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Spatial structure of the viscous boundary layer in turbulent convection
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We present an experimental study of the spatial structure of the velocity field in the boundary layer region
of a Rayleigh-Beard convection cell, using water as the working fluid. Our results show that the mean flow,
the shear rate, and the viscous boundary layer thickness all change significantly across the conducting hori-
zontal surface of the cell. Moreover, the measurements reveal that the spatial structure of the velocity field in
the boundary layer region does not change with the Rayleigh number, in sharp contrast with those found for the
thermal boundary layersS.-L. Lui and K.-Q. Xia, Phys. Rev. B7, 5494(1998]. The normalized velocity
profiles measured at various positions in the direction of the mean flow and for different Rayleigh number are
also found to have an invariant forf51063-651X98)12411-X]

PACS numbdps): 47.27.Te, 44.25:f

[. INTRODUCTION changes with horizontal position. It is thus highly desirable
that the spatial structure of the viscous boundary layer be
One central focus in the current studies of the hard turbumeasured directly and be correlated with that for the thermal
lence regime in Rayleigh-Berd convectiorf1,2] is to un-  boundary layer. Here we report direct experimental evidence
derstand the true mechanism for the apparent “2/7” scalingor the position-dependent shear rate and viscous boundary
of the dimensionless heat flux with the Rayleigh numberlayer thickness.
The thermal and viscous boundary layers at the conducting
surfaces have been generally recognized as playing a key Il. EXPERIMENT
role in determining the efficiency of heat transport in turbu- ) ) )
lent convection and the associated scaling and statistical 1€ convection cell used in the experiment has been de-
properties of the temperature field. Many studies have beefc'iPed in detail elsewhergl2]; we mention here only its
carried out in this regard, beginning from the early days in€SSeéntial features. Itis a cube of dimension25 cm with
the investigation of convective turbulenf®] and more re- ItS upper and lower plates made of copper and its sidewall
cently with respect to the hard turbulence regife 7). A Plex_lglas. The conyectmg fluid _used was water and the op-
natural question arising in boundary layer studies is whethefating parameters in the experiment were the same as those
they are uniform across the horizontal plates of the conved! Ref.[12]. The experimental technique used for the veloc-
tion cell. The relevance of studying the horizontal position'y Mméasurement near the boundary layedusl-beam inco-
dependence of both the shear and the viscous layer thickne@§"€Nt cross-correlation spectroscopyhe technique itself
at the boundary to the understanding of the heat flux scalin&”d _|ts application to velocity measurement in turbulent con-
has been pointed out by Belmonét al. [8] and also by vection have _been well documenteq elsewﬁa@7,14,12
Ching[9]. Based on experimental evider{& that the large- 2nd we describe here only some of its key points.
scale circulationLSC) is not able to advect the entire heat 1€ principle of the technique is simple: It involves mea-
flux across the cell and the observed existence of the thermgHTing the time for a small seed particle having a velooity
plumes, these authors argue that in order to take into accoulft the flow field to cross two parallel laser beams in succes-
the role played by coherent thermal structufesich as SIOM- The two laser b_eams have different coIors_and are sepa-
plumes in heat transport and also satisfying the incompresstated by a known distance (~0.1 mm). Experimentally,
ibility condition at the same time, the shear rate at the boundthiS transit time, or delay time, is determined from the inten-
ary cannot be a constant across the horizontal plates. In ity cross-correlation function
two-dimensional(2D) simulation study of the hard turbu- , ,
lence regime, WernglO] also showed that both the thermal g.(t) = eIt +0) =1+ BG.(1), (1)
and viscous boundary layers are nonuniform across the hori- (Ip(t"))(1g(t"))
zontal plate. On the other hand, a constant shear has been
assumed in a theoretical model aimed at explaining the hardherel, andl are the scattered light intensities from the
turbulence stat@4]. two parallel beams an@ (<1) is an instrumental constant.
Recently we have made an experimental measurement dn our experiment, the two beams are the blue light and the
the spatial structures of the thermal boundary layer andreen light from an argon-ion laser operated under the mul-
found that the thermal layer thickness indeed varies acrosiline mode. Because there is no phase coherence between
the horizontal plat¢11]. We also found that the scaling of andl, the functiong.(t) is sensitive only to the scattering
the thermal layer thickness with Rayleigh number Raamplitude fluctuations produced by the seed particles moving
in and out of the scattering volumes. Since the separation
between the two laser beams is smaller than the typical size
*Electronic address: kxia@phy.cuhk.edu.hk of thermal fluctuations, the associated refractive index fluc-

