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Prandtl number dependence of the viscous boundary layer and the Reynolds numbers
in Rayleigh-Benard convection
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We report results from high Prandtl number turbulent thermal convection experiments. The viscous bound-
ary layer and the Reynolds number are measured in four different fluids over wide ranges of the Prandtl
number Pr and the Rayleigh number Ra, all in a single convection cell of unity aspect ratio. We find that the
normalized viscous layer thickness may be represented, 4s=0.65PP-?"Ra ¢ The Reynolds number
based on the oscillation frequency of the large-scale flow is found gRBREr)=1.1R&“Pr ¢ and that
based on the rms velocity Rg(Ra,Pr)=0.84R&“%Pr %% Both the Ra and the Pr exponents of RgRa,Pr)
based on the maximum velocity of the circulating wind appear to vary across the range of Pr covered, changing
from 0.5 to 0.68 and-0.88 to —0.95, respectively, as Pr is increased from 6 to 1027.
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I. INTRODUCTION a brief description of the working fluids, the convection cell,
and the velocity measurements. Section Il is divided into
The complex nature of the Rayleigh4B&d convection four parts:(a) Velocity profiles at various values of Ra and
problem often means that theoretical models that are able t8r, the measured viscous boundary layer, and its comparison
produce experimentally observed scaling laws for a few glowith indirectly measured results for low-Pr fluidé) The
bal and local quantities do not necessarily provide the righRReynolds number based on the maximum values of vertical
mechanism for turbulent motion in the system. It is thusProfiles of the horizontal velocity component; previously ob-
important that a comprehensive approach be taken whiclfined results from water in several cells of various aspect

considers how the system’s response paramétersNu and ratios are also reanalyzed hefe) The Reynolds number
Re) are dependent on its control parametérs, Ra and Pr based on the oscillation frequency of the large-scale mean

in a systematic way1]. In contrast to the Nusselt number flow. (d) The Reynolds number based on the rms values of

Nu, which has been measured over wide ranges of the Ra)I/QCal velocity. We summarize our findings in Sec. IV.

leigh number R42] and the Prandtl number P8], the ex-
perimentally measured Reynolds numbers generally span II. EXPERIMENT

rather narrow ranges of the control parameters. This is espe- Three alcohol-type organic liquids, 1-pentanol, triethylene
Cla”y true with regard to the Prandtl number. Because anb|yco|, and dipropy|ene g|yccﬂ9], p|us water are used as
Prandtl number dependence of Nu is likely to be weak an@&onvecting fluids. The Rayleigh and Prandtl numbers are cal-
that of Re has been predicted to be strong by many theoriegulated based on temperatures measured at the center of the
measurement of the Reynolds number may provide a moreonvection cell[10] and using recently published properties
sensitive test for the various models. Another quantity ofof the fluids[11]. With these fluids, we achieve a combined
importance is the viscous boundary layer. Because the varfange of Ra from X 10° to 3x10'° and of Pr from 3 to
ous models all make specific assumptions about the viscous05, all in a single convection cell of unity aspect ratio. The
boundary layers,, determination ofs, may allow us to convection cell has been described in detail elsewh&?¢
better discriminate the different mechanisms proposed. Herand only its key features will be mentioned. Briefly, it is a
again, experiment appears to lag behind. To our knowledgesertical cylinder with diameteb and heightL both equal to
directly measured, exist only for a single Ptwatep [4,5]. 19 cm, with gold-plated copper conducting plates, and a
For other values of Pr, there are results obtained with th®yrex glass tube as sidewall. Local velocities in the bulk
indirect “power spectra” method6,7], but there have been region are measured using the laser Doppler velocimetry
questions about the validity of this meth@8]. Thus, mea- (LDV) technique. In the present work, a commercial LDV
suring the viscous boundary layer and the Reynolds numbéDentac Ltd) is used to measure the local vertical velocity
over a wide range of Pr and Ra should provide us the muchaear sidewall. The LDV has a measuring volume of about
needed information. 75 wm and continuous acquisition of the local fluctuating
In this paper, we report an experimental study of high-velocity can be made for many hours. Near the bottom plate
Prandtl-number turbulent Rayleigh-B&rd convection in where the viscous boundary layer is to be measured, strong
which both the viscous boundary layéy(Ra,Pr) and the temperature fluctuations cause strong fluctuations of the re-
Reynolds number RRa,Py are measured as functions of Ra fractive index, which significantly reduce the signal to noise
and Pr. The paper is organized as follows. Section Il containgatio of the LDV and thus limit its use in that region. To
overcome this, we used dual-beam incoherent cross-
correlation spectroscopjl3] to determines,. This tech-
*Corresponding author. Email address: kxia@phy.cuhk.edu.hk nique has been shown to be effective for boundary layer
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FIG. 1. Mean horizontal velocity as a function of the distance 12 4 : : : | : : :
from the bottom plate, at Ra4.1x 10° and Pr=298. The curve is a | i
polynomial fit for determining the maximum velocity. ne R i % ®

. . . . . . r = a o T
measurement in thermal convection and its application in 0s | @A v o |
turbulent convection has been well documeri&®,14. To | D% 4 o g i
scatter light, we seeded water with neutrally buoyant latex >§ 06 5 ]
spheres and the three organic liquids with hollow glass s | 5@ i
spheres that are density matched for each of the f[uiflk 04 _§ O |

' g O Pr=6.0,Ra=12x10° o ]
A Pr=51,Ra=9.7 x 10°
Ill. RESULTS AND DISCUSSION 0.2 _? ¥ Pre297 Ra= 13 10° _
A. The viscous boundary layer I ID Pr=1027’R|“‘=8~6X 10° | A
0'0 1 1 1 1

Figure 1 shows a profile of the horizontal velocity, 0 1 2 3 4
measured from the lower plate along the central axis at Ra 215,
=4.1x 10° and Pr=298 (dipropylene glycol. The profile, if
extrapolated t@= 0, would be downward concayé6] and FIG. 2. (a) Scaled velocity profiles for five values of Ra but the

this may be understood in terms of a constant viscous stres@me P#298. (b) Scaled velocity profiles of approximately the
(rather than constant shéaboundary condition for non- Same Ra but different Pr.
Boussinesq convectiod 7,18. Thus convection at some of
the large Pr values may be non-Boussinesq; nonetheless weanalyzed using the new definition, which resulted in a
shall see below that certain features appear to be “universalfoughly factor of 2 increase in the magnitude &f for all
across the wide range of Pr covered in our experiment. Bevalues of Ra All the data may be described by the power-
cause of the lack of a linear region in the velocity profile, welaw fit R&-*6, which is represented by the lines in the figure.
adopt an operational definition for the viscous layer thick-This result is consistent with the previous findings in water
nesss, different from the one previously used in wafdi. using the “old” definition [4,5]. With the Ra dependence
We take the position of the maximum velocity §s. In Fig.  determined, we examine the Pr-dependent amplit(ier)
1, the solid curve is a polynomial fit to the data, which yields = §,R&1°. The result is plotted as a function of Pr in Fig.
8, . Another interesting thing to note is that profiles for dif- 3(b) where the line is a power-law fit:
ferent values of Ra but the same Pr appear to have an invari- e "
ant form, whereas those of different Pr but of approximately 8,/L=0.65Ra 16+ 009p0-24: 001 ()
the same Ra do not seem to have the same shape. These are
shown, respectively, in Figs(@ and 2b) in scaled form. As  With both the Prandtl number and Rayleigh number depen-
will be seen below, horizontal profiles of the vertical velocity dences of the viscous boundary layer established over a wide
component measured near the sidewall also show Prange, we examine the possibility of applying it to systems of
dependent shapes. Note that a universal form for velocityery different Pr values such as those of gas and mercury,
profiles having different Ra and approximately the same Pwhere direct measurements are not yet possible but indirect
has been observed previougH, but, to our knowledge, no measurements have been méég/]. The indirect technique
information is available on the Prandtl number properties ofis based on a coincidence between the peak positions of the
the velocity profiles. spatial profile of the cutoff frequency of the temperature
In Fig. 3@ we plot the measured viscous boundary layerpower spectrum and the profile of the velodi6]. Because
thicknesss, vs Ra for three values of the Prandtl number: 51the coincidence was observed at a single value of Ra and of
(triangles, 1-pentanpl 298 (inverted triangles and 1030 Pr (watep, the generalization of this method contains two
(squares(both dipropylene glycg] the circles are a previous assumptions(l) the coincidence will hold for other values of
result [4] measured in water with Pr6 (for consistency, Ra, and(2) it will hold for other values of Pr. Furthermore,
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FIG. 4. Viscous boundary laye?, measured using the “power

