. The upper and lower plates were made
of copper and their surfaces were gold plated. The sidewall
"Electronic address: kxia@phy.cuhk.edu.hk of the cell is formed by gluing together four transparent
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Plexiglas plates. The top and bottom plates and the sidewall c
were held together by stainless steel posts with Teflon spac-
ers at the eight corners. The temperature of the upper plate
was regulated by passing cold water through a cooling cham-
ber fitted on top of the plate. To ensure uniform temperature
distribution across the plate, spiral channels have been cut on
the back of the top plate so that incoming and outgoing water
pass each other inside the plate. The lower plate was heated
uniformly at a constant rate with an imbedded film heater.
The temperature differenc®T between the two plates was
measured by four thermistors imbedded inside them, two in
each one. The measured relative temperature difference be-
tween two thermistors in the same plate was found to be less
than 1% for both plates at all Ra, indicating that the tem-
perature was uniform across the horizontal plates. The con-
trol parameter in the experiment is the Rayleigh number Ra
=agL3AT/vk, with g being the gravitational acceleration, 9y 2 )
L the height of the cell, and, v, and x being, respec- e (ot~ )Mo+ (et
tive!y the thermal expansion_cpefﬁcient, the k_inematic vis- NVI+2(otlrg)?
cosity, and the thermal diffusivity of water, which was used

as the convecting quid.. During our e>.<periment, the averag‘%vherero is the radius of the beami, the average number of
temperature of water in the convection cell was kept neaggeq particles in the scattering volume, angdand o are

room temperature and only the temperature difference acrogggpectively, the mean value and the standard deviation of
the cell was changed. In this way, the variation of the Prandt},o fluctuating velocity.
number P v/« was kept at a minimum (B¥7). , During the experiment, the convection cell sat on top of a
The technique oflual-beam incoherent cross-correlation iyree-dimensional translation stagwecision 0.01 mm so
spectroscop}9] was used to measure the mean value and thg, 4t the relative position between the laser beams and the
standard deviation of the local fluctuating velocity in the gjjewall can be easily adjusted. By fitting EQ) to the
convection c_eII. Since the technique and its application tQneasured cross-correlation function, the mean vaand
RB convection have been well documented elsewherg,e standard deviation of the local velocity PDFP(v)
[9,7,8, we give only a brief description below. were obtained. It is found that the measu@gt) at differ-
The principle of the technique is simple — it involves gt ajues of Ra can all be fitted well by E@), indicating

measuring the time for a small seed particle having a velocg ¢ the velocity PDF is indeed of Gaussian form as was the
ity v in the flow field to cross two parallel laser beams in 556 in the cylindrical ce[17,8].

succession. The two laser beams have different colors and 14 getermine the direction of the large-scale circulation

are separated by a known distanc¢~0.1 mm). Experi- (| 5c) we employed the following method. After the con-

mentally, this transit time, or delay time, is determined fromyective motion was fully established, a thin stainless steel

the intensity cross-correlation function tube (diameter~1 mm) with a very light string attached to
its end is inserted into the convection cell; near the horizon-
tal plate of the cell, the flow is unidirectional, so the string

=1+ BG,(1), (1) follows the flow and. .indicates its dire_ction. Usi_ng this
method, we have verified that the LSC in the cubic cell is
indeed along the diagonal directions near the top and bottom
plates as was observed by Zocehial. [10].

wherel, and |4 are the scattered light intensities from the

two parallel peams, ang(<1) is an mstrumentaliconstant. Ill. RESULTS AND DISCUSSION

In our experiment, the two beams are the blue light and the

green light from an argon-ion laser operated under the mul- For ease of presentation and discussion, we first define the

tiline mode. Because there is no phase coherence betiweencoordinate system for the experiment. As is shown in Fig. 1,

andly, the functiong(t) is sensitive only to the scattering the origin of our Cartesian coordinates is at the center of one

amplitude fluctuations produced by the seed particles movingf the sidewall plates of the cell. The arrows indicate the

in and out of the scattering volumes. Since the separatiofiow direction of the LSC. In the experiment, the two parallel

between the two laser beams is smaller than the typical sizZeser beams were shone through the cell along tiweis with

of thermal fluctuations, the associated refractive index fluctheir plane parallel to the sidewall plafeBCD. The mea-

tuations will not cause significant changes in the beam sepaured velocity profile is then the vertical velocity (hereaf-

ration. With a large acceptance angle of the receiving opticser simplyv) as a function of the distance from the side-

small amplitude beam wandering in the convecting fluid will wall.

also not affect the measurement @f(t). For a turbulent As a characterization of the cubic cell, we show first in

flow with the probability density functioPDF P(v) of the  Fig. 2 the measured Nusselt humber as a function of Ra

local velocityv assumed to be of a GaussidB,(t) in Eq.  (squarey those measured from an aspect-ratio-1 cylindrical

(1) has the forn{7] cell (circles are also shown here for comparison. Since the

FIG. 1. Schematic drawing of the coordinate system and the
ge-scale circulation in the convection cell.

Gc(t):

2

_(Ip(t)Ig(t"+1))
(R



488

XIN-LIANG QIU AND KE-QING XIA

PRE 58

T T T oo T T T I TTII T
: O cylindrical cell : 6
O  cubic cell
- 1 1
9
102 | 3 QE |
2 f ] S |
RO) 0o e & o ¢
101 [ R WEEET | Lo el 1 . OO%W%OV 8
10 10° 10" £ 08 g@ S Ra=172x10° ]
Ra > - O Ra=5.77x10° |
. : ° 04 v Ra=7.77x10° ]
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cubic cell (squarey and those from an aspect-ratio-1 cylindrical 0.0 , | . ! .
cell (circles. The solid line is a power-law fit: Nu0.19 R&28 o 5 4 6

v/3,

cylindrical cell also uses water as the convecting flid., FIG. 4. Scaled mean velocitie) and the corresponding rms
the same By the fact that the two data sets fall on top of yecity (b) profiles measured at four different values of Ra.
each other suggests that the total heat transport is indepen-
dent of the geometric shape of the cell as long as the aspeggmmy 8,=vnlvy,. As in Ref.[8], if we take s as a char-
. . . . . . . v m v . 3
ratio is the same. The solid line in the figure is a power-lawcreristic velocity scale, then another set of viscous boundary
fitof Nu =0.19 R& 2620 to the combined data set, and the |5yer quantitiesy,, o, and 8, can also be defined and
scaling exponenp(=0.28) is in excellent agreement with ,piained from the rms velocity profile(y) as depicted in
most experimental results from various fluid systems anq:ig. 3, where the slope for the linear partefy) is v, , and
cell;. . . . , O,=0mlv,. It is seen from Fig. 3 that the two viscous
Figure 3 shows a typlcgl vertical velocny profite(y) boundary layer length scale, and §,,, are very close to
(dotg and the corresponding standard deviatléhe s o401 other, which is different from the situation near the
value of velocity fluctuationsr=((v—(v))%)™ hereafter pqm plate of the cylindrical cefl8]. We will see below

simply referred to as r(;r;s velocityprofile o(y) (circleS  a¢ the Ra dependence of the two length scales is also dif-
measured at Ra5.77x10". To allow for close examination feent from those obtained at the conducting plates. For the

of the boundary layer region, only the near-wall portion Ofpresent Ra £€5.77x10°), the values for the two length
the profiles are shown in Fig. 3. The complete profiles havees ares. =2.69 mm ands.=2.16 mm.
the same general features as the ones measured near the botyy,4 melésured velocity grofiles also have an invariant

tom plate of a cylindrical cel[7,8]. From the measured ve- form, i.e., v(y) for different Ra all collapse onto a single

locity prof|le_, three bgundary Iaye_r quantities can be EXcurve, oncev(y) is scaled by the characteristic velocity,
tracted. As is shown in Fig. 3, a linear function with zero

. o bound giti b Il fitted and the distancg is scaled bys, . Figure 4a) shows a few
|nter_c_ept(nons Ip bounaary con itigncan be we |tt_e to typical scaled profiles for four values of Ra. This invariance
the initial part ofv(y), with the slope of the line being the j1"q,nctional form is also found for the profiles of the rms
shear ratey,. The thicknesss, of the viscous boundary

elocit hen it is scaled by, andy scaled bys, as
layer is defined as the distance at which the extrapolation Oihowhyig(lgi)gw‘t}b) f|0r| the samey;nét of yRaerigh r):u?nbers
the linear part ofv(y) equals the maximum velocity,, ' '

L ; Thus the velocity profiles near the sidewall and near the hori-
(which is the speed of the large scale circulati@iv]), or zontal plate all have invariant forms. We also found that

v(y) measured at different positions along the mean flow
direction(i.e., at varioug) are invariant, but those measured

] at differentx (perpendicular to the mean flgweould not be
scaled to fall onto a single curve.

