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Measured Local Heat Transport in Turbulent Rayleigh-Bénard Convection
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Local convective heat flux in turbulent thermal convection is obtained from simultaneous velocity
and temperature measurements in an aspect-ratio-one convection cell filled with water. It is found that
fluctuations of the vertical heat flux are highly intermittent and are determined primarily by the
thermal plumes in the system. The experiment reveals a unique mechanism for the heat transport in

turbulent convection.
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An important issue in the study of turbulent Rayleigh-
Bénard convection is to understand how heat is trans-
ported vertically through a convection cell [1-3]. A large
number of global heat transport measurements have been
carried out in various convecting fluids and under differ-
ent experimental conditions. Some of the measurements
were conducted with wide parameter range and great
precession [4—9]. These measurements have stimulated
considerable theoretical efforts, aimed at explaining the
functional form of the measured Nusselt number (nor-
malized heat flux), Nu(Ra,Pr), as a function of the two
experimental control parameters: the Rayleigh number
Ra and the Prandtl number Pr. Like many transport phe-
nomena in condensed matter physics, the measured mac-
roscopic transport properties can often be explained by
theories with different microscopic mechanisms [1-4]. A
main issue of an unresolved theoretical debate is whether
the heat transport in turbulent convection is determined
primarily by thermal plumes, which erupt from the upper
and lower thermal boundary layers, or by the large-scale
circulation (LSC) that spans the height of the convection
cell. Direct measurements of the local convective heat
flux, therefore, become essential to the understanding of
the heat transport mechanism in turbulent convection.

In this Letter, we report direct measurements of
the normalized local convective heat flux, J(r) =
(v(r, 1)0T(r, 1)),H/ kAT, over varying Rayleigh numbers
and spatial positions r across the entire cell. Here « is the
thermal diffusivity of the convecting fluid, AT is the tem-
perature difference across the cell height H (= 20.5 cm),
and (.. .), represents an average over time ¢. In the experi-
ment, the local temperature fluctuation 87(r, 1) = T(r, t) —
T, and the flow velocity v(r,7) are measured simulta-
neously. The mean temperature 7y of the bulk fluid is
kept at ~30°C and the corresponding Prandtl number,
Pr=v/k, is ~5.4. The convection cell is an upright
cylindrical cell of aspect ratio one and is filled with water.
Details about the apparatus have been described else-
where[10]. The upper and lower plates are made of brass
and the sidewall is a transparent Plexiglas ring with a
narrow and long rectangular flat window for velocity
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measurement. Two silicon rubber film heaters connected
in parallel are sandwiched on the backside of the lower
plate to provide constant and uniform heating. The upper
plate is in contact with a cooling chamber, whose tem-
perature is maintained constant by circulating cold water
from a temperature bath.

Local velocity measurements are conducted using a
laser Doppler velocimetry (LDV) system together with
an argon-ion laser[11]. The LDV system can simulta-
neously measure two components of v(r, r) as a function
of time ¢ and the measuring position r (laser focusing
spot) is varied by moving the LDV fiber-optic transceiver
probe, which is mounted on a traversable table. It has been
shown[11] that LDV is capable of measuring the flow
velocity with high accuracy (better than 1%) over the
entire convection cell, except near the upper and lower
thermal boundary layers, whose thickness is ~1 mm. The
sampling rate of the velocity measurements is ~15 Hz,
which is much larger than the cutoff frequency of the
velocity power spectrum. Typically, we take two to seven
hour-long time series data (~ 5 X 10° data points) at each
location, ensuring that the statistical average of the flow
properties is adequate.

Simultaneous velocity and temperature measurements
are carried out using a multichannel LDV interface mod-
ule to synchronize the data acquisition. A triggering pulse
from the LDV signal processor initiates the acquisition of
an analog temperature signal. A small movable thermis-
tor of 0.2 mm in diameter, 15 ms in time constant, and
1 mK/Q) in temperature sensitivity is used to measure
T(r, t). To guide the thermistor into the cell, we install a
horizontal stainless steel tube of 1.1 mm in diameter at
the midheight of the sidewall. The tube can slide in and
out so that 7(r, r) can be measured at various horizontal
positions along a cell diameter (x axis) from the sidewall
(x/H = 0) to the cell center (x/H = 0.5). Similarly, we
also install a vertical stainless steel tube through the
center of the top plate and measure T(r, ) along the
central vertical axis of the cell (z axis) from
the bottom (z/H = 0) to the cell center (z/H = 0.5). In
the experiment, the spatial separation between the LDV
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focusing spot and the thermistor tip is kept at a minimal
value of 0.7 = 0.2 mm. This distance is 3 times larger
than the tip diameter of the thermistor but 20 times
smaller than the correlation length between the tempera-
ture and velocity fluctuations [12]. In addition, the LDV
focusing spot is always placed at an upstream position to
further minimize the disturbance of the thermistor to the
velocity measurement.

We first discuss the measurements of J(r) along the x
and z axes; both are in the rotation plane of LSC. For the
horizontal scan, we measure the vertical heat flux J,(x)
and the horizontal heat flux Jy(x) (out of the rotation
plane). For the vertical scan, we measure the horizontal
heat flux J,(z) and the vertical heat flux J.(z). Figure 1(a)
shows the measured J, (x) (circles) and Jy(x) (triangles) as
a function of the normalized horizontal position x/H at
two different values of Ra. It is seen that the heat flux
across the midheight plane of the cell is predominately in
the vertical direction and the horizontal heat flux is
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FIG. 1. (a) Measured vertical flux J,(x) (circles) and horizon-

tal flux J,(x) (triangles) as a function of x/H. (b) Measured
horizontal flux J,(z) (circles) and vertical flux J_(z) (triangles)
as a function of z/H. The measurements in (a) and (b) are made
at Ra = 1.8 X 10° (open symbols) and 6.0 X 10° (closed sym-
bols). The two insets show, respectively, the normalized
J.(x)/Jy and J,(z)/Jy at Ra = 1.8 X 10° (triangles), 3.6 X 10°
(diamonds), and 6.0 X 10° (circles).
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negligible. The vertical heat flux concentrates in the side-
wall region and increases with Ra. While the amplitude of
the flux profile J,(x) increases with Ra, its shape remains
invariant with Ra. This is clearly shown in the inset,
which displays the normalized J,(x) by its peak value
Jy at three different values of Ra. The vertical heat flux at
the cell center is small but is definitely nonzero. It ac-
counts for ~5% when compared with the peak value J,
near the sidewall.

Figure 1(b) shows the measured J,(z) (circles) and J_(z)
(triangles) as a function of the normalized vertical posi-
tion z/H at two values of Ra. In contrast to the situation
near the sidewall, heat transport near the center of the
lower conducting surface is dominated by the horizontal
flux along the direction of LSC and the vertical flux is
negligible. When compared with Fig. 1(a), we find that
J(z) peaks at a location much closer to the lower bound-
ary and the width of the peak is narrower. The amplitude
of the flux profile J,(z) increases with Ra, but its shape
remains unchanged with Ra (see the inset). Another im-
portant feature shown in the inset is that the peak posi-
tion of J,(z) scales with the thermal boundary layer
thickness & (= 425Ra~%?% mm [13]). Figure 1 thus re-
veals that heat transport in the aspect-ratio-one cell is
carried out mainly along the cell periphery in the direc-
tion of LSC.

Our recent temperature and velocity measure-
ments[11,14] showed that the spatial distribution of ther-
mal plumes in a closed cell is neither homogeneous nor
isotropic. The thermal plumes organize themselves in
such a way that warm plumes accumulate on one side of
the cell and cold plumes concentrate on the opposite side
of the cell. Figure 2 shows the plume distribution with
warm rising plumes on the left and cold falling plumes on
the right [15]. The warm and cold plumes, which are
separated laterally in the two opposing sidewall regions,
exert buoyancy forces on the fluid and drive the vertical
flow near the sidewall. The central core region is
“sheared” by the rising and falling plumes, resulting in
a large-scale circulation across the cell height [11].

From these measurements we conclude that the dynam-
ics in turbulent convection is determined primarily by the
thermal plumes. The spatial separation of warm and cold
plumes and the resulting LSC provide a fast channel
along the cell periphery for the transport of heat. This
physical picture explains our finding that the plume-
dominated sidewall region (of thickness ~H/4) coincides
with the “peak region,” in which both J,(x) and v, reach
maximum. Clearly, this is a self-organizing process in
that the plume separation and LSC help each other and
they are not independent anymore. Because velocity fluc-
tuations in the central region are strong, most thermal
plumes are mixed up in the region. Nevertheless, there are
still some unmixed warm and cold plumes remaining,
which give rise to a nonzero J, in the region.

Besides the spatial organization, the warm and cold
plumes are also coupled in time. As shown in Fig. 3(a),
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FIG. 2 (color). A shadowgraph showing the spatial distribu-
tion of thermal plumes in an aspect-ratio-one cell (H = 15 cm)
filled with dipropylene glycol (Pr = 596). The picture is taken
at Ra = 6.8 X 108,

temperature fluctuations near the sidewall (top curve) are
highly skewed toward one direction and the upward going
spikes are associated with the rising warm plumes in the
region. It is seen that the thermal plumes do not arrive
randomly; rather, they arrive in groups with a well-
defined frequency. In a recent experiment [14], we found
that such an oscillation is caused by the alternating emis-
sion of cold and warm plumes between the upper and
lower boundary layers. When the warm plumes move up
in the sidewall region, they interact with the surrounding
fluid through direct entrainment. As shown in Fig. 3(a),
the resulting vertical velocity (middle curve) follows the
temperature oscillation in the region. From the simul-
taneous velocity and temperature data, we obtain the
instantaneous vertical flux (bottom curve), j.(r,t) =
[v.(r,0)8T(r, t)]JH/ kAT, with (j.(r, 1)), = J.(r). In the
calculation of j_(r, ), we have used the convention that
warm fluctuations (67 > 0) produce positive flux if their
velocities are in the upward direction (v, > 0).

