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An experimental study of local temperature statistics in turbulent thermal convection
is presented. The emissions of plumes and plume clusters are detected by an array of
thermistors embedded in the top and bottom plates of a 1 m diameter convection cell.
We found that the product Sy Sy of the temperature skewness Sy and the skewness of
the temperature time derivative Sy from the embedded thermistors may be used as
a measure of the intensity of plume emissions and that S;S7 exhibits a pattern that
corresponds well to the orientation of the large-scale circulation in the convecting
flow. This is despite the fact that the temperature distribution across the plates is
highly uniform, as indicated by the mean temperature of the embedded thermistors.
By comparing the spatial distributions of SySy and of the RMS temperature o,
we further find that the maximum temperature fluctuations take place in regions
dominated by plume mixing instead of regions of plume emission. It is also found
that temperature fluctuations inside the conducting plates have the same statistical
and scaling properties as those in the cell centre.

1. Introduction

Turbulent Rayleigh-Bénard convection has attracted much interest during the past
decade, partly due to its relevance to astrophysical and geophysical phenomena such
as solar and mantle convection and partly because it is an ideal system in which to
study thermal turbulence in a closed box. In turbulent convection, the flow is initiated
and maintained by the buoyancy force produced by an applied constant temperature
difference across the height of a convection cell. The dynamics of the flow is
characterized by the geometry of the cell and two control parameters, namely the
Rayleigh number, defined as Ra = agAH?*/vk and the Prandtl number, defined as
Pr = v/k. Here g is the gravitational acceleration, A the temperature difference
between the bottom and the top plