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Scaling of the velocity power spectra in turbulent thermal convection

PHYSICAL REVIEW E, VOLUME 64, 06530(R)

Xiao-Dong Shang and Ke-Qing Xia
Department of Physics, The Chinese University of Hong Kong, Shatin, Hong Kong, China
(Received 3 May 2001; published 19 November 2001

We report measurements of the local velocity in a convection cell filled with water. In the buoyancy
subrange(the scales between the Bolgiano scéjeand the integral scalé,), two scaling regions of the
velocity frequency power spectra, separated by the peak frequgrafithe dissipation spectra, are found. For
f,<f<fg, we observe a power law with the Bolgiano-Obukhov scaling expordiit/s. Forf,<f<f,, an
unexpected scaling with an exponenil.35 is observed. We also found that the velocity power spectra are
universal functions with respect to the characteristic scglesandfg.
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Turbulent thermal convection continues to attract considplates are made of copper with gold-plated surface. The tem-
erable interests as a model system for turbulence studies. Aserature of the upper plate is regulated by passing cold water
important issue in the study of turbulent convection is tothrough a chamber fitted on its top. To ensure temperature
determine the relevant dynamics that drive turbulent energyniformity of the top plate, the cooling chamber is fitted with
cascade at different length scales, which is manifested dsvo inlets and two outlets and with stirring blades driven by
different scaling laws of the energy spectrum for differentthe incoming water jets. The lower plate is heated at a con-
ranges of the wave number. Bolgiano and ObukkB®) stant rate with an imbedded film heater. The temperature
have long proposed, based on dimensional arguments, thdifferenceAT between the two plates is monitored by four
for stably stratified convection two different dynamics con-thermistors imbedded inside the plates. The measured rela-
trol the cascade of turbulent energy within the usual inertiative temperature difference between the two thermistors in
range. Above the Bolgiano length is the so-called buoy- the same plate is less than 1% for both plates at all Rayleigh
ancy subrange in which buoyancy is the dominant force, andumbers(Ra), the rms temperature fluctuation is less than
one has the BO scaling where the energy spectrum decays01 °C for the top plate and 0.04°C for the bottom. The
with a power lawk % below | 5 inertia becomes the driv- vertical component of the velocity is measured for seven
ing force and one observes the Kolmogorov-Obukli€@®) Rayleigh numbers, which are listed in Table | with the cor-
scaling withk %2 [1]. Subsequently, BO scaling has beenresponding values cAT and Prandtl numberé&Pr). For Pr
more rigorously shown to hold for unstably stratified convec-=3.07 the fluid’'s mean temperature is59 °C, and thus a
tion as well[2—4], to which the Rayleigh-Beard configura- Pyrex glass cylinder is used as the sidewall instead of the
tion belongs. Furthermore, it is revealed that BO scaling corPlexiglas one as the case for other points. @iwal. have
responds to an energy cascade with a scale-independemcently shown that, apart from regions near the top and
entropy flux, as opposed to a constant energy flux for KGbottom thermal boundary layers, LDV is capable of measur-
scaling[3]. ing local velocity in turbulent convection in watgd]. In our

While the statistics and scaling properties of the temperaexperiment, a commercial LDV(Dantec Ltd) is used to
ture field appears to be well studied experimentaby6], measure the local velocity near the vertical sidewall of the
corresponding studies in the velocity field remain scarce. Theonvection cell. The size of the LDV measuring volume is
first measurement of the scaling properties of the velocityabout 75um and the fluid is seeded with neutrally buoyant
field was done in water convection by a homodyne spectros2-um diameter latex spheres as scatterers.
copy technique, where a first-order velocity structure func-

tion (ov(/)), integrated over the distaneg was measured TABLE |. Rayleigh, Prandtl, and Reynolds numbers, and the
and BO scaling was observe¢d]. More recently, veloCity |oc5| mean and the rms velocities of the seven spectra. Also listed

spectra with an exponent close to the predicted BO valugye the corresponding temperature difference across the convection
was also observed in a laser Doppler velocimgltpV) ol

measurement in gas convection near the gas-liquid critical

point, in which critical density fluctuations were used as AT Ra Pr Re by Vrms
scatterer$8]. Thus, although BO scaling has been observed . ) (mm/9 (mm/s
in the velocity spectra to various degrees, more direct and
detailed study of the velocity spectra are clearly needed. 126  1.10° 6.98 758 1.71 1.47
In this Rapid Communication, we report results from lo- 2.92  2.9<1¢® 6.97 1138 1.94 1.61
cal velocity measurements in a Rayleighred convection 457  4.810° 6.80 1344 2.63 2.09
cell filled with water. The cell is a cylinder of inner diameter  8.44 9.9< 10° 6.50 1934 4.73 3.22
19 cm with a height. =19.6 cm, and its upper and lower 16.37 2.410° 5.91 3036 7.06 4.25
27.74 7.%10° 4.30 6362 11.68 6.52

54.40 2.3%10°°  3.07 13941 20.35 10.84

*Corresponding author. Email address: kxia@phy.cuhk.edu.hk

1063-651X/2001/6465)/0653014)/$20.00 64 065301-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

XIAO-DONG SHANG AND KE-QING XIA PHYSICAL REVIEW E 64 065301R)
ID | T T T J T J
E -
P -
H{f_
L E =
=
| o
! T =55 (s) ° 6
,r;-:\ i I i 1 i 1 1 1
s 2T 3T 0 100 200
o {; 1&. Time (sec)

N\
A

I
W/

1 | 1 | 1 | 1 | I

0 100 200 300 400 500

T (sec)

FIG. 1. (Colorn Autocorrelation functionC(7) of the vertical velocity measured at R2.4x10° and at respective distances
=0.5 cm(red), 1.3 (blue), 2.7 (blacK, 4.0 (dark yellow, and 10.0(green from the sidewall. Inset: A segment of the velocity time series
for x=2.7 and for the same Ra.

We examine first the measured autocorrelation function ofrelocity in this position, which results in low data rate and
velocity  fluctuations C(7)={(dv(t+7)dv(t))/{((v)?), reduced signal to noise ratio. Nevertheless, it is seen that
wheresv=v—uv. Figure 1 plots several(7)s as a function €VeN at this position the signature of an oscillatory flow can
of the lag timer for Ra=2.4x 1¢°, taken at respective dis- Still e detected. All power spectra presented below are mea-
tancesx=0.5 cm (red, 1.3 (blue), 2.7 (black), 4.0 (dark sured at positions about 2.7 cm from the sidewall and at

. ) . mid-height.
yellow), and 10.0(green from the sidewall, all at mid-height . . i
of the cell and within the rotational plane of the Iarge—scaleI It is seen from Fig. 1 that the frequency of coherent ve

. . o ocity oscillation f,=T~? [first peak ofC(7)] of the large-
plrculatlon (the arrows indicate the peaks f’.z"tz.])' Th_e scale flow is approximately position-independent. We thus
inset shows a 300-sec segment of the velocity time series f

" . . Qbke this characteristic frequendy as the scale of energy
the p95|t|onx=2.7 cm..Frc_Jm the time series, we see thaF thqnjection (or the integral sca)ein the frequency domain. We
velocity has large periodic excursions-60 s), both posi- also define a Reynolds numberR@4L f,)L/v based orf,,.
tive and negative, from the mean, which corresponds well %rhe values of Re together with the méan and rms va(iues of
the periodT given by C(7). These excursions represent the

dd lerati d decelerati iIaiib the local velocity where the power spectra are taken are
sudden accelerations and decelerations, or 0Sci alions listed in Table I. In turbulence studies, theoretical results are
not directional reversalsof the large scale flow, and that

; lated f ods implies th . usually presented in the wave-number domain, while experi-
Cé.T) frlema|n§ corrfe ﬁte or m;almy Pe”r?_ ﬁl'mp 'ES this peh”'mental data are in the frequency domain. To make a com-
odic fluctuation of the mean flow is highly coherent. The ,5isqn one usually needs to invoke Taylor's frozen-flow

existence of the large scale circulation in turbulent Convechypothesis which in general, requires the mean flow is much
tion has long been observed by flow visualization and othe[zrger than the rms velocity. In turbulent convection, the

methods, the correlation function now provides a more quanzean velocity is generally not much larger than the rms

titative m re of it herence. The mean velocity profil ;
wg obetaineea(‘jsgrg (s)imi?aﬁoeth%tcrgport(ead beya(@hgl(.)E;Qf,/ ﬁ)ro e?/alug in mo_st part of the cells can be seen from Tablg |

— i and is zero in the cell center where many measurements have
exam_ple, the mean _\/e_locnybecomes linearly dependent on pyoapy madd5,7]. Although, a coincidence between experi-
the distance when it is less thanys. For the present Ra, mentally measured wave-number spectra and frequency
x=0.5 is close to the viscous boundary layer, the positiongpecira of the temperature in thermal convection was found
x=1.3, 2.7, and 4.0 are in the so-called mixing z48¢  [6] the use of Taylor's assumption should nonetheless be
wherev>uv s andx=10.0 is near the cell center. Note that handled with caution. In below, we present all results in the
C(7) for x=10.0 cm(green curve becomes rather noisy frequency domain, but bear in mind that it is the wave-
after the first peak. This is probably due to the zero meamumber spectrum from theory that we are comparing with.
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FIG. 2. Frequency power spectra of the measured vertical ve

locity, with Ra increasing from left to right. Inset: Dissipation spec-
trum for Ra=7.3x 10°.

FIG. 3. Scaled velocity spectra for the ones shown in Fig. 2.
inset: Compensated spectf&P(f) for Ra=7.3x10° (light lines)
and 2.3<10'° (dark lineg and for«=1.35 and 11/5, respectively.

fg indicates the frequency corresponding to the Bolgiano
5ength(see below. A best fit to the “low-frequency” scaling
region yields an exponent of1.35. The inset of Fig. 3

points. With the acquired velocity time series, we obtain the>10WS compensated spectfd(f) versusf for a=1.35 and

frequency power spectra using a fast Fourier transform prot1/>: and for two values of Ra, respectively. Here, the theo-
gram provided by Dantec. In calculating the spectrum, thdetically predicted exponent 11/5 for the BO scaling of the

program uses a resampling technigtsample and hold"(S velocity spectra is used. _The highly sensitive Compensated
and H] to interpolate the irregularly spaced time series thatpl_Ot clearly _ShOWS the existence of two povyer-_law regions
is inherent to the LDV technique. The S and H method hadVith very different exponents. The two solid lines in the
been shown to produce accurate spectra for frequencies up N figure have slopes exactly as indicated. Thus, starting
n/2, wheren is the mean data rafl0] and all our data from the mte_gral scalé,, the velocity spectra decays as a
satisfy this criterion. As a check, we also did a linear inter-POWer law with an exponent of 1.35 to a scale arount,
polation to convert the velocity data into equal-time-spacednd then continue to decay with the much steeper BO expo-
records and then calculated the spectra using the softwaR§Nt—11/5 down to the Bolgiano scal .
MATLAB , and find good agreement between the two methods. " Fig- 4 we plot the Ra dependence of the few relevant
Figure 2 shows the velocity frequency power speBis)  reduency scalesi, (up triangles obtained from the auto-
for the seven Ra numbers. The peak near the low-frequenc§Prrelation function and, (solid circles from the dissipa-
end indicates the oscillation frequenty=T"* of the mean tON specirgl. Thft%%ll'd lines are 5|mpl% pomﬁr-g%\z/v fits:
flow, as already obtained from the correlation function. But=2-3x 10 R?‘o' - andfp=2.58<10 Ref 740 ~ The
with the correlation function, we can determine the oscilla-OP€n circles in Fig. 4 are the calculated “Bolgiano fre-
tion time more accurately than from the power speéthae ~ quency” fg=uv/lg, wherev is the local mean velocity and
to the latter's uneven spectra point distribution in the loglg=LNu*%(RaPr}’ is the theoretically predicted Bolgiano
scalg. We find that velocity power spectra measured in other

The acquisition time of all our velocity data is 7 hours with
the mean data rate ranging from 14 to 61 Hz, the obtaine
velocity records thus contain from 3&.0° to 1x 10° data

Frequency scales (Hz)

positions in the mixing zone are similar to those in Fig. 2. LU L L
The peak wave numbe, of the energy dissipation spectra 102 5
k?E(k) has been shown to be the characteristic scale for the o
turbulence[11], and the same feature is also observed re- 1,
cently for temperature frequency power spedtt&]. The 10°

inset of Fig. 2 shows an example of the velocity dissipation iz

spectraf>P(f), where the peak frequendy at which dissi- 10

pation reaches maximum is indicat@tie exact values of, A//"/‘/A/*JC/A

in Fig. 3 the scaled specti(f)/P(f,) versus the scaled ol el ol

frequencyf/f, in a log-log plot. It is seen thatt, is indeed 108 10° Ra 10

the characteristic frequency with respect to which velocity

power spectra for different values of Ra have a universal FIG. 4. Rayleigh number dependencies of the characteristic fre-
form. Figure 3 also reveals the existence of two power-lawquency scales,, f,, fg (open circle} fg(5.9/Prf*° (diamonds,

collapsing of the kinetic-energy spectra for Navier-Stokes
are determined through a six-order polynomial five show 102 ’
regions in the spectra roughly separated py In the figure, andf,. See text for the power-law fits.
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length[6] for which the experimental values of Nu, Ra, and In most studies of temperature fluctuations in turbulent
Pr are substituted. Also shown is the similarly-obtained disconvection, only BO scaling was observgs6] and there
sipation scald (down triangle$ corresponding to the Kol- appears to be mixed results for the existence of K41-type
mogorov lengthy,=LPrY% (RaNu)“* [6] and the solid line  scaling[14]. Recently, there is evidence that different scal-
is a power-law fitf ,=1.38x 10~ 8 R %4092 Notice thatf; ~ iNgs may exist in different regions of the c¢ll2]. In any
shown in the figure appears to curve slightly. From Table Icase, no power-law decay was observed for scales larger than
we see the Prandtl number varied by a factor of two, thus | g other than the BO scaling. While it is not clear to us why
is plotted against Ra without holding Pr as a constant. Comonly BO scaling was observed in the earlier studies of veloc-
bining the Pr dependence ofand that ofl5, we obtainfg ity spect_ra, we note that the measured velgcny structure
~P9%9[13]. To account for this Pr variation, we multipfy, function in Ref.[?_] was integrated along the slit width over
by (5.9/Pr$*? and the results are shown as diamonds in Fig_vvhere \_/elocny difference was taken; and for t.he work re-
4. It is seen that, except for the lowest point, normalizingPorted in Ref.[8], the authors noted that the high level of
data to a fixed PF5.9) brings most points closer to a white noise S|gn|f|cgntly limits the dy_nam|c range of _thelr
straight line. The value 5.9 is chosen because it is in th§Pectra. Recently, Qiet al.observed evidence that the rising

middle of the rangéthird point from righy, which results in @nd falling plumes along the sidewall of the cell may act
the least change in the overall magnitudef gf(f,, on the coherently to provide a driving mechanism for the large-

other hand, has a much weaker Pr dependence than that cfale mean flow9]. Indegd, by cpnsjdering the possibility
f5, SO is less scattergdFigure 4 shows thall andf, have that therma_l plumes can impart kinetic energy to the velocity
essentially the same Ra dependence, and a power-léwfit field both _dlrectly and_wa buoyancy, Grossmann and Lohse
solid ling to the diamonds produces an exponent of 0.7 ave obtained a velocity spectrum that shows a decay slower

+0.02 for fg. By fixing this exponent to 0.74 we obtain tha_n either BO gr tKg)tscaIm@lS]t. IBUttLh'S pllume—drll\llenth
fg=6f,. This is indicated in Fig. 3 where we see tligtis regime was predicted to occur at engtn scales smarer than

essentially the frequency at which the velocity spe@f4) the Bolgiano length, i.e., following the buoyancy-driven

intersects the noise floor and thus is the cutoff frequency O:Er?\?(gsti V;?ig::slsb%ﬁre(iﬁgi:gti?ael g?]g'ré?(s Qreir;eéri:aelagyé f#;h deer d
turbulent kinetic-energy excitation. This implies that there is 9 ' P '

no further cascade of energy beyond the so-called buoyanc understand the new scaling.

subrange for the present range of Ra and Pr, and this happeﬁ]]s;nv\f‘;trgrnl%rg\’/g(;Or;]azzllnfqg:jgvlgfﬂvgedlgg%gegsgfr:;?n;s
at frequencies much smaller than the dissipation s€gle YI€lg

Note that the constant ratio betweég and f,, implies the i the. buoya_ncy subrangbe scales betweefy,
spectra can also be scaled with respect go which is in- andf,), two scaling regions separated by the peak frequency

deed the case. It has been theoretically predicted that th{é’ of the dissipation spectra are fob?erved in the velocity
range for BO scaling increases with increasing[Rh But requency power spectra. Fdrp<.<. s, We observe a
due to the existence of the newl.35 scaling, it is seen from power law W'Fh an exponent that is in excellent agreement
Fig. 4 (and also Fig. Bthat although the overall scaling ¥V|thfthef predicted Bolglando-ObL:_khov Y?}Iue 6f11/5. For f
range(the gap betweefg andf,) is increased with increas- _°1<35< P ban undexgvectel sfca mdg thWItt th an (Iexp?nent ?
ing Ra, this increase goes almost entirely to the new scaling IS observed. We aiso found that the velocity spectra

region (the gap betweer,, and f,) and the range for the gan be scaled to collapse on a single curve with respefct to

Bolgiano scaling increases very little. Because the “origi-as well asfg.

nal” buoyancy subrange now contains two scaling ranges, We gratefully acknowledge support of this work by the
the range of the BO scaling is shortened, which is about halResearch Grants Council of Hong Kong SAR under Grant
a decade as seen from Fig. 3. No. CUHK 4224/99P.
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