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Temperature fluctuations in a convection cell with rough upper and lower surfaces

Y.-B. Du and P. Tong*
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078

~Received 20 July; revised manuscript received 11 October 2000; published 22 March 2001!

A turbulent convection experiment is conducted in a cell with rough upper and lower surfaces. Temperature
statistics, frequency power spectrum, and thermal dissipation are measured over varying Rayleigh numbers in
the central region of the cell. The temperature histogram in the rough cell is found to have the same exponen-
tial shape as that in the smooth cell, but the width of the distribution is increased by;25%. The measured
power spectrum shows that temperature fluctuations in the rough cell are increased uniformly across the whole
frequency range. The cutoff frequencyf c of the power spectrum and the time averaged square temperature time
derivative^(]T/]t)2& are used to characterize the thermal dissipation in turbulent convection. It is found that
the normalizedf c as well aŝ (]T/]t)2& in the smooth and rough cells with different aspect ratios can all be
superposed onto a single curve, indicating that the thermal dissipation in these cells is determined by the same
mechanism. The experiment suggests that the enhanced heat transport observed in the rough cell is determined
primarily by the local dynamics near the upper and lower boundaries.

DOI: 10.1103/PhysRevE.63.046303 PACS number~s!: 47.27.Te, 05.40.2a, 44.25.1f, 47.27.Sd
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I. INTRODUCTION

A main issue in the study of turbulent thermal convecti
is to understand whether the heat transport in turbulent c
vection is determined primarily by the thermal plumes th
erupt from the upper and lower boundary layers or by
large-scale circulation that spans the height of the convec
cell @1#. These two coherent structures are found to coexis
the convection cell and have been adopted in several t
retical models@2–4#. The experiment by Castaing and c
workers @2,5# showed that the normalized heat flux, or t
Nusselt number Nu, scales as Nu;Rag, where Ra is the
Rayleigh number. The measured values of the exponentg by
various experimental groups lie in the range between 0
and 0.31@1,4#, which are different from the classical Ra1/3

prediction@6#.
It is found that the scaling behavior of the heat transpor

robust and remains unchanged under various perturbat
such as horizontal shearing of a boundary layer@7#, vertical
rotation of the whole convection cell@8#, changes of the
aspect ratio of the convection cell@9#, alterations of the
large-scale circulation by introducing bluff obstacles on
conducting plates@10# and sidewalls@11#, and use of con-
vecting fluids with different Prandtl numbers@12–14#. In a
more recent experiment, Xuet al. @15# carried out high pre-
cision heat transport measurements and found deviat
from the single power-law behavior.

To find the real mechanism for turbulent heat transp
we have recently carried out a convection experiment i
cell with rough upper and lower surfaces@16,17#. The mea-
sured heat transport in the rough cell is found to be increa
by more than 76%. Flow visualization and near-wall te
perature measurements revealed the dynamics for the e
sion of thermal plumes near a rough surface. The strik
effect of the surface roughness provides useful insights
the roles played by the thermal plumes in determining
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heat transport in turbulent convection. The discovery of
hanced heat transport over a rough surface has impo
applications in engineering, geography, and meteorology.
example is convection in the atmosphere and oceans, w
the underlying surfaces are usually rough.

An interesting question one might ask is how the surfa
roughness affects the temperature fluctuations in the b
region of the cell. Our current knowledge about the roug
ness effect on turbulent flows comes largely from expe
ments in wind tunnels and other open systems@18#, in which
the disturbance flow produced by a rough wall is confined
the near-wall region and is quickly discharged downstrea
For these reasons the surface roughness usually does no
turb the turbulent bulk region very much, and its effect
often described by rescaling the relevant length scales w
the surface roughness height@19#. The situation is changed
significantly for flows in a closed cell, in which the distu
bances produced by the boundaries are inevitably mixed
the bulk region.

In this paper, we report a systematic study of temperat
fluctuations in the central region of the rough cell. Tempe
ture statistics, the frequency power spectrum, and ther
dissipation are measured over varying Rayleigh numb
The results in the rough cell are compared with those in
smooth cell. The remainder of the paper is organized as
lows. We first describe the apparatus and experime
method in Sec. II. Experimental results are discussed in S
III. Finally, the work is summarized in Sec. IV.

