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Intermittency of velocity fluctuations in turbulent thermal convection
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We analyze velocity fluctuations in turbulent RayleighaBed convection. The velocity measurements were
taken at the center of an aspect-ratio-one convection cell filled with water. The measured probability density
functions of the velocity difference over a time intervalare found to change with, indicating that the
velocity fluctuations are intermittent. The velocity intermittency can be well characterized by the She-Leveque
hierarchical structure. Our analyses further show that the vertical velocity component has distinct statistical
features from the horizontal components. This result indicates that the vertical direction is special and buoy-
ancy is important even at the center of the convection cell.
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I. INTRODUCTION fluctuations to spatial variations of the energy dissipation
rate. She and Levequd] proposed a hierarchical structure
Rayleigh-Baard convection in an enclosed cell of fluid for the moments of the local energy dissipation rate, which
has been a model system for studying turbulence. The dytranslates to a similar hierarchical structure for the velocity
namics of the fluid is driven by an applied temperature dif-structure functions using RSH. This hypothesis for both the
ference across the height of the cell. The flow state is chatocal energy dissipation rate and the velocity structure func-
acterized by the geometry of the cell and two dimensionlestions was supported by the velocity measurements taken in
numbers: the Rayleigh number RagAL®/(vk) and the turbulent jets and wakgs—7]. It was also reported that the
Prandtl number P v/ x, whereA is the applied temperature Vvelocity structure functions in a class of shell mod@s 10,
difference,L is the height of the cellg is the acceleration the structure functions of a passive sc4ttt], and the local
due to gravity, andy, v, andx are, respectively, the volume passive scalar dissipati¢h2] all possess similar hierarchical
expansion coefficient, kinematic viscosity, and thermal diffu-Structures. o ,
sivity of the fluid. When Ra is sufficiently large, convection N the study of turbulent Rayleigh-Bard convection,

becomes turbulent, and both the velocity and the temperatu'lr?anybmea?ulr(ementj of ';he (Ijoc_l"f‘rl] tt?[mperatutre ﬂflIJCt?at't(?ns
fields exhibit complex fluctuations both in time and in space. ave been taken and analyzed. 1he temperature fluctuations

As in the study of other turbulent flows, a major issue is toVere found to _be intermittert.3]. Recently, a change in the
: ; . scaling behavior of the normalized temperature structure
make sense of these fluctuations. Another issue of |ntere§t

specific to turbulent thermal convection is to understand th?uncuons was foundil4] when the Bolgiano scale is crossed,

interplay between the velocity and temperature fields due t ndicating that buoyancy does affect the statistical character-

buoyancy. This is also pertinent to the guestions of whetheEithS of the temperature fluctuations. It was further found

and how the statistical features of turbulence are affected b 15] that the intermittency of the temperature fluctuations in

the presence of buovancy. Usi and the average ener e Bolgiano regime can be attributed solely to the variations
P oyancy. Usingg 9 Y of the locally averaged temperature dissipation rate. That is,
and temperature dissipation ratesggnd y, one can construct

X the temperature fluctuations conditioned at a given fixed
i '529“;,430""'2, known as the Bolgiano scde] lg value of the local temperature dissipation rate become
= e[ x*¥(2g)*?). Wheng—0, lg—e. Buoyancy effects 5 iccian and thus scale independent. Moreover, both the
are thus expected to be important in the Bolgiano regime ogmperature structure functiop$4] and the local tempera-

length scales larger thag . ture dissipation rat¢16] were found to satisfy the She-
For flows in which buoyancy is not driving the dynamics, LuevethJe Iﬁierlarchy ¢16] w ) Isfy

Kolmogorov's 1941 theory2] predicted that the velocity On the other hand, velocity fluctuations in turbulent con-

structure functions(|sv,|P)=(|v(x+r)—v(x)|?) scale as vection are much less studied. Recently, two of @& and

rP3 when rE|F| is within the inertial range. Experimental Tong have carried out direct velocity measurements in tur-
measurements confirm the power-law behavior but indicate bulent convection using the technique of laser Doppler ve-
nonlinear dependence of the scaling exponentgp.oiihis  locimetry (LDV) [17,18. The experiment was conducted in
deviation indicates that the velocity field has scale-dependera cylindrical cell filled with water. The inner diameter of the
statistics, that is, the shape of the probability density functiorcell isD=19 cm and its height ik =20.4 cm. In this paper,
(PDF) of év, depends orr, and is intermittent. Extensive we report our analyses of the velocity time series data mea-
efforts have been devoted to understanding the intermittergured at the center of the convection cell. We concentrate on
nature of turbulence. Kolmogorov's refined similarity hy- the measurements at the cell center because it is commonly
pothesis(RSH) [3] attributed the intermittency of velocity believed that the turbulent convection in the central region is
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approximately homogeneous and isotropic. Results at a spe- 0.7 L L s e s —
cific Ra, 3.7<10°, will be discussed for the purpose.