1063-651X/98/565)/58165)/$15.00 PRE 58 5816 © 1998 The American Physical Society



PRE 58 SPATIAL STRUCTURE OF THE VISCOUS BOUNDAR. .. 5817

0 2 4 6 8 10
|

Pl o n ]
- E] -
4 g 0.8 x=-3.6cm Wé@ g
2 O x=0cm -
AN P > 0O x=3.6cm -
N L/ 04 A x=72cm ]
7 . i :// ) v x=108cm 7]
i O x=144cm (@ ]
FIG. 1. Schematic drawin 0.0 ' : ' : ' : ' : '
.1 g of the mean flow pattern near the
bottom plate of the convection cell and coordinates used in our 1.2 T T T T T | T T T
measurements. The dashed lines that demarcate the main and se B % o 7]
ondary flows are at{11,0) and (0;-11), respectively. o <& :
o o | 0.8 B e Va oz
tuations will not cause significant changes in the beam sepa- g O y=l44cm B
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wherer is the radius of the beamb|, is the average number
of seeding particles in the scattering volume, agdand o
are, respectively, the mean value and the standard deviati@nd spanwise positions of the main mean flaC). The
of the fluctuating velocity. velocity profiles have the same general features as the ones

During the experiment, the convection cell sat on top of ameasured at the center of the bottom plate of a cylindrical
three-dimensional translation stag@recision 0.01 mm so  cell [7,14], i.e., they increase linearly near the plate starting
that the relative position between the laser beams and tHgom zero and after reaching a broad maximum decay to-
bottom plate can be easily adjusted. By fitting E2).to the ~ wards the cell center. From the velocity profile, three bound-
measured cross-correlation function, the mean valjjand  ary layer quantities can be obtainéd:the speed of the LSC
the standard deviatiow of the local velocity PDFP(v)  vp (the peak value of the profile(ii) the shear ratey,
were obtained. It is found that the measuf@t) at differ-  (which is the slope of the near-wall linear part of the profile
ent values of Ra can all be fitted well by &), indicating  Wwith zero intercept and (iii) the viscous boundary layer
that the velocity PDF is indeed of Gaussian form as was théhicknessé, (which is defined as the distance at which the
case in the cylindrical cefl7,14] and near the sidewall of the extrapolation of the linear part of the profile equals the maxi-
cubic cell[12]. mum velocityv,, or simply §,=v,/v,) [7,14]. We found
that the profiles measured at various positions along the LSC
(x axis) can all be scaled to collapse onto a single curve as
shown in Fig. 2a), where the mean horizontal velocityis

As has been found previously, the main circulation nearscaled by its maximum value,, and the vertical distance
the horizontal plates of a cubic cell is along the diagonals oby &,(x,y) (due to the backroll flow in the corner of the cell,
the plateg15,12. Near the corners of the cell, the flow is there is only one data point fer<0). Figure Zb) shows the
more complicated. As the large-scale circulation comescaled profiles measured at different points alongytlaais
down along the sidewall, it produces a “backroll” near the (perpendicular to the LSICHere data are more scattered, but
corner and the horizontal shear flow near that corner is opi the data fory=14.4 and—7.2 cm are taken out, then the
posite to the main horizontal shear flow. Figure 1 illustratessituation will be similar to that along the LSC directifim
the main and the secondary floygeparated by dashed lines fact, in this case the profiles in Figs(@® and Zb) will fall
near the bottom plate of the convection cell and the coordiento a single curve From Fig. 1 we see that these positions
nate system of the experiment. Note that the flow near thare close to either cell corners or secondary backroll flows.
lower-right corner is also opposite to the main flow, which isThis suggest that within the main flow of the LSC, velocity
a bit surprising as it breaks the symmetry about the meaprofiles have an invariant form. Werne's simulation showed
flow. that the velocity profiles are self-similar only within the vis-

Systematic measurements were made at both streamwiseus boundary lay€drz/ 5,(x,0)<1] and only for upstream

FIG. 2. Scaled mean horizontal velocity profiles as a function of
the distance from the bottom plate measured at various horizontal
positions(a) along and(b) perpendicular to the LSC direction.

Ill. RESULTS AND DISCUSSION
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FIG. 3. Magnitude of the LSGclosed circles measured(a) FIG. 4. Variation of the normalized shear ratesalong andb)

along and(b) perpendicular to the mean flow. The open circles areperpendicular to the mean flow.
the corresponding rms velocities.

. . . . . thatv,, is the peak value of the mean velocity profile, which
positions &<<0) [10]. Itis clear from Fig. 2 that the invari- 5 ot the edge of the viscous boundary layer, apgis the

ance of the velocity profile seems to be more “universal” in peak of the rms velocity profile. As the LSC sweeps the
that it extends to regions well outside the viscous bo“nda%oundary layer and carries plumes with it, the flow in the

Iayer. and to QOwnstream positions*0). This result is alsq upstream positions tends to have more cold plufeesing
consistent with what was found for the temperature fieldyqgwn from the top to be coalesced with the hot plumes in the

[11]. We also found that mean velocity profiles measured ofttom plate and the flow in the downstream positions tends
both the bottom plate and the sidewidP] can be scaled t0 {5 nave more hot plumes going Gas the LSC has collected
collapse onto a single curve, which implies that the aboveyore of them on its way

invariance of velocity profiles .is not affected by whether or Figure 4 shows the horizontal variations of the shear rate
not a thermal boundary layer is present. near the viscous boundafs) along and(b) perpendicular to

In contrast to the situation near the sidewall plate whergy,o LSC(also at Ra=3.65x 10° and normalized similarly as
the_ mag_mtude_ of the LSC_and its s_hear near _the WQ” A% Fig. 3. The figure reveals that shear is the strongest near
quite uniform (in the spanwise directionthe spatial varia- e center of the horizontal plate and decays quite signifi-
tions of the same quantities over the bottom plate are subsanyy towards the sidewall, as much as 60%. The results
stantial. Figure @) shows a typical variation of the maxi- ghown in Figs. 3 and 4 qualitatively confirm our earlier con-
mum mean horizontal velocity,, (solid circleg measured joctyres based on temperature measurement that the LSC
along the direction of the LSQ@ndicated by the arrow in the  t5mg 3 hand with its magnitude and shear the strongest in
figure) at Ra=3.65< 10°. In the figure, the horizontal axis is he center of the band and that it also modifies the thermal
normalized by the h_alf dlagopal Iength of the bottom plateboundary layer to give rise to the latter's profitid].
(L/\2) and the vertical axis is normalized by the value of Figure 5 shows the profile of the viscous boundary layer

the maximum velocity at the center of the plaig(0,0)  thicknesss,(x,y) [=vm(X,Y)/y,(x.y)] (8 along the mean
(=1.30 cm/s for the present R4t is seen that the maximum

horizontal velocity first increases witk and then decays XALAZ)
downstream ofkx=0 after reaching a maximum at the cell 08 -04 00 04 08
center. This feature is in qualitative agreement with the nu- R I R ° |
merical result of Refl10]. However, due to the backroll flow ; L0 i . i ® o]
near the cell corner we could not observe the sharp rigg,of < 'y |
in the upstream positions as found by Werne. Figuii® 3 3 08 - I’ _
shows the variation ob, in the direction perpendicular to = L @ -
the LSC, which is a cross-sectional cut of the mean flow. oL o 111
Note that from the “continuous” profile of,, one would 47T T
not be able to tell that the two leftmost points are actually S HL o o ©
within the secondary backroli.e., flow in the opposite di- % - ° ¢ .
rection, which probably is a coincidence. 5 1or . { ]
The open circles in Figs.(8) and 3b) are the correspond- € ol ° (b)
ing rms values of the velocity fluctuatios, . It is seen that © ot ]

these values remain more or less constants as compared to T 08 04 00 04 08

the mean velocity. This implies that the turbulence intensity ALAR)

(omlvy) is the lowest in the cell center and increases toward

the sidewalls. We attribute this to the interplay between the FIG. 5. Normalized viscous boundary layer thickness vs normal-
LSC and the thermal plumes in the boundary layers. Notézed position(a) in the direction of LSC andb) perpendicular to it.
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FIG. 6. (a) The Pelet numberb) the dimensionless shear rate FIG. 7. Boundary layer quantities associated with the rms ve-
v,L2/ k, and(c) the dimensionless viscous layer thickngsgL as  locity: its maximum values,, its “shear” y,, and the length
functions of Ra measured at four different positions on the bottonscales,,, as functions of Ra measured at four different positions on
plate. The numbers in the parentheses to the right of the symbolfie bottom plate. The symbols are the same as in Fig. 6. See the text
are the coordinates of the positions in centimeters and are the sarfier the fittings.
for all figures. See the text for the fittings.

zontal plates The observed position dependence on the

flow and (b) perpendicular to the mean flow. Again, the horizontal plates has to come mainly from the interplay be-
thickness has been normalized by its value at the center dfveen the thermal and the viscous boundary layers, as re-
the bottom plates,(0,0) (=3.18 mm for the present Ra quired by the vertical heat flux and the incompressibility
=3.65x 10°) and the horizontal scale normalized by one-condition.
half of the diagonal length. Werne’s simulation also shows a We now look at the Rayleigh number dependence of the
viscous boundary layer thickness profile that increase§easured quantities. Figuréapshows the Peet number Pe
monotonically from the upstream corner to the downstreanf=vmlL/«) vs Ra measured at four different positions on the
one[10]. The experimental and the simulation results thusoottom plate: one at the center of the plasguares an
share some similarities. However, unlike the simulation reupstream positioKcircles and a downstream or&iangles,
sult, our thickness starts to decrease about midway dowrnd one away from the center of the main fladiamonds.
stream, which probably reflects the effect of the downstreanfrigures éb) and Gc) show, respectively, the nondimensional
sidewall. In any case, it is not realistic to expect the experishear ratey,L?x and viscous boundary layer thickness
ment and simulation to have detailed agreement since thé, /L as functions of Ra for the same positions as in Fig.
two were done in different dimensions. 6(a). It is seen that the R&et number, the shear,
The horizontal variations of the various viscous boundaryand the boundary layer thickness measured at different
layer quantities as revealed by Figs. 3—5 cannot be simpljpositions can all be described by respective power law fits:
explained by the sidewall effect due to the finite size of thePe =(0.28,0.27,0.24,0.21)Ra~%%2 1y, 12/x=(0.41,0.45,
cell. As the viscous boundary layers at the horizontal con0.300.34)R&%9°0%4 and 6,/L=(0.69,0.61,
ducting plates and at the sidewall are created essentially b9.80,0.62)Ra(%18=9-94 where the numbers in the parenthe-
the same LSC, their different behavior must be primarily dueses are for the respective positions in the order they were
to the presence of the thermal boundary layers at the corpresented above. The fact that Bgl.?/«, and g, /L at dif-
ducting plates. Since a previous velocity measurement hdgrent positions have the same respective Rayleigh number
shown that viscous boundary layer quantities are quite unidependence implies that the profiles of velocity, shear, and
form over the sidewall platg€l2], and since the mean flow viscous layer thickness measured along and perpendicular to
across the sidewall should also experience the influence dhe mean flow such as those shown in Figs. 3—5 will not
the top and bottom platgere playing a role similar to the change with Ra. The corresponding quantities of the rms
one played by the sidewall with respect to flow over hori-velocity also exhibit similar properties and are shown in Fig.
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7 where the symbols represent the same positions as they donvection cell operated in the hard turbulence regime. We
in Fig. 6. The maximum value,,, the sheary,, and the have found that the magnitude of the mean flow, the shear
length scales,, associated with the rms velocity are definedrate, and the viscous boundary layer thickness all change
similarly to those for the mean velocity and are obtainedsignificantly across the conducting horizontal plates of the
from the rms velocity profil¢14]. The different lines in Fig. cell in directions both along and perpendicular to the mean
7 represent power law fits for data for different positions:flow (LSC). These results contradict the assumption of a uni-
oml/k=(2.54,2.67,2.16,3.1910 2R&>30%03 4 1 2/x  form shear made in a theoretical model of turbulent convec-
=(2.09,2.48,1.65,2.33 10 R 76- 003 and  §,/L  tion[4] and further support the view that heat flux are trans-
=(0.95,0.85,0.96,1.01)R&?2-2%9) \where the numbers in ported by both the horizontal LSC and coherent thermal
the parentheses are for the positions (0,0);3(6,0), objects near the boundary layers. Moreover, our experiments
(7.2,0), and (0,7.2), respectively. Note that the above exposhow that the measured spatial structure of the velocity field
nents for the boundary layers quantities associated with thi@ the boundary layer region does not change with the Ray-
mean and the rms velocities are consistent with those odeigh number, in surprising contrast with those found for the
tained at the center of a cylindrical c¢lf,14]. The results thermal boundary layergl1]. The spatial structures of the
shown in Figs. 6 and 7 are in sharp contrast to the behaviorelocity field (mean velocity profiles, profiles of viscous
of the temperature field where it is found that the thermalboundary layer thickness, ekcrevealed by our measure-
boundary layer thickness will change from a V-shaped proiments also agree qualitatively with the results from a 2D
file in lower Ra to a uniform distribution in high H41] and  simulation study{10].
the scaling of the thermal layer thickness with Ra also
changes with horizontal positions.

ACKNOWLEDGMENT

IV. CONCLUSION
We gratefully acknowledge the Hong Kong Research

In summary, we have measured the spatial structure of th&rants Council for support of this work under Grant No.
velocity in the boundary layer region of a Rayleighred =~ CUHK 319/96P.

[1] F. Heslot, B. Castaing, and A. Libchaber, Phys. Rev3&\ [7] Y.-B. Xin, K.-Q. Xia, and P. Tong, Phys. Rev. Le#t7, 1266
5870(1987). (1996.

[2] B. Castaing, G. Gunaratne, F. Heslot, L. P. Kadanoff, A. [8] A. Belmonte, A. Tilgner, and A. Libchaber, Phys. Rev5g
Libchaber, S. Thomae, X.-Z. Wu, S. Zaleski, and G. Zanetti, J. 269 (1994).

Fluid Mech.204, 1 (1989. [9] E. S. C. Ching, Phys. Rev. 55, 1189(1997.
[3] D. B. Thomas and A. A. Townsend, J. Fluid Mech.473  [10] J. Werne, Phys. Rev. &8, 1020(1993.
(1957; A.A. Townsend,ibid. 5, 209 (1959. [11] S.-L. Lui and K.-Q. Xia, Phys. Rev. B7, 5494(1998.
[4] B. I. Shraiman and E. D. Siggia, Phys. Rev. 4%, 3650 [12] X.-L. Qiu and K.-Q. Xia, Phys. Rev. B8, 486(1998.
(1990. [13] K.-Q. Xia, Y.-B. Xin, and P. Tong, J. Opt. Soc. Am. 22,
[5] T. H. Solomon and J. P. Gollub, Phys. Rev. Lé#, 2382 1571 (1995

(1990; Phys. Rev. A43, 6683(199)).

[6] A. Tilgner, A. Belmonte, and A. Libchaber, Phys. Rev4E
R2253(1993; A. Belmonte, A. Tilgner, and A. Libchaber,
Phys. Rev. Lett70, 4067(1993.

[14] Y.-B. Xin and K.-Q. Xia, Phys. Rev. B6, 3010(1997.
[15] G. Zocchi, E. Moses, and A. Libchaber, Physical®6, 387
(1990.