II. EXPERIMENTAL METHOD

The experiment was conducted in a vertical cylindric
cell filled with water. Details of the apparatus have be
described elsewhere@17# and here we only mention som
key points. The sidewall of the cell was made of transpar
Plexiglas with an inner diameter 19 cm and wall thickne
0.63 cm. Two Plexiglas rings with the same diameter
having two different heights, 20 cm and 40 cm, were used
extend the accessible range of the Rayleigh number.
corresponding aspect ratiosA(5diameter/height) of the cel
wereA.1.0 andA.0.5.
©2001 The American Physical Society03-1
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Two identical convection cells, one with smooth upp
and lower surfaces~‘‘smooth cell’’! and the other with rough
upper and lower surfaces~‘‘rough cell’’ !, were made for
comparison. The rough surface was made by regular wo
V-shaped grooves with a vertex angle of 90°. The spac
between the grooves was such that a square lattice of p
mids was formed on the surface. The height of the pyram
~the roughness height! was h59.0 mm. The height of the
Plexiglas rings used for the rough cell was adjusted sligh
so that the base-to-base distance between the two oppo
rough surfaces was the same as the height of the corresp
ing smooth cell.

Both the smooth and rough plates were made of brass
their surfaces were electroplated with a thin layer of go
The lower surface of the cell was heated uniformly by tw
film heaters. The temperature of the upper surface was m
tained constant by circulating cold water from a temperat
bath. The whole convection cell was wrapped in three lay
of thermal insulating rubber sheets to prevent heat leak
The temperature of each plate was recorded by a thermi
which was embedded near the center of plate. The con
parameter of the experiment was the Rayleigh number
5agH3DT/(nx), whereH is the cell height,DT is the tem-
perature difference between the upper and lower surfaceg
is the gravitational acceleration, anda, n, andx are, respec-
tively, the thermal expansion coefficient, the kinematic v
cosity, and the thermal diffusivity of the convecting fluid.
the experiment, the mean temperature of the bulk fluid w
kept at 3061 °C and the corresponding Prandtl number
5n/x was;5.4.

A stainless steel tube of diameter 1.1 mm was insta
through the center of the upper plate to guide a small th
mistor into the cell. The tube was mounted on a microme
controlled translation stage, such that the local fluid tempe
ture T(z) could be measured at various vertical distancez
away from the upper~cold! plate. All the movable ther-
mistors used in the experiment were calibrated individua
with an accuracy 0.01 °C. A Keithley multimeter was used
measure the resistance of the thermistor at a sampling ra
20 Hz. The frequency power spectrumP( f ) was computed
using aLABVIEW fast Fourier transform~FFT! program pro-
vided by National Instruments. Typically, 1024 data poin
were used in the FFT and the result was averaged ove
8.3-h-long time record.

III. RESULTS AND DISCUSSION

A. Temperature statistics

We first discuss the local temperature measurement
the center of the smooth and rough cells with aspect r
A51. The measuredT(t) in both cells shows intermitten
sharp spikes of variable heights and more fluctuations
found in the rough cell. Figure 1 compares the tempera
histogramsH(dT) obtained in the rough cell~triangles! and
in the smooth cell~solid curve!. Here dT is defined asT
2T̄, with T̄ being the local mean temperature. The measu
H(dT) in the smooth cell has a simple exponential form ov
an amplitude range of more than four decades. This ex
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nential form has been observed previously in lo
temperature helium gas@2#. It is seen from Fig. 1 that the
measuredH(dT) in the rough cell is of the same exponenti
form as that in the smooth cell but has a larger rms va
s5^(T2T̄)2&1/2. This suggests that temperature fluctuatio
in the rough cell are increased considerably when compa
with those in the smooth cell.

Figure 2 shows the measuredH(dT) as a function of

FIG. 1. Comparison of the temperature histogramsH(dT) ob-
tained in theA51 smooth cell~solid curve! and in theA51 rough
cell ~triangles!. The measurements were made at Ra52.33109 in
the smooth cell and at Ra52.13109 in the rough cell.

FIG. 2. Measured temperature histogramH(dT) as a function of
dT/s for three different values of Ra at the center of~a! the A
51 smooth cell and~b! the A51 rough cell.
3-2
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FIG. 3. ~Color! A streak pic-
ture of the TLC spheres taken i
the A51 rough cell at Ra52.6
3109. Cold eruptions are brown
green and blue regions ar
warmer. The displayed region
covers the top 2/3 of the convec
tion cell and its dimension is ap
proximately 20314 cm2.
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dT/s for three different values of Ra at the center of theA
51 smooth cell@Fig. 2~a!# and theA51 rough cell@Fig.
2~b!#. It is seen that the measuredH(dT) for different values
of Ra can all be brought into coincidence, oncedT is scaled
by its rms values. Plots ofH(dT) vs dT/s remain invariant
and only s changes with Ra. Over an amplitude range
almost five decades, all the temperature histograms ex
the same exponential shape. The normalized widths/DT of
the distribution function is found to decrease with increas
Ra, indicating that the relative temperature fluctuations
reduced when the flow becomes more turbulent. Similar s
ing behavior has been observed previously in a smooth
by Castainget al. @2#. The fact that the measuredH(dT) in
the rough cell shows the same scaling behavior suggests
the temperature structure in the central region of the ro
cell remains the same as that in the smooth cell and is
variant with Ra.

To visualize the temperature and velocity fields in t
rough cell, we used a photographic technique@17# to take
streak pictures of small thermochromic liquid crystal~TLC!
spheres seeded in the convecting fluid. These TLC sph
change color from red to blue over a temperature range
4 °C ~29–33 °C!. In the experiment, a thin vertical sheet
white light was shone through a central section of the c
vection cell. Figure 3 shows an instantaneous flow field
the A51 rough cell. A large-scale circulation of size com
parable to the cell dimension is observed and the ‘‘eye’’
the circulation is located approximately at the cell center

Our recent velocity measurements@20# in the A51
smooth cell have shown that velocity fluctuations in the c
tral region are homogeneous and larger than the mean ve
ity. Despite the large velocity fluctuations, the flow field st
maintains a coherent structure, which undergoes a quasi-
dimensional rotation around the cell center. Near the bou
ary, the large-scale rotation is found to persist over a lo
period of time and its mean value becomes larger than
04630
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fluctuations. The present flow visualization and more rec
velocity measurements near the rough surface@21# indicate
that the large-scale flow structure in the rough cell is sim
to that in the smooth cell.

It is seen from Fig. 3 that there are some small edd
trapped inside the grooves. Our recent near-wall tempera
measurements@16,17# showed that the small eddies are ge
erated by the interaction between the horizontal shear fl
~due to the large-scale circulation! and the rough surface
These eddies together with the large-scale horizontal fl
cause eruption of thermal plumes near the tips of the py
mids. Figure 3 shows a cold plume, which just erupted fr
the tip of the third pyramid~from the right!. Because the
eruption of thermal plumes over the rough surface is driv
mainly by the large-scale flow, rather than by the buoyan
force, most thermal plumes in the rough cell lose their mu
room shape. The small eddies in the groove region hav
strong mixing effect, which produces large temperature fl
tuations. Consequently, the temperature statistics near
rough surface are very different from those near the smo
surface@17#.

The temperature fluctuations in theA50.5 cells show a
similar scaling behavior to those in theA51 cells. Figure 4
shows the measuredH(dT) as a function ofdT/s for three
different values of Ra at the center of theA50.5 smooth cell
@Fig. 4~a!# and theA50.5 rough cell@Fig. 4~b!#. The mea-
sured histograms in both cells scale withdT/s. However,
the shape of the measuredH(dT) in the A50.5 cells is no
longer of simple exponential form.

Figure 5 shows the measuredH(dT) as a function of
(dT/DT)1.5 in the A50.5 rough cell~triangles! and in the
A50.5 smooth cell~solid curve!. It is seen that over an am
plitude range of almost five decades the measured temp
ture histograms in both the smooth and rough cells appea
straight lines, indicating that they have a common stretc
exponential formH(dT)5H0 exp@2k(dT/DT)1.5#, whereH0
3-3
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andk are two fitting parameters. Figure 5 clearly shows t
the measuredH(dT) in the rough cell has a larger rms valu
It was suggested@22,23# that the shape change of the me
suredH(dT) is caused by the fact that the large-scale cir
lation becomes unstable in theA50.5 cell.