1 We now look at the positional dependence wgf and
other boundary layer quantities along the directiong ahd

z, i.e., streamwise and spanwise along the sidewall. Figure
5(a) shows the variation o, (circles and the correspond-

u(y) (cm/s)
|
o(y) (cm/s)

. ing maximum rms velocityo,, (dot9 in the x direction at
o mid-height of the cell £=0), Fig. 5b) shows the shear rate
1 v, (circleg and the corresponding,, (dotg. It is seen that
l 0 none of the quantities showed significant change over a
10 range ofx extending roughly one-half of the platd /R

=125 mm). In Fig. 6, we show the same quantities mea-
sured along the direction, and no appreciable changes are
seen for the maximum velocity and rms velocity in this di-
rection either. But the shear rate seems to decay starting from
the mid-height, this can be understood by the fact that the

FIG. 3. The mean value (dot9 and the rms velocity (circles
of the fluctuating vertical velocity as functions of the distaryce
from the sidewall measured at R&.77<10°. See text for the
meaning of the solid lines and other symbols.
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FIG. 5. Variations along the horizontak) direction (perpen- z (mm)
dicular to the mean floyof the maximum mean velocity and shear, ’
and the corresponding quantities for the standard devidtitirat FIG. 7. Variations of the two viscous boundary layer length
Ra=2.75x 10°). (a) vy, (circles ando, (dots); (b) v, (circles and  scales,5, and 5, , along the horizontala) and the vertical(b)
Yo (dots. direction, respectively.

vertical mean flow starts turning into a horizontal one as itsolid line represents a power-law fit of £8.36 R& %%
approaches the bottom plate and therefore reduces its shezftd the lower solid line is a power-law fit oL/«
on the sidewall. The corresponding viscous boundary layer 1.4 R&-%¥9°% Thus, the Pelet number has the same scal-
length scaless,=v,/7y, and 8,=o,/v, along the direc- ing exponent at both the sidewall and the bottom plate,
tions of x andz reflect the behavior of the velocity and the Whereas oyl/x shows a quite different behavior
shear rate, as shown in Figgayand 7b), respectively. The (omlL/x~R&®near the horizontal plat¢8]. This difference
results shown in Figs. 5, 6, and 7 suggest that the large-scal@ scaling behavior reflects the influence of the thermal
circulation is quite uniform over a large region on the side-boundary layefand the associated large temperature fluctua-
wall plate, and also imply that the LSC has a substantiations) existing at the horizontal conducting plates. In Fig. 9
spatial extend. we show the dimensionless shear raj® %/« as a function
We discuss now the Rayleigh number dependence of thef Ra (circles. The solid line there is a fit ofy, L%«
various quantities extracted from the mean velocity and rms= (0.10+0.02)R&"%%%% The squares in Fig. 9 represent
velocity profiles. The results presented below are all fromthe scaled gradienfor “shear rate’) for the rms velocity,
measurements made 20 (mid-height andx=50.8 mm.  ¥,L?« and the dashed line represents the power-law fit
Ra-dependence measurements were also made @tand  y,L%/x=3.1x10 2 Re- 76002
x=76.2 mm, and similar results were obtained. Taking the We now present and discuss the various boundary layer
Peclet number Pe€uv,L/k) as the dimensionless character- length scales. Figure 10 shows the scaling behavior of the
istic velocity, we plot in Fig. 8 Pe as a function of Ra nondimensional length scale% /L =Pe/(y,L% «) (circles
(circles, also plotted is the dimensionless maximum rms ve-and 8, /L= (oL/k)/(7y,L% x) (squareobtained from the
locity oL/« of the fluctuating velocitysquares The upper ~mean velocity and the rms velocity profiles, respectively. It
is interesting to note that the two length scales are crossed
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FIG. 6. Variations along the mean flowz [direction of the FIG. 8. Ra dependence of thédRet number Pécircles and the

maximum mean velocity and shear, and the corresponding quantdimensionless rms velocity L/« (squaresfor the vertical mean
ties for the standard deviatiofall at Ra=3.34x10°). (&) vy flow near the sidewall. The solid line is power-law fit: Pe
(circles and o, (dots; (b) v, (circles andy, (dots. =0.36 R&5%°092 and the dashed linet,L/x=1.4 R& 38001
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10" e 107 TABLE |. Scaling exponents with the Rayleigh number for the
L i maximum velocity ,,, the maximum rms velocity,,, the shear of
- . the mean velocityy, , the shear of the rms velocity, , the viscous
) boundary layer thickness,, and the length scale defined by the
o i ¥ rms velocity 8, . Exponents for the measured quantities at both the
”: 108 - - 10° ”,_lb sidewall and the bottom plate are listed.
2 >~
=2 L ]
L . Exponents of Sidewall Bottom plate
B T Um 0.5 0.5
10° |gi/|||||l IR B 10° Om 0.38 0.5
10° 101 Yo 0.76 0.66
Ra Yo 0.76 0.75
S, —0.26 -0.16