Figure 3(b) shows the corresponding autocorrelation
functions of v,, 67, and j,. It is seen that the instanta-
neous heat flux oscillates with the same frequency and
phase as those of the temperature and velocity fluctua-
tions. Figure 3 thus further confirms that the heat trans-
port in turbulent convection is indeed carried out by the
thermal plumes. Because of spatial average, the oscilla-
tory behavior of the local heat flux is not observed in the
global measurement of the Nusselt number.

Figure 4(a) shows the measured histograms of the in-
stantaneous vertical flux H(j,) (triangles) and horizontal
flux H(j,) (circles) near the sidewall. It is seen that fluc-
tuations of the horizontal flux j, (out of the rotation plane
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FIG. 3. (a) Time series measurements of the temperature
fluctuation 8T(r) (top curve), vertical velocity v,(f) (middle
curve), and instantaneous vertical flux j.(z) (bottom curve)
near the sidewall. All the measurements are made at Ra =
3.6 X 10°. (b) Corresponding autocorrelation functions C(7)
for v_(f) (top curve), 8T(z) (middle curve), and j.(7) (bottom
curve). For clarity, the origin of the top and bottom curves is
shifted by *0.2.

of LSC) are symmetric and their mean value is approxi-
mately zero. Fluctuations of the vertical flux j_, on the
other hand, are asymmetric with positive fluctuations
being much larger than negative ones. The net gain of
the positive fluctuations gives rise to a mean vertical heat
flux. It is interesting to note that the negative flux fluctua-
tions are approximately the same in both directions,
whereas the positive flux fluctuations are much larger in
the vertical direction parallel to gravity. Figure 4(a) re-
veals that the measured j, consists of two types of fluc-
tuations: uncorrelated (passive) and correlated (active)
fluctuations. The negative fluctuations are approximately
isotropic and are produced by uncorrelated temperature
and velocity fluctuations. Small positive fluctuations sym-
metric to the negative ones are also uncorrelated. These
fluctuations do not contribute to the heat transport. Only
the large positive fluctuations are correlated; they are
produced primarily by the thermal plumes and make
positive contributions to the mean flux.
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FIG. 4. (a) Measured heat flux histograms H(j,) (closed
triangles) and H(j,) (open circles) near the sidewall (9 mm
from the sidewall). (b) Measured H(j,) (closed triangles) and
H(j,) (open circles) at the cell center. All the measurements are
made at Ra = 2.6 X 10°,

Figure 4(b) shows the measured H(j.) (triangles) and
H(j,) (circles) at the center of the cell. Similar to the
situation near the sidewall, fluctuations of the horizontal
flux j, are symmetric with a mean value close to zero.
Fluctuations of the vertical flux j,, on the other hand, are
asymmetric with negative fluctuations being smaller than
positive ones. We believe that this asymmetry is generated
by a small fraction of correlated signals (between tem-
perature and velocity), which are produced by the re-
maining warm and cold plumes in the region. While
temperature and velocity fluctuations are symmetric at
the cell center, the correlated signals associated with the
warm and cold plumes produce only positive flux in the
vertical direction. As a result, the negative fluctuations
are suppressed and the positive ones are enhanced when
compared with the horizontal flux fluctuations. This is
clearly shown in Fig. 4(b).

From Fig. 3(a) we find that the instantaneous vertical
flux j, near the sidewall (bottom curve) is highly skewed
toward one direction. Positive fluctuations are superposed
on an average base line. These upward going spikes are
associated with the rising warm plumes in the region.
While the input heating power is constant (at a fixed Ra)
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and uniform across the entire conducting surface, the
release of this power to the convecting fluid (via j,) is
highly intermittent both in time and space. It is seen from
Figs. 3(a) and 4(a) that there are some energetic thermal
plumes, which carry an instantaneous heat flux as large as
2000. This value is approximately 25 times larger than the
mean heating flux (Nu = 80). It is also found that the
measured H(j,) is highly non-Gaussian and exhibits an
exponential-like tail.

In summary, the experiment clearly reveals that the
heat transport in turbulent convection is carried out
mainly by thermal plumes and that the local heat flux is
highly intermittent both temporally and spatially. These
features are associated with the plume dynamics near the
thermal boundary layers and thus should not be sensitive
to the large-scale flow structures in the cell. It is also
found that the heat transport in the aspect-ratio-one cell
takes place primarily along the cell periphery in the
direction of the large-scale circulation. This result should
apply to other small aspect-ratio cells, in which the large-
scale flow structure and the plume dynamics are found to
be similar to those in the aspect-ratio-one cell [11]. It is
certainly important to explore turbulent convection in
large aspect-ratio cells and the present experiment is, in
fact, the first step toward this direction.
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