We now examine hows changes with Ra. Figure 6~a!
shows the measureds/DT as a function of Ra at the cente
of the smooth cells~circles! and the rough cells~triangles!.
The measureds/DT in both theA51 andA50.5 smooth

FIG. 4. Measured temperature histogramH(dT) as a function of
dT/s for three different values of Ra at the center of~a! the A
50.5 smooth cell and~b! the A50.5 rough cell.

FIG. 5. MeasuredH(dT) as a function of (dT/DT)1.5 in the A
50.5 smooth cell~solid curve! and in theA50.5 rough cell~tri-
angles!. The measurements were made at Ra52.831010 in the
smooth cell and at Ra53.031010 in the rough cell.
04630
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cells is well described by the power laws/DT5aRa20.14

~solid lines!. This scaling behavior agrees with the previo
measurements in low-temperature helium gas@2,23#. Be-
cause of the larger temperature fluctuations, the power-
amplitudea in the A50.5 cell is increased from 0.153 t
0.253. The measureds/DT in the rough cells can also b
described by a power law with the same exponent, but
value ofa is changed from 0.153 to 0.192 in theA51 cell
and from 0.253 to 0.33 in theA50.5 cell~dashed lines!. The
measureds/DT in the rough cells is thus increased by 25
30 %, even at the cell center far away from the rough s
faces.

Similar scaling behavior is also observed at other lo
tions in the bulk region. Figure 6~b! shows the measure
s/DT as a function of Ra, when the movable thermistor
placed at a distancez52.4 cm away from the upper surfac
The solid and dashed lines are the power-law fits to each
of data points. The fitted functions ares/DT50.28Ra21/7

~left solid line!, 0.38Ra21/7 ~right solid line!, 0.39Ra21/7 ~left
dashed line!, and 0.54Ra21/7 ~right dashed line!. Figure 6
thus demonstrates that the normalized rms valuess/DT in
different cells and at various locations far away from t
rough surface can all be described by power laws of Ra w
a common exponent close to 1/7, but the power-law am
tudes vary with the spatial location and the aspect ratio of
cell.

B. Frequency power spectrum

Figure 7~a! shows the measured temperature power sp
trum P( f ) as a function off for three different values of Ra

FIG. 6. Normalized rms values/DT as a function of Ra in the
smooth cells~circles! and in the rough cells~triangles!. The tem-
perature measurements were conducted~a! at the cell center and~b!
at a distancez52.4 cm away from the upper~cold! surface. The
closed symbols represent the data obtained from theA50.5 cells
and the open symbols are from theA51 cells. The solid and dashe
lines are the power-law fits to each set of data points.
3-4
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TEMPERATURE FLUCTUATIONS IN A CONVECTION . . . PHYSICAL REVIEW E63 046303
at the center of theA51 rough cell. Previous low-
temperature measurements in the smooth cell@24# showed
that the low-frequency portion ofP( f ) can be described by
power lawP( f ); f 2a with a.7/5. This value ofa was first
predicted for the energy cascade in turbulence with ther
stratification@25–27#. However, Siggia@1# pointed out re-
cently that similar scaling exponents were also observed
a passive scalar behind a cylinder and in a turbulent bou
ary layer. The dashed line in Fig. 7~a! indicates the power
law P( f ); f 21.3. Because of the limited range off, the fitted
values ofa vary between 1.2 and 1.4 in our working ran
of Ra.

At higher frequencies, the measuredP( f ) drops sharply
and can be fitted by a stretched exponential functionP( f )
; exp@2(f/fc)

0.6#, where f c is a cutoff frequency. Figure
7~b! shows the semilogarithmic plot of the measuredP( f ) as
a function off 0.6 for three different values of Ra. In this plo
the stretched exponential function appears as a straight
This form ofP( f ) has been observed previously in a smoo
cell by Wu et al. @22,24#. We also measuredP( f ) in the A
50.5 rough cell at various values of Ra. The measuredP( f )
shows a similar behavior to that in theA51 rough cell.