FIG. 9. The scaled sheary,L%« (circles and 7y, L%«
(squares vs Ra. The solid line represents power-law $ifL?%/ «
=0.1 R&7%001 and the dashed liney,L%/x=3.1x102
R€P'76t0'02.

s, ~0.38 -0.25

scale over which the temperature and velocity field are

Ra=1C. h q ion the d coupled to each oth¢8]. It is also interesting to note that the
over at Ra=10°, however, due to error propagation the datagjing exponent of,, is twice that foro,, which suggests

are more scattered than the maximum velocity and the She‘?ﬁata is the length scale associated with the wall laga@r
rate, with which the length scales are derived. The solid "nesmfage layer in a conventional wall-bounded shear flow
in Fig. 10 is a power-law fit3, /L =3.6 Ra (®?*9%) and such as in pipes or open channels, ij,~o2/v [12]. On

the dashed line, /L =43 Ra (0-38-0.03) orc
5,11 . the other hand, ifs, is tak th : |
We summarize in Table | the values of the scaling expo’_-’g’}i:e other hand, i, is taken as the usual boundary layer

ts for th . tti d at the sid f thickness for a wall-bounded shear flow, then we should
the comesponding exponents measured at the bottom plate (S22 > 8  which is clearly not the case in our system.
; . ; . is means there is little range here for the inertial sublayer,
the same cel[11] (which are identical to those obtained at g y

S ; and the associated logarithmic profile, found in wall-
the botiom plate of a cylmdnf:_al ce[l7,8]).. It is seen that bounded shear flows. In this respect, the viscous layer at the
exceptv,, all the other quantities have different exponents

. sidewall is similar to that at the horizontal conducting plate
at the two places. The fact that, has the same scaling

¢ at both the sid Il and the horizontal plate i [6,7]. This means that although the viscous boundary layer at
exponent at bo e sidewall and the horizontal plate IS Xg o gigewall possesses certain features the same as those for

pecte<tjk,1 as g is the s%eed é)fbth(;:argg-gcatlihur(t:ulatlt?n. HOWza1-bounded shear flows, it is not isolated from other parts
ever, the shears produced by e at tne two places aff yna convection cell and is therefore subject to the influ-
quite d|ffe_rent, reflecting the influence _of the large tempera, o of the global temperature figlieat flux, plumes, ett.
ture gradient at the bottom plate. This also results in th(?/vhich is absent in a pure shear flow ' '
d|fferen_ce in the scaling behavior of the viscous boundary Please note that the relatioy, ~ Uﬁ]/v does not hold at
layer thickness at the two places. For the maximum rms ve;

locity and the associated lenath scale. the scaling behavior the conducting plate. This in turn indicates that, because of

ity al o ng o 1ing be the strong coupling between the temperature and the velocity
quite different. This is conS|st_ent_W|th our earlier findings atfields the viscous layer at the horizontal conducting plate
the bottom plate of the cylindrical cell that the thermal '

. .~ cannot be treated as a conventional boundary layer, which is
boundary layer has stronger effect on velocity fluctuations . .

; . : contrary to one of the assumptions made in a model of hard
than it has on the mean velocity, and thit is the length

turbulence5].

IV. CONCLUSION

We have made velocity measurements near the sidewall

of a cubic convection cell using water as the working fluid.
102 =6 Our measurements show that the large-scale circulation is
© quite uniform over a substantial region on the sidewall plate

in the directions both along and perpendicular to the flow.

The profiles for the mean velocity and the rms value of ve-

locity fluctuations all show invariant forms for different Ray-
leigh number. The measurements made with varying Ra re-

Ll il veal that the thermal layer has a strong influence on the

10° 10% viscous boundary layer quantitiésuch as shearwhile out-

Ra side the boundary layer region, the velocity field is not

FIG. 10. The nondimensional viscous boundary layer lengthStrongly influenced. The results also confirmed our earlier
scaless, /L (circles and 5, /L (squaresas functions of Ra. The findings that temperature fluctuations and velocity fluctua-
solid line is a power-law fits,/L=3.6 Ra (“?6*003 and the tions are strongly coupled together. In addition, the length
dashed lines, /L =43 Ra (038003 scales,, for the rms velocity is found to be analogous to the

= 102
2]
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