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Direct multipoint measurements of the velocity and temperature fields have been made in a turbulent
Rayleigh-Bénard convection cell. In the central region of the cell it is found that both velocity and
temperature exhibit the same scaling behavior that one would find for the velocity and for a passive scalar
in homogeneous and isotropic Navier-Stokes turbulence. This is despite the fact that energy is pumped
into the system vertically via buoyancy. Near the cell’s sidewall where thermal plumes abound, vertical
velocity and temperature exhibit different scalings. A model that takes into account both buoyancy and
energy dissipation is proposed and its predictions agree well with the sidewall experimental results.
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An important class of fluid motion found ubiquitously in
nature is buoyancy-driven turbulent flows. A model system
to study this type of flow is turbulent Rayleigh-Bénard
(RB) convection. An important issue in the study of fluid
turbulence is to determine the dynamics that drive the
cascades of turbulent velocity and temperature fluctuations
from large to small scales. Different dynamics may be
manifested as different scaling laws for the velocity and
temperature structure functions (SF), which are the statis-
tical moments of the velocity and temperature differences
over a distance r, i.e., Sp�r� � hj�Vrjpi and Rp�r� �
hj�Trj

pi. In the RB system the situation is more compli-
cated because the smallest scale is associated with the
thermal boundary layers that detach to form thermal
plumes that cluster or organize to form the large scale
flow that then cascades to small scales. This small-to-
large-to-small behavior makes the RB problem even
more challenging and interesting. Based on dimensional
arguments, Bolgiano and Obukhov (BO59) [1,2] proposed
in 1959 that for stably stratified convection two different
dynamics control the cascades of turbulent velocity and
temperature fluctuations within the usual inertial range
which is divided by the Bolgiano length lB. For r > lB
buoyancy is the dominant force and one expects to observe
Sp�r� � r

3p=5 and Rp�r� � rp=5; below lB inertia becomes
the driving force and one expects to see for the velocity the
usual Kolmogorov scaling (K41) [3] and for the tempera-
ture the Obukhov-Corrsin scaling (OC) [4,5] predicted for
a passive scalar. Over the years a number of experimental
and numerical studies of RB convection appear to have
observed the BO59 [6–14] and several theoretical models
[15–17] also found BO59 for this system. On the other
hand, there are also theoretical and numerical evidences
that cast doubt on its existence [18–22]. In the studies that
appear to have shown BO59, some are based on very
limited scaling range or data resolution while many others
are based on data obtained in the time or frequency do-
main. To relate the time domain results to the theoretical
predictions made for the space domain requires the use of

the Taylor frozen-turbulence hypothesis, the validity of
which demands that turbulent velocity fluctuations be
much smaller than the mean flow velocity. However, it is
known that the mean velocity is either zero or is compa-
rable to the rms velocity, depending on the place in RB
convection cell.

This Letter reports multipoint measurements of the ve-
locity and temperature fields in turbulent convection, from
which real-space SFs are obtained. The experiment was
conducted in a RB convection cell which has been de-
scribed in detail elsewhere [23]. Briefly it is a vertical
cylinder of height H � 19:3 cm and diameter D �
19:0 cm, with upper and lower copper plates and
Plexiglas sidewall. During the velocity and temperature
measurements the convection cell was placed inside a
thermostat box that was kept at the mean temperature
(40 �C) of the convecting fluid, which was water. The
control parameters of the system are the Rayleigh number
Ra (��gH3�=��), and the Prandtl number Pr (��=�),
where g is the gravitational acceleration, � the temperature
difference across the cell, and �, �, and �, respectively, the
thermal expansion coefficient, the kinematic viscosity, and
the thermal diffusivity of the fluid. The velocity measure-
ment was made at Ra � 7:0� 109 and temperature mea-
surement at Ra � 1:0� 1010 while Pr� 4:3 in both cases.
At these values of Ra and Pr the Kolmogrov scale � �
HPr1=2=�RaNu�1=4 � 0:4 mm and the Bolgiano scale
‘B � HNu1=2=�Ra Pr�1=4 � 5 mm [8]. It is well known
that the sidewall region of the cell is dominated by thermal
plumes, whereas the central region has relatively few
plumes [24]. This suggests that velocity and temperature
may exhibit different behavior in the two regions. We thus
selected an area of 4� 4 cm2 in the cell center and another
of 4 cm high and 2 cm wide near the sidewall (at midheight
with its edge 1 cm from the wall) for high-resolution
measurements of both velocity and temperature.