FIG. 7. ~a! Measured temperature power spectrumP( f ) as a
function of f for three different values of Ra at the center of theA
51 rough cell. The values of Ra are 9.53108 ~bottom curve!, 2.1
3109 ~middle curve!, and 4.63109 ~top curve!. The dashed line
indicates the power lawP( f ); f 21.3. ~b! Plots ofP( f ) as a function
of f 0.6 for the same data sets.
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Figure 8 compares the measuredP( f ) in the A51 rough
cell ~upper curve! and in theA51 smooth cell~lower curve!.
It is seen that the measuredP( f ) in the rough cell is of the
same shape as that in the smooth cell but has a larger am
tude. This suggests that temperature fluctuations in the ro
cell are increased uniformly across the whole frequen
range. Note thatP( f ) is related to the rms values via s2

5*0
1`P( f )d f .

C. Thermal dissipation

Clearly, the sharp decay ofP( f ) at high frequency is
caused by the dissipation in turbulent convection. The cu
frequencyf c , therefore, becomes a measure of the therm
dissipation in the system. We now discuss the Ra dep
dence off c and its physical significance. The value off c was
obtained from the slope of the straight lines shown in F
7~b!. Figure 9 shows the normalizedf c as a function of Ra in
the smooth cells~circles! and in the rough cells~triangles!. In
the plot, f c is normalized by the thermal diffusion tim
H2/x. It is seen that the measuredf cH

2/x in the smooth and

FIG. 8. Comparison of the temperature power spectra obta
in the A51 smooth cell~lower curve! and in theA51 rough cell
~upper curve!. The measurements were made at Ra52.33109 in
the smooth cell and at Ra52.13109 in the rough cell.

FIG. 9. Normalized cutoff frequencyf cH
2/x as a function of Ra

in the smooth cells~circles! and in the rough cells~triangles!. The
closed symbols represent the data obtained from theA50.5 cells,
and the open symbols are from theA51 cells. The solid line shows
the power-law fitf cH

2/x56.731023Ra0.68.
3-5
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Y.-B. DU AND P. TONG PHYSICAL REVIEW E63 046303
rough cells with different aspect ratios can all be superpo
onto a single master curve, indicating that the thermal di
pation in these cells is determined by the same mechan
The measuredf cH

2/x is found to be well described by th
power law f cH

2/x56.731023Ra0.68 ~solid line!.
The cutoff frequencyf c has been measured previously

a smooth cell filled with mercury@13,28#, compressed gase
@29#, and low-temperature helium gas@22,27,30#. In these
experiments,f c was obtained using different cutoff function
for P( f ). In the present experiment and the early lo
temperature experiment@22,24#, the high-frequency cutoff of
P( f ) is fitted to a stretched exponential function. With th
fitting one obtainsf c , which is independent of the low
frequency behavior ofP( f ). The helium data were also ana
lyzed with a classical exponential cutoff multiplied by
power law for the low-frequency portion ofP( f ) @24,27,30#.
The fitted f c is found to have the same Ra dependence
that obtained with the stretched exponential cutoff, b
its magnitude is increased by a factor of 3.3@22,24#. In
the experiment with compressed gases@29#, f c was defined
simply as the frequency at which the power spectr
intersects the noise level of the measurement. As sh
in Fig. 7, the cutoff frequency defined in this way is appro
mately 80 times larger than that with the stretched expon
tial cutoff.

The measuredf c is found to be well described by a powe
law f c;Raj, but the exponentj varies with the convecting
fluids used in the experiment. In helium gas~Pr.0.7!, one
finds j.0.78 both at the cell center@22,27,30# and near the
boundary@29#. In mercury ~Pr50.024!, however, one gets
j.0.4 @13#. The value ofj obtained in water~Pr55.4! is
0.68, which is between the other two values. These meas
ments indicate thatj depends on the Prandtl number Pr.

It was suggested@13,27,29# that the cutoff frequency is
given by f c5uc /l c , wherel c anduc are, respectively, the
characteristic length and velocity in turbulent convection
the thermal boundary layer thickness@29# d.H/(2Nu) is
taken as l c and the rms velocity @31# v0.2.2
31025Ra3/7 cm/s at the cell center is used asuc , we have

f cH
2

x
.0.026Ra5/7. ~1!

In the above, we have used our recent heat transport re
@17# Nu.0.17Ra2/7. The calculated exponent in Eq.~1! is
very close to the measuredj and the power-law amplitude i
of the same order of magnitude as the measured value
discussed above, the exact numerical value off c may vary
depending on how it is extracted.