FIG. 3. (a) Viscous boundary laye$, vs Ra for four values of spectra” method and those extrapolated from Eg.to the corre-
Pr. (b) Pr dependence of the viscous boundary layer; the fitting linesponding values of Pr and R@) gas data with Pr= 0.7 (Ref.[6]);
representss, /L =0.65Ra -1650.0%p0-24£0.01 (b) mercury data with Pe= 0.024(Ref.[7]). In both cases, the solid

lines are the extrapolations and circles are measgyedThe cor-
whether this method really measuréshas also been ques- "esponding thermal layer thicknesség, (inverted triangle are
tioned[8]. Recently, Xia and Zhou have tested the “power &lS0 shown.

spectra” method in water for two decades of Ra and the _ _
result is in good agreement with that from direct measureent theoretical result on the properties of the Nusselt num-

ments[19]. But as far as Pr is concerned the test is inconP€r Suggests that there may be a transition in the Pr depen-
clusive. We now compar, given by Eq.(1) and those dence of Nu around Prl [21] and there appears to be
measured by the power spectra method. Figure 4 shows tifPerimental evidence to suppor{22]. Since the lowest Pr

viscous boundary layer&ircles and thermal boundary lay- fOr our measured, is 6, we do not know whether a similar
ers (triangle measured in(@ high-pressure gas (Pi0.7) transition exists for the viscous boundary layer. Clearly, fur-

[6] and (b) mercury (Pr=0.024) [7]. The solid lines in the ther investigations are needed and the above extrapolation

figure are our result extrapolated to the corresponding valud€Sults should be viewed more as a way to stimulate such

of Pr and Ra. For the Ra dependence, the data are too sc&fforts.

tered for a quantitative comparison, and as an extrapolation

our result is not able to say anything about the apparent B. Reynolds number R, based on the maximum velocity
transitions shown in the' gas data. Neverj[heless, the figure The Reynolds number Re=V,a,L/v is based on the
appears to show approximate agreement in the overall mag- . locitv\V/ fthm horizontal velocit il
nitude between the indirect results and extrapolated ones fopaximum VEIoCyVmay Of the horizontal velocity: profiies
two systems with very different values of Pr from ours. In near the bottom plate, as measured by the tvvp-beam tech-
our view, the fact that Eq.l) is able to connect results from nique. Be'cause e for 'the low- and' hlgh-Pr fluids appear
systems with widely separated Pr lends mutual support to thi® have different behawo_r, we examine first the results from
indirect technique and to the extrapolation. Thus our dativater that had been published previously but were presented
appear to support the conclusions that the thermal and vidd terms of the Peclet number Pe=RePr)[5]. The water
cous layers have crossed in merc{ii} but not yet in gas data were measured in four cells of varying aspect rhtio
[6] Note that the boundary |ayer Crossing in mercury was— D/L, whereD is the cell diameter and its helght Since
one of the arguments used in RE20] to rule out the exis- the values of Pr for these data varied from 4.3 to 7, a plot of
tence of the asymptotic, or ultrahard, regime in turbulentR&, against Ra would be quite scattered. So we first deter-
convection. However, one should use caution in interpretingnined the Pr dependence of these data by minimizing their
the above result. For example, Grossmann and Lohse’s racatter around straight linésr eachl” in a log-log plot; the
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FIG. 5. (a) The Reynolds number I\?,r(ne measured in water from FIG. 6. (a) Re\,m measured at different values of Pr plotted

different aspect ratio cells. The data have been normalized to against Ra. As in Fig. 5, the water data are normalized to6-0,

constant P+6.0. (b) Data in (a) after the dependence on aspect i.e., Re/ is multiplied by (Pr/6.098 for these data, and only those

ratio I' is compensated by the factd(I') which depends only on for I'=1 are shown. The Ra exponeptfor each group of data is

I'. In both (&) and(b), all solid lines have a slope of 0.495 and the shown beside that grougb) Data in (a) fitted with the same Ra

dashed lines 0.70. exponenty=0.5 for all and plotted as ReRa *° vs Pr; the solid
line has a slope of-0.95.