A pair of thermistors 300 �m in size with a time con-
stant of 10 ms are used in the temperature measurements.
Each thermistor is mounted on a stainless steel tube (di-
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ameter 1 mm), which is similar to that depicted in Ref. [25]
except that in the present case one thermistor is fixed while
the other can traverse vertically via a motorized translation
stage (precision 0.01 mm). The thermistors are connected
to separate ac bridges modulated by a sinusoidal signal of
1 kHz. The bridge outputs are demodulated by lock-in
amplifiers and then digitized by a dynamical signal ana-
lyzer [12]. In the experiment the vertical separation r
between the thermistors varied from 0.5 mm to 9 cm. For
a given r, two simultaneous temperature time series each
consisting of 1 152 000 data points are acquired at a sam-
pling rate of 32 Hz.

The multipoint velocity field was measured using the
particle image velocimetry (PIV). The PIV system and the
selection criteria for operating parameters have been de-
scribed in detail elsewhere [23]. In the present work, the
seed particles are 50-�m-diameter polyamid spheres (den-
sity 1:03 g=cm3) and the laser light-sheet thickness is
�0:5 mm. The spatial resolution is 0.66 mm, which cor-
responds to 61� 61 velocity vectors in the central mea-
suring area and 61� 30 vectors in the sidewall measuring
area. A water-filled square-shaped jacket made of flat glass
plate is fitted to the outside of the sidewall [24], which
greatly reduced the distortion effect to the PIV images
caused by the curvature of the cylindrical sidewall.
Denote the laser-illuminated plane as the xz plane, then
the horizontal velocity component u�x; z� and the vertical
one w�x; z� are measured. Each measurement lasted 1 hr in
which a total of 7500 vector maps were acquired (sampling
rate 2 Hz). To obtain high-order SFs with good statistics
recall that if the flow is locally homogeneous then Sp�r� �
hjV�x	 r� � V�x�jpi is independent of the position x. This
will be the case if the n-point joint probability density
function (PDF) of different �Vr for varying values of r is
independent of x [26]. Using the measured velocity we
calculated PDF for n � 2 and 3 for various values of r and
x and found that they all collapse on top of each other,
except some scatter near the tails which are probably due to
the limited statistics. More rigorous test involving multi-
point PDF with n > 3 is certainly needed to fully validate
the local homogeneity of the system. However, if we take
this preliminary result as evidence that the flow is approxi-
mately locally homogeneous, then each velocity difference
V�x	 r� � V�x� for a fixed r and a given x within the
measuring area makes a distinct contribution to the en-
semble average. Each of the 7500 vector field represents a
realization of the flow configuration so that it also makes a
distinct contribution to the ensemble average. We thus have
27 907 500 (61� 61� 7500) and 13 725 000 (61� 30�
7500) velocity points for the central and sidewall regions,
respectively. These correspond to 24.7 to 15.1 M pairs of
velocity differences in the center and 12.6 to 3.72 M in the
sidewall for the smallest and largest r in the inertial range,
respectively. With the measured 2D velocity field, we can
calculate both longitudinal and transverse SFs, i.e., for

separations along and perpendicular to the velocity direc-
tion, respectively. For w these are defined as SL;wp �r� �
hjw�x; z	 r� � w�x; z�jpi and ST;wp �r� � hjw�x	 r; z� �
w�x; z�jpi, respectively. Those for u can be similarly de-
fined. The upper panel of Fig. 1 plots in log-log scale
SL;up �r�=rp=3 and Rp�r�=rp=3 vs r at cell center for p � 1
to 8. The compensated plot shows the quality of the SFs
and their progressive deviation from the K41 prediction
with increasing p. To show the level of convergence of
these SFs we plot in the lower panel their kernels for p � 6
and 8. Figure 1 shows that the SF for both velocity and
temperature exhibit good scaling over the same range of
scales which are larger than lB and smaller than the integral
scale L (�3 cm). As scaling is generally expected only for
r > 10� which roughly corresponds to lB in the present
case, so the inertial range here is, coincidentally, lB < r <
L. It is found that in general temperature has longer scaling
range than velocity and that near the sidewall the range of
scaling is also longer than it is at cell center.