To further verify that the thermal boundary layer thic
nessd is the correct length scale for the above argument,
measured the velocity power spectrumV( f ). It is found@20#
that V( f ) decays much faster than does the correspond
P( f ). Consequently, the measuredV( f ) has a smaller cutoff
frequency. This suggests that the length scale that con
the decay ofV( f ) is larger than that forP( f ). Because the
Prandtl number of water is 5.4, one expects the Kolmogo
viscous dissipation length@32# h to be larger thand. We
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therefore conclude that the decay ofP( f ) in water is deter-
mined byd, whereas the decay ofV( f ) is controlled byh.

Another quantity related to the thermal dissipation
^(]T/]t)2&, which has been called the ‘‘dissipative power
@27#. From the time series data, we have]T/]t.@T(t1t)
2T(t)#/t, wheret50.05 s is the sampling time used in th
local temperature measurements. This time is much sma
than the decay time 1/f c of P( f ). Figure 10 shows the nor
malized quantityQ25^(]T/]t)2&H4/(sx)2 as a function of
Ra at the center of the smooth cells~circles! and the rough
cells ~triangles!. Within the experimental uncertainties, th
measuredQ2 in the smooth and rough cells with differen
aspect ratios can all be superposed onto a single curve.
feature further confirms that the thermal dissipation in th
cells is controlled by the same mechanism. The solid line
Fig. 10 shows the fitted power lawQ250.12Ra1.3 to the
smooth cell data~circles!.

The quantityQ2 has been measured previously in heliu
gas@22,27#. The power-law exponent obtained forQ2 is 1.34
60.04, which agrees with our value in water. Procacciaet al.
@27# proposed a scaling argument to explain the power-
exponent forQ2. They argued that̂(]T/]t)2&.uc

2^(¹T)2&
and thusQ2.(ucH/x)2(DT/s)2Nu. With the experimental
results: ucH/x50.3Ra0.44 @31#, Nu50.17Ra0.29 @17#, and
s/DT50.15Ra20.14 ~see Fig. 6!, we find Q250.68Ra1.45.
This calculation gives an upper bound for the measuredQ2

in Fig. 10.

IV. CONCLUSION

We have carried out a systematic study of temperat
fluctuations in turbulent thermal convection. The experim
is conducted in a convection cell with rough upper and low
surfaces. Temperature statistics, frequency power spect
and thermal dissipation are measured over varying Rayle
numbers in the central region of the cell. The results in
rough cell are compared with those in a smooth cell.

FIG. 10. MeasuredQ2 as a function of Ra at the center of th
smooth cells~circles! and the rough cells~triangles!. The closed
symbols represent the data obtained from theA50.5 cells and the
open symbols are from theA51 cells. The solid line is a power-law
fit to the circles.
3-6
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TEMPERATURE FLUCTUATIONS IN A CONVECTION . . . PHYSICAL REVIEW E63 046303
From these measurements at the cell center and the e
temperature measurements near the rough surface@16,17#,
we conclude that the main effect of the surface roughnes
to increase the emission frequency of the thermal plum
near the tip of the rough elements. These extra ther
plumes enhance the heat transport in the rough cell. W
the surface roughness strongly alters temperature fluctua
near the rough surface, the basic temperature statistic
well as the thermal dissipation in the central region far aw
from the rough surface remain unchanged. The tempera
histogram in theA51 rough cell is found to have the sam
exponential shape as that in the smooth cell. The width of
distribution function~i.e., the normalized rms values/DT)
obeys a power law of Ra with the same exponent as tha
the smooth cell. The power-law amplitude, however, is
creased by;25% due to the enhancement of plume em
sion. The measured power spectrum shows that tempera
fluctuations in the rough cell are increased uniformly acr
the whole frequency range.

The experiment indicates that the temperature statistic
the central region are determined primarily by turbulent m
on

hy
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ing, which is controlled by the velocity fluctuations and
not sensitive to the detailed emission dynamics of the th
mal plumes near the boundary. The complexity of the sys
comes from the interaction between the large-scale flow
the thermal plumes. Our recent velocity measurements@20#
revealed that the large-scale circulation is driven by spati
separated rising and falling thermal plumes near the sidew
The central region of the cell is ‘‘sheared’’ by the rising an
falling flows near the sidewall and remains passive with
constant mean velocity gradient. Clearly, direct measu
ments of the velocity-temperature correlation are neede
order to further understand the mixing dynamics in turbul
convection.
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