—0.88
results show that R%N Pr for each set. We then nor- already seen in Ref5], but with the Pr dependence treated
malized all the data to a constant P+ §.0); the results, properly it becomes more pronounced here.
plotted against Ra, are shown in Figap In the figure, all With the water data reanalyzed in terms of Re and their Pr
solid lines have a power-law exponent ¢=0.5 (Re, ~ dependence properly normalized, we compare them with
~Ra). Note that since the strong Pr dependence of Re leaddata measured in this work from high-Pr fluids. These are
to a weak Pr dependence of Pe, the effect of Pr was ndhown in Fig. €a), where the solid lines represent the best
considered irf5] and the same Ra dependence was obtainegower-law fit to the respective data and the obtained Ra ex-
there. Still, we can see that the quality of the power-law fit inponentsy are indicated nearbyfor clarity, only I'=1 data
Fig. 5a) is better than those shown in R¢b]. As Rg, from water are shownAlthough the ranges of Ra are small

shows no apparent systematic trend withwe multiplied a  for the high-Pr data, there appears to be a trengl oicreas-
functionf(T") by the normalized Re to extend the effective N9 With Pr. For P=297, the difference between 0.65 and

i i1 R&F(T) i ”J[ tf h set of dat 0.5 appears to be beyond the uncertainties of the data. But
Zﬁ?}ll?sg gﬁggzr:nto @co(lla)pése athceondsa?an or?raei(i:nglsee] Ii?rhea 4 for Pr= 1027, the data scatter is sufficiently largz4] that

X o . we cannot rule outy=0.5. In Fig. §a), the two solid sym-
[::Vugzlo?fir;?_fgfgseoigﬂmg)'?Of'gﬁ)%v;?ae\rsiti ser;glzexp%\;er bols represent Re based on the maximum of the vertical ve-

. o locity profiles near the sidewall as measured by the L(B&e

is producedthe symbols are the same as in Figa)h For  Fig. 7). Because of the apparent lack of consistent Ra depen-
data below Ra=2X 10", a power-law fit would give Re  dence for low- and high-Pr data, strictly speaking it is not
~R& % [dashed line, which is also shown in Figag. Note  meaningful to have a uniform Pr dependence for these data.
that Ra=2x 10" corresponds roughly to the transition from But if we nonetheless want to check such a trend across a
soft to hard turbulence[23]. This transition was wide range of Pr, we need to use a single valueyofo
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x/L Our Re, for the high-Pr data in Fig. 6 are seen to be show-

ing a similar trend. In our view, the scaling result=€0.7)

@ for the “soft” turbulence region in Fig. 5 may also belong to
] this regime, i.e., either high Pr or low Raee the “phase

6 —\ -6 diagram” in Ref.[21]). But because of the small Ra range

® . and somewhat noisy data from the high-Pr fluids, we would

put this as tentative at best.

C. Reynolds number Rg based on the oscillation frequency
of the large-scale circulation

v, (mmy/s)
N
[ ]
®
|
Vims (mm/s)

o0k 4o We now present results from LDV measurements. Profiles
| Ra=67x10° Pre7 | of the average and rms values of the vertical velocity from
the sidewall to the interior of the celhat midheight were
measured for a few values of Ra and(But not systemati-
L PP J cally). Figure 7 shows two such profile&) Pr=6.97, Ra
L e® % ® A =6.7x10° and (b) Pr=705, Ra=1.0x10°. Note that(a)
i L ) reaches only to the cell center wheréhjis an almost com-

80 gt o o o plete profile. Similar to the horizontal velocity profiles near
2o~ ©000%0 © o 90 o ©&0q2 the bottom plate, the shapes of these profiles clearly change

with Pr, which may be due to the non-Bousinessq nature of

the high-Pr convection. Nevertheless, two features that were
e J previously observed in wat¢R7] are present in both cases:

2k ®s0 o2 (i) the mean velocity reaches a maximum near the sidewall
L oo | and develops into a linear profile when it is less thaRs;
4L Ra=1.0x10°, Pr=705 d4 and (i) Urms is approximately qc.)nst.ant'in most parts of the
. | . | . | . | cell. Using the maximum velocities in Fig. 7 we calculate the
0.0 02 04 06 03 corresponding Reynolds numbers, which are shown as solid
XL symbols in Fig. 6a). It shows agreement for the measured
magnitude of the large-scale circulatidhSC) using two
FIG. 7. Profiles of the mearsolid circle3 and rms(open techniques, albeit at only one point.
circles values of the vertical velocity measured as a function of the  From flow visualizations, we found that the large-scale
horizontal distancex from the sidewall and at midheight frof@) ~ mean flow does not circulate constantly but goes through
water andb) dipropylene glycol. The lines indicate regions of con- acceleration/deceleration cycles, which can also be seen from
stant shear or linear velocity profile. velocity time serieg28]. The periodf,* of this oscillatory
motion of the large-scale circulation can be obtained from
the autocorrelation function of velocity fluctuatior®(7)
extract the trenddue to the sensitive dependence of ampli-= (v (t+ 7)dv (t)}/{(6v)?) (Sv=v—v). We find thatf,
tudes on exponentsThis is done by fitting all the data with corresponds to the peak in the velocity power spectra but it
vy=0.5 and the amplitudes(which are essentially can be more accurately determined fr@(r) (due to the
Re\,mRa‘O-5) are plotted against Pr in Fig(l®, where the former’s uneven spectral point distribution on a logarithmic
solid line has a slope of 0.95. Recall that the Pr exponent is S¢ale [28]. Obviously,f, is not the circulation frequency of
—0.88 for water, so this exponent seems to increase in abs&SC but the largest period of its coherent oscillations. We
lute value with increasing Pr. A similar trend has been obhave previously found thaft, measured at various places in
served in numerical simulations by Verzicco and Camussthe cell is the sameexcept possibly in the boundary layers
[25], who found that the Pr exponent of Re crosses over fronfnd cell center[28] and thus provides a characteristic time
—0.73 to —0.94 when Pr is increased. Interestingly, in asScale of the system. We call it the global oscillation fre-
numerical study of convection in self-gravitating sphericalquency of the LSC or the wind. Because of the apparent
shells, Tilgner also found26] a similar crossover from  Positional independence of both andv s, the LDV mea-
—0.73 to —0.92. But in both cases, the crossover occurredurements in which systematic variations of Ra and Pr are
around Px=1. In a recent theory, Grossmann and Lohse pro/made did not take place at a fixed position but at positions
posed to separate the energy and thermal dissipation in@Pout_several centimeters from the sidewaftidheighi
contributions from boundary layers and the bulk, and ob-wherev>v,ys. Each measurement lasted for two hours; the
tained a multitude of convection regimes in the Ra-Pr plangnean and the rms velocities and the correlation functions are
according to the relative weights of these componghksA  then calculated from the time series.
specific prediction of the theory in the very large Pr regime The inset of Fig. 82 shows an example dZ(7) for Ra
[21] is a Nu independent of Pr and a Re strongly dependent1.2x 10'° and Pr=37.8 where the position of the first peak
on both Ra and Pr, i.e., NuRa*P® and Re-R&*Pr 1.  gives the value of ;. Usingf, one can define a Reynolds

2 1 | 1 | ] ] ] | 2

v, (mmy/s)
(]
Vs (IIN/S)
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FIG. 8. Reynolds number Réased on the oscillation frequency )
f, measured in different fluids at various Ra and(BrRe,Ra %3 FIG. 9. The rms velocity based Reynolds numbef,Renea-

- —0.40 :
vs Pr; the line has a slope 0f0.76. The inset shows a velocity Sured at various Ra and Re) RemsRa ™" vs Pr, where the line

autocorrelation function vs the delay timemeasured at Ral.2 represengas a power-law fit with an exponent ef0.86. (b)
X 10'° and Pr=37.8. The arrow indicates the value 6f*. (b) RemsP%vs Ra, where the line has a slope of 0.4.
Re,PP"®vs Ra, where the solid line has a slope of 0.43. The dashed

line represents RePr~*=0.335R&** obtained from the water o tynical local velocity fluctuations for the entire system.
data in Fig. 5. Figure 9 shows the Reynolds number, Re=v L/ v based

on the local rms velocity as a function of Ra and Pr. In
contrast to Rg, Re s exhibits considerable scatter, although
they come from the same set of data. This is probably due to
% weak positional dependence wf,s (from Fig. 7, we see
thatv,ms iS Only approximately constant with respect to po-
sition). It may also imply that while a two-hour averaging

number Rg=4L2f,/v. Figure §a) shows RgRa %3 mea-

sured from the four fluids and plotted against Pr on a log-lo
scale[see Fig. &) for symbol legends, which also apply to
Fig. 9 below. The varying raonge of Ra for these data is
between 1.%10° and 2.6<10™ and that of Pr is between may have been sufficient for global quantities such ag

3.06 and 1,205, with the corresponding,Rearying from .may not be enough for local quantities like,s. In Fig. 9,

23.5 to 14 049. The exponent of 0.43 is 'det.ermlned by miniz, power-law fitting Re,=0.84R& 40003 086:001 jg
mizing data scatter around a straight line; a power-law fit

: - - - . deduced similarly as in Fig. 8. Because of the large data
0.43__ 0.76 -
:ggnaglgienssth\;aon a IFc))r o : I;'J;aﬁ‘év'z%’ dehaetg z%;sttgloits th scatter, the Ra exponent has a large error bar, which leaves us
minim%zed by multiplying P‘l‘gby Re,, we obtaina=0.76 Shable to differentiate it from that for Re On the other
This is shown in Fig. &), where RgP*8is plotted against hand, the strong Pr dependence ofJiecombined with a

\ . FERORT wide parameter range produces a smaller error bar for its Pr
Ra(open symbols a power-law fit then gives- Re’** (solid xponent, which appears to differ a lot from that of,Re

line). Note that these two procedures are independent of eac&lh”e the Ra dependences of Reand Re appear to be
- : . A .
gmﬁ: and :Elejs thetza/vshowree(lj\ltgertalr:lvseelf ccc))r;;:]ency. (éo%distinguishable for the present data, the difference in their
_1 O%Rgl&o_ojpr_m&om (See,belo for a disc 'onaon Pr dependence seems to be @86 vs 0.76 It should also
t?1 .d hed ling.Note th t. il w Itrf ISCUSSI b be noted that the strong Pr dependence of our measured
e dashed ling.Note that a similar result for Bevas ob- Re s is in marked contrast to the findings from gas convec-

tained previpusly OVEr NArrower ranges of(2®], wheref, tion near the critical point30], where Re,s was found to be
was determined from the velocity power spectra. independent of Pr.

D. Reynolds number Re,,s based on the local rms velocity IV. SUMMARY

As mentioned above, owr,,s are not measured at the  With §,(Ra,Pr) and the several Ha,P) determined
same position but nonetheless should be fairly representativever a wide range of the control parameters, we now discuss
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the implications of these results and make preliminary comare not aware of any theory that predicts a 1/2 exponent
parisons with some theoretical work. An important ingredi-besides the “free-fall” type argument. One exception is the
ent in the model by Grossmann and Loh&L) [1] is the  Kraichnan prediction RelnReRa?Pr %2 for the ultrahard
assumption of a Blasius type laminar viscous layerL regime, which is clearly not the present case. We note that
=1/4(Re), which is used to model the energy dissipationthere is a current debate on what should be the true value of
rate of the system. Using either {Reor Re, or even Rens ¥ (i.e., 0.43-0.46 or 0)5 or perhaps what should be the

and comparing it with Eq(1), we find the above assumption répresentative Re in Rayleigh-B&rd convection. For ex-
is not supported by our data for either magnitude or the Ra ofMple, Qiu and Tong recently foung=0.45 for a Peclet
Pr dependence. This is so even though our viscous laydlumber based on the mean rotation rate of the wfdl,
remains laminar for the highest Ra reactj&d]. We note  which is close to our Rebut in principle should be closer to
that the large mismatch in magnitudésg., at P=7 and Re, since, presumably, similar quantities are measured.
Ra=1x10°, 0.25Re M is about seven times smaller than Since a recent paper by Chavareiel. [36] contains a fairly
d, 1L, for either Rg or Re, ) will lead to an underestimate complete compilation of the various results, we will not at-
of the energy dissipation in the boundary layer region. Notgempt to cite all of them here. It is also not our intention to
that, however, in the GL theory, the same viscous layer igesolve this issue here, simply because more experiments are
assumed for both the sidewall and the conducting pltes needed. In our view, measurements such as those shown in
In a previous experimeriii4], Qiu and Xia measured the Ra Fig. 7 need to be done in a systematic w@g., across a
dependence of the viscous |ayer at the sidewall and founq’ide range of Ra at fixed Ersuch measurements should
5,~Ra %09 which is consistent with the Blasius produce quantities like Re and Re simultaneously and
bounQary layer assumption, at least fqr the Ra dependence,dhder the same conditions, which will then allow us to make
the wind-based Reynolds number\aes used. No experi- a more meaningful comparison.
mental result for the Pr dependence&gfat the sidewall is To conclude, we have measured the prof”es of the time-
available at present. But, based on the Ra properi§,ofit  averaged horizontal velocity along the central vertical axis of
is reasonable to argue that it is probably different from that athe convection cell for values of Pr from 6 to 1027 and of Ra
the conducting plates. Thus, one may need to use two Vissetween 168 and 2x 10°. We find that the profiles mea-
cous boundary layers, one at the sidewall and one at thgured at the same value of Pr but varying Ra appear to have
conducting plates, to model kinetic energy dissipation in aan invariant shape. On the other hand, profiles measured at
GL type theory in the future. varying Pr but approximately the same Ra do not seem to
We now compare Re with Re, and Rens. Since Rg ~ have an invariant forniFigs. 2 and Y. From these profiles,
from the high-Pr fluids do not have enough precision, we usave deduce the viscous boundary layer thicknégRa,Pr)
only the water data which, as mentioned above, can be re@nd the Reynolds number Rme(Ra,Pr) based on the maxi-

resented as Re= 0.335R&*¥Pr %% This result is shown mum value of the windV,,,, in the convection cell. The
as the dashed line in Fig(ty (i.e., Re, P*®vs R along  viscous layer can be described by é,/L

with Re, . It is seen that for the given precision of the data=0.65Ra %! %9P124-0%% To our knowledge, there is no

(see Fig. 4 for the quality of Re), there appears to be a real previous result for the Prandtl number dependence of the

difference between the two quantities and this diﬁerence\’iscous layer, either experimental or theoretical. When this

should become more pronounced with increasing Ra An[neasured viscous layer thickness is extrapolated to the Pr
other thing to be noted is that Rappears to have a more values of gas and mercury, we find surprisingly good agree-

. . . ment, in terms of overall magnitude, with those obtained
uniform behavior across the wide range of Pr than,mRe from the indirect temperature power spectra method. The Ra

does, which can be taken as another sign that the two aependence of R,%(Ra,Pr) appears to vary across the range

different quantities. One is based on “true velocity” and the . .
other is based on a certain time scale of the fluctuating ve(-)'c Pr c.overed, With ihe exponem_tchanglng from 0.5 10 0.68
s Pr increases from 6 to 102Fig. 6). The Pr exponent of

locity and appears to be related more to the rms velocity. W .
note that the prediction ReR&"Pr- 57 from an earlier scal- %y, fOF the whole data set has a value 6f0.94 but is

ing theory of Shraiman and Siggia2] (the same Ra expo- —0.88 if only the lower-Pr(watey data are used for the
nent was also obtained by Castaietgal. [33]) appears to be fitting, again showing a trend of increasiri@gn absolute

in excellent agreement with our measuredo md, to a Valué with INncreasing Pr. In contrast to Bme the glObal
lesser extent, Rgs, as far as the Ra dependence is con-oscillation frequency based R{&a,Pr) shows a “uniform”
cerned. For the Pr dependence, the agreement is less goddpendence on both Ra and Pr across the parameter space
and more so for Rgs. It is interesting that in Ref.32] Re  spanned in the experimerfPr from 3 to 1200 and Ra

is based on the large-scale velocity, whereas in R&.itis  from 1.1x10® and 2.6<10'%. Fig. 8, ie., Rg
based on the fluctuating velocity at the cell center. Our re=1.09R&43-001py0.762001 e find that the Reynolds
sults for Rg and Re,, are also consistent with Kraichnan's number Rg,i(Ra,Pr) based on the rms values of
prediction Re-R&°Pr 23, based on the rms velocity at the local ~ velocity may be described as Re

cell centef34], for the Ra part, although the Pr exponent has=0.84R&4%-0-09p~ 0862001 (Fjg 9) While the noisy data

a larger deviation than in the more recent theories. As foproduce a large uncertainty in the Ra exponent gf,Reits

Rey , which is based on the maximum value of the wind, westrong Pr dependence is unmistakable, which appears to con-
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tradict an earlier finding29] of a Pr-independent Res. It is ACKNOWLEDGMENTS
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