Table I lists the scaling exponents �p of velocity and �p
of temperature SFs of orders p � 1 to 8, where �L;wp is that
of the longitudinal SF of w, etc. We first discuss the central
region results. When these are compared with well-known
experimental results from Navier-Stokes turbulence for
velocity and passive scalars [27,28], we find extremely
good agreement. Table I also shows clearly that the ex-
ponents of the various velocity SFs in the center are
essentially the same within experimental uncertainty.
This implies that the velocity field is isotropic in the central
region. In isotropic flow the second order longitudinal and
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FIG. 1 (color online). Upper panel: Compensated velocity and
temperature SFs of order 1 to 8 (from bottom to top) measured at
central region as a function of r. Data inside and outside of the
scaling range are represented by different colors and the lines
represent power-law fits to data in the inertial range. Lower
panel: Integral kernels of SF at the smallest r in inertial range for
p � 6 and 8 (the vertical scale for p � 8 has been reduced by 10
and 50 times for the velocity and temperature, respectively).
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transverse SFs are related as ST2 �r� � SL2 �r� 	 �r=2��
�@SL2 =@r� [26]. Using �2 � 0:68 from the present work
we have ST2=S

L
2 � 1	 �2=2 � 1:34. For values of r in

the inertial range, we find that ST2 �r�=S
L
2 �r� varies from

1.28 to 1.32 with a mean of 1.31 for w, and from 1.32 to
1.36 with a mean of 1.34 for u. An equivalent criterion for
local isotropy is that the longitudinal integral scale L11 is
twice of the transverse one L22, which are obtained by
integrating the longitudinal and transverse autocorrelation
functions of the velocity respectively [26]. Here we find in
the center region L11 � 28:2 mm and L22 � 14:4 mm.

A comparison of the measured exponents with various
theoretical predictions is shown in Fig. 2 [the predictions of
K41 for the velocity and OC for passive scalars are the
same (p=3)]. The figure shows that the present results do
not support BO59 and that they are closer to the classical
predictions. However, full agreement with the classical
results are not expected because they do not consider the
intermittency effect. The hierarchy models of She and

Lévêque (SL94) [29] for velocity, and of Ruiz-Chavarria
et al. (RCBC96) [28] for passive scalars seem to account
the intermittency effect well; their predictions are plotted
also in Fig. 2. The excellent agreement between the models
and experiment suggests that the velocity and temperature
in the central region of the convection cell exhibit the same
behavior as the velocity field and a passive scalar would
behave in homogeneous and isotropic Navier-Stokes tur-
bulence. This result appears at first counterintuitive since
the flow is driven by buoyancy in the vertical direction.
Indeed, even in the central region temperature shows
stronger correlation with the vertical velocity than with
the other two velocity components [22]. However, one may
argue that isotropy may be realized by pressure that can
rapidly redistribute energy among different velocity com-
ponents [17]. It is also argued in [18,19] that temperature
should be passive. Numerically it was found in [20] that
velocity and temperature follow K41 scaling, while in [21]
K41 was found for velocity. Experimentally it was found in

TABLE I. Exponents of structure functions of order p � 1 to 8. Columns 2–6: Center results for longitudinal (L) and transverse (T)
SF of the vertical (w) and horizontal (u) velocities and the temperature. Columns 7–9: Sidewall results for the vertical velocity
longitudinal and horizontal velocity transverse SF and the temperature.

Center Sidewall
p �L;wp �T;wp �T;up �L;up �p �L;wp �T;up �p

1 0:35
 0:01 0:35
 0:01 0:36
 0:01 0:36
 0:01 0:37
 0:01 0:40
 0:01 0:38
 0:01 0:33
 0:01
2 0:68
 0:01 0:68
 0:01 0:68
 0:01 0:68
 0:01 0:63
 0:01 0:78
 0:01 0:72
 0:01 0:59
 0:01
3 0:99
 0:01 1:00
 0:01 0:98
 0:01 0:98
 0:01 0:80
 0:01 1:14
 0:01 1:01
 0:01 0:80
 0:01
4 1:25
 0:02 1:27
 0:02 1:26
 0:02 1:25
 0:02 0:93
 0:01 1:48
 0:02 1:27
 0:02 0:97
 0:01
5 1:53
 0:03 1:51
 0:03 1:52
 0:03 1:53
 0:03 1:03
 0:01 1:78
 0:03 1:52
 0:04 1:13
 0:02
6 1:81
 0:04 1:73
 0:04 1:76
 0:04 1:76
 0:04 1:12
 0:02 2:03
 0:04 1:70
 0:06 1:31
 0:02
7 2:02
 0:06 1:96
 0:06 2:00
 0:06 1:99
 0:06 1:22
 0:04 2:21
 0:06 1:94
 0:08 1:52
 0:04
8 2:30
 0:10 2:09
 0:10 2:14
 0:10 2:07
 0:10 1:33
 0:05 2:36
 0:08 2:05
 0:13 1:77
 0:05
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FIG. 2 (color online). Comparison of velocity and temperature
SF exponents measured at cell center with various model pre-
dictions.
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FIG. 3 (color online). Comparison of velocity and temperature
SF exponents measured at sidewall with model predictions.
Inset: Exponents of fractional-order velocity SF for p between
0 and 2 (lines and symbols are the same as in the main figure).
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[30] that temperature is active but for Ra> 1010 it may
become progressively passive. We note that our results do
not agree with the prediction of the Kraichnan model for
passive scalars [31], as it is not expected to be applicable
here.

Because of the limited size of the sidewall measuring
area in the horizontal direction we calculate only velocity
differences along the vertical direction, i.e., the longitudi-
nal and the transverse SFs SL;wp �r� and ST;up �r� for the
vertical and horizontal velocities, respectively. It is seen
from Table I that the sidewall exponents for the horizontal
velocity are consistent with those in the central region. The
exponents for the vertical velocity and temperature are
very different from those in the central region and follow
neither BO59 nor the K41/SL94 predictions, which is
further shown in Fig. 3. How can we understand these
results? The basic assumption that leads to BO scaling is
that for scales larger than lB viscous dissipation is negli-
gible comparing to the buoyancy and the cascades of
velocity and temperature variances are determined by the
temperature dissipation rate 	
, the buoyancy �g, and the
scale r of velocity and temperature variations [1,2]. Here
we argue that while buoyancy is important in the plume-
dominated sidewall region, energy dissipation 	v cannot be
neglected, so that the cascades of velocity and tempera-
ture variations depend also on 	v, in addition to �g4 , 	
,
and r. Dimensional analysis then leads to h��Vr�pi�
��g4 	v�p=5r2p=5 and h��Tr�pi � ��g4 	v��p=10�

	p=2

 r3p=10, which are shown in Fig. 3. As these results do

not consider the intermittency effect, they are not expected
to be correct for high-order SFs. So we examine the
fractional-order SFs of small p. These are shown in the
inset of Fig. 3 for velocity SFs of p � 2. The present model
is seen to agree well with the experimental results which
are clearly different from both BO59 and K41. Clearly,
more detailed and systematic test of the model is needed.

As we remarked earlier many of the previous experi-
mental measurements that showed BO scaling were made
in time or frequency domain and Taylor hypothesis was
invoked to connect them to theoretical predictions. As an
example, we consider a previous experimental result. The
data [11] were vertical velocities measured by laser
Doppler velocimetry (LDV) near the sidewall of a convec-
tion cell similar to the present one and its frequency power
spectrum exhibited BO scaling [11]. Here we use a local
Taylor hypothesis method that uses a local velocity aver-
aged over the integral time scale of the flow to convert
velocity from time domain to space domain [32]. As this
method was developed for the hot-wire data, we first
resampled our LDV data with equal-time interval before
using the method. The exponents �LDV

p of the longitudinal
SF calculated based on the converted velocity is shown in
Fig. 3, which is seen to agree excellently with the present

results instead of either BO59 or K41 (only p � 4 are
obtained because of the limited sample size of the LDV
data).
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