In particular, we address two questions. First, are velocity 06 - 1
statistics in turbulent convection different from those in
flows in which buoyancy is not driven by dynamics? Second, 0.5 - i
is buoyancy important in the central region where thereisno __ 04 - |
mean temperature gradient? We first investigate whether the ¢
velocity fluctuations are intermittent. We shall see in Sec. Il E_T“ 0.3 - |
that the answer is affirmative. Then, we proceed to charac-
terize the intermittency of the velocity fluctuations in Sec. 02 - ]
[ll. Specifically, we check whether the She-Leveque hierar-
chy is also a good description for the velocity fluctuations in 0.1 r 1
turbulent convection. We shall also see that the answer is yes
but the value of the parametg is different from that re- 0.0 5 > 1 0 1 2 . 4 5
ported for flows not driven by buoyancy. In Sec. IV, we show T T e T X
that the vertical component has distinct features from the T

other two horizontal components and discuss our interpreta- FIG. 1. Measured probability density functioRs(X.) of the

tion that this r_esult _|nd|cates that b_uoyancy IS |mportant Nstandardized velocity differencé, for the x component velocity.
the central region. Finally, the work is summarized in Sec. V.__4 s(dotted ling, 7=3.2 s(solid line), andr=26 s(circles. The

dashed line is a standard Gaussian distribution.
Il. PROBABILITY DENSITY FUNCTIONS OF THE
VELOCITY DIFFERENCE which is easily evaluated using the measured values of Ra,
Pr, Nu, andr,. For Ra=3.7x10°, Nu=101, and P5.4,
we haverg~1.5s. One can define a local version of the
Bolgiano scale using instead the locally averaged energy and

the vertical direction, the direction is defined by the direc- (€MPerature dissipation rates. For example, using the energy

tion of the mean large-scale flow observed near the bottorﬁnd temperature dissipation rates averaggd over a plane at a
plate, and the direction is fixed by the requirement that the given height of the cell, a-dependent Bolgiano scaley(2)

x, y, andz axes form a right-handed coordinate system. Oucan be definef22]. One expects thag~Lg(2) whenzis in
aim is to investigate whether the shape of the PDR of the central region of the convection ce]l. The inverse of the
changes withr. For this purpose, we evaluate the PDFs ofcUtOff frequency in the measured velocity power Spei
the standardized velocity difference, = /<U2>1/2 for dif- is 7,~1 s. This sets the smallest time scale of interest for
ferent values of rooTT the velocity measurements. Note thatis close tor, , and

It is known th.at LDV has sampling bias towards higher hence, only the Bolgiano regime can be probed with this set

velocity measuremen{d.9]. To correct this bias, we use the of \lleloltzz!ty mleasuremints. the PDFsP.(X tor th
minimum transit time of the two measuremenigt) and h 9. 1, we show the sP.(X,), for the

v(t+ 7), as a weight when calculating the statistice of As g;ﬁrsnsi?gﬁg: s\ﬁfﬁf 'Ey'Jt '? :ﬁgg thﬁ)t;c?]i\gaateéaz(s);?ar? as
a result, the probability of . having a value betweexand T Ty PP

x-+dx is estimated by the sum of the minimum transit times” i_ncreases. Thus, the functionallform of the PDF changes as
of thosev.’s with values in the same intervakx+ dx) 7 increases. Hence, the fluctuations of theomponent ve-
T b L

divided by the total sum of the minimum transit times of all Iocny h_ave scale-dependent statistics and are intermittent.
- Similarly, we showP (X,) for the y- and z-component

Before presenting the results, let us first discuss somgﬁloc't'es.t'nf':'gi' 2 lafnd 3 re.;pectlvely. éAgaln theh PDF
important time scales of the problem. Well-defined oscilla-cNaNges 1S functional form as changes and approaches a

tions have been observed in the two horizontal velocity ComiGa.LtISSIan when ?pproachlego: 'trher?[:‘or?, tgey and_z ve;:.
ponents [17] with an oscillation period 7, scaled as ocity components are also intermittent. Comparing Figs.

Lil(xro) =02 RE® [20], For Ra-3.7x10, we havero b 0l S0 8 e B e e We.
=55 s. We associate this oscillation timg with the cell P P :

heightL and define the time scalg; corresponding to the shall return to this in Sec. ll.
Bolgiano scaldg by rg=7glg/L [14]. In the definition of
g, the average energy and temperature dissipation eates
and y were used. As a resuliz can be writter]21] in terms

We study the PDFs of the velocity difference over a time
interval 7, v ,.=v (t+ 7) —v(t), for the three velocity compo-
nents, denoted as y, andz components. The direction is

Ill. CHARACTERIZATION OF THE VELOCITY
INTERMITTENCY

of Ra, Pr.L, and the Nusselt numbéNu) which is the heat We are interested in characterizing the velocity intermit-
flux normalized by that when there was only conduction.tency found in Sec. Il. Specifically, we would like to check
Thus, we have whether the She-Leveque hierarchical strucfdiiés a good

NUL2 description for the velocity intermittency in turbulent thermal
o= TOL (1)  convection. For the velocity structure functiofis the time
(RaPy* domain, S,(7)=(|v,|P), the hierarchical structure reads
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FIG. 2. P(X,) for they-component velocity. Herer,=1 s(dot-
ted line, 7=3.2 s(solid line), and =50 s (circles. The dashed
line is a standard Gaussian distribution.

B
Sp+2( T) _ Sp+l(T) [S(OC)( T)]l_ﬁ (2)
Sp+1( 7) P Sp( 7) ’
where 0<3<1, A, are constants independent ofind
Sp+1(7)
S#)(7)= lim 2= 3
(D=l =g 3

If the PDF ofv , is finite and is zero beyond a certain value,

one can show tha®*)(7) is equal to the maximum value of

|v,|. Thus, for flows in which the velocity components are
bounded S™)(7) exists, and is associated with the most in-

tense structures of the flow. Supp&& () scales withr as
S*)(7)~ 7 and S,(7) ~ 7¢e, then Eq.(2) implies
{p=a(l=p") +bp, (4)
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FIG. 3. P(X,) for thez-component velocity. Herer=1 s(dot-
ted ling, 7=5 s(solid line), and =50 s(circles. The dashed line
is a standard Gaussian distribution.
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for some constara. If 5—1, Eq.(4) gives{,—bp and we
have {, proportional top, as predicted by Kolmogorov's
1941 theory. Thus3 can be taken as a measure of the degree
of intermittency: the more3 deviates from 1, that is, the
smallerg is (sincep is between 0 and)1the more intermit-
tent the fluctuation is.

It has been foundl23] that the She-Leveque hierarchical
structure is a special form of the general extended self-
similarity (GESS [24]. Thus, we first check whether GESS
holds, that is, whether there exists relative scaling between
the normalized structure functions:

Sy(7)
[Sy(7)]P

In Fig. 4, we plotT(7) vs Ty(7) for 7, <7<17y in a
log-log scale for the three velocity components. The data
points can be well fitted by a straight line indicating a good
relative scaling. Thus, all the three velocity components have
GESS, which holds in the whole range offor the vertical
component but is restricted to a shorter ext{see Fig. 4 for
the two horizontal components due to the oscillations.

We then follow the procedure developed in Ref3] to
check whether this GESS is of the She-Leveque form. The
first step is to find the relative scaling exponep{p), de-
fined by

To(7)= ()

To(7)~[To(7)]7®, (6)
and studyAp(p)=p(p+1)—p(p). If Eq. (2) holds, then
one can show that

Ap(p+1)=pBAp(p)+1. (7)

The second step is to platp(p+ 1) vsAp(p) and check
whether the data points can be fitted by a straight line of
intercept 1. In Fig. 5, we show such plots for the three ve-
locity components. It is seen that straight lines with intercept
1 can indeed fit all three sets of data. Hence, we conclude
that the She-Leveque hierarchical structure is a good descrip-
tion for all three velocity components. The value gfis
given by the slope of the fitted straight line. We find an
interesting result that the data for the two horizontal compo-
nents can be well fitted by the same straight line with the
same value of3=0.79+0.03. On the other hand, we find
B=0.66+0.02 for the vertical velocity component. These
values of 3 are smaller than the value of 0.8%,7] for ve-
locity fluctuations in turbulent flows in which buoyancy is
not driving the dynamics. Thus, velocity fluctuations in tur-
bulent convection are generally more intermittent.

IV. COMPARISON OF THE STATISTICAL FEATURES OF
THE THREE VELOCITY COMPONENTS

In the preceding section, We have shown that the vertical
velocity component has a smaller value @fthan the two
horizontal components have and thus has more intermittent
fluctuations. This is consistent with our observation in Sec. Il
that the change of the PDIF (X,) with 7 is more apparent
for the vertical velocity component. Figure 5 thus suggests
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FIG. 4. T,(7) vs T,(7) for (a) thex-component velocity witlp=1.5, (b) they-component velocity witlp=2.5, and(c) the zcomponent

velocity with p=3. The solid line is the best linear fit for the region that can be fitted by a straight line and extrapolated to the whole region
of 7 to show the extent of the GESS range.

that the vertical component is distinct from the two horizon-the method described in R¢23] to get an indirect estimate
tal velocity components. of S*)(7). First, we define(7) by
We shall further explore this issue by studying the behav-
ior of S™)(7) for the three velocity components. We follow
F ()= logd Sp(7)/Sy( 74 ) 1= F(P)l0gid S1(7)/Si( 74 )]
p 1

2.0 T T T T T T T T T pff(p)

®

1.8 J
] wheref(p)=(1—")/(1—pB). From Eq.(2), Fy(7) should
iy be independent op and equal to log{ S (7)/S™)(7,)].

- 16 i Figure 6 shows-,(7) for the three components. The data for
%_ each component collapse whptis large as expected. Oscil-
<14 - : lations reported in the two horizontal components again

show up inF (7). For thez component,F () becomes
approximately independent afwhen r=5 s. On the other

121 i hand, for the horizontal componerftg(7) exhibits a clear
dependence. Thu§*)(7) depends orr for the horizontal
io%%¥——+——+—— L —— L components but is consistent with beimgndependent for
0.0 0.2 0.4 0.6 0.8 1.0 the vertical velocity component wher=5 s. This result
Ap(p) suggests that the most intense structures associated with the
FIG. 5. Ap(p+1) vs Ap(p) for the x-component(circles,  Vertical velocity are shocklikg23]. A further consequence of
y-componenisquarel andz-componenttriangles velocities. this result is the saturation of, for the vertical velocity
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vertical velocity component is distinct from the horizontal
velocity components. The positive correlation between the
vertical velocity and temperature differences also suggests
that there are plumes passing through the central region.
These plumes will likely cause the vertical velocity fluctua-
tions to be more intermittent than the horizontal velocity
fluctuations as found in Sec. Ill.

V. SUMMARY

We have carried out a systematic study of the statistical
properties of velocity fluctuations in turbulent thermal con-
] vection. We focused on the velocity measurements taken at
0.0 0.5 1.0 1.5 2.0 25 the center of the convection cell. It is first established that
l0g,,(7) fluctuations of all the three velocity components have scale-
dependent statistics and are thus intermittent. It is found that
the velocity intermittency in turbulent thermal convection
can be well described by the She-Leveque hierarchical struc-
ture. Our analyses show that the velocity fluctuations in tur-
bulent thermal convection are generally more intermittent
than those in turbulent flows that are not driven by buoyancy.
Finally, our analyses reveal that the vertical direction is spe-
. . Bial even at the center of the cell. This is reflected by the
two horizontal velocity components. . S ._finding that the vertical component has distinct features from
Our analyses reveal that the vertical direction is SPECIAhe two horizontal components. First, the vertical component

even (‘;"t Tﬁtﬁe" center. O?bthe one harr:_d,ht2|_s restl#t :"Is .'(Tms a smaller value @8 and thus has more intermittent fluc-
accord wi € presence ol buoyancy, which drives the Tiuig, i ¢ Second, the most intense structures associated with

dynamics in turbulent thermal convection. On the otherhe vertical component are shocklike and the scaling expo-

hand, beca}use the mean temperature _gradlent vamsh(_es n gntsg p Of the vertical velocity structure function saturate as
central region of the convection cell, it is commonly believed 0. Together with the finding of a positive correlation

that buoyancy does not play a role there, and this result'l etween the vertical velocity and temperature differences
therefore, not totally expected. When buoyancy becomes w;r
I

FIG. 6. F,(7) with p=1.5, 2, 2.5, and 3 for the-component,
y-component, and-component velocitie§from top to bottom. The
data for they andz components are shifted downwards by 0.15 and
0.25, respectively, for clarity.

structure functions ag—c [see Eq(4)]. Hence, the vertical
component again shows distinct statistical features from th

portant, one expects that hot fluid rises and cold fluid fal 25], this result indicates that buoyancy is important even in

and hence a positive correlation between the vertical velocit he central region of the cell where there is no mean tem-
b erature gradient.

and temperature fluctuations is produced. The correlation be-
tweenv, and T =T(t+ 7)—T(t) has been recently studied
and reported in Ref[25]. Indeed a positive correlation is
found for the vertical velocity component whe# 75, and The work at the Chinese University of Hong Kong was
only a weak correlation for the two horizontal components issupported by a grant from the Research Grants Council of
observed throughout the whole range0f25]. This result the Hong Kong Special Administrative Region, China
thus suggests that buoyancy is important even at the centéProject No. CUHK 4286/00P The work at Oklahoma State
of the cell, which reinforces the present finding that the ver-University was supported by the U.S. National Science
tical direction is special even at the cell center and that thé&oundation under Grant No. DMR-0071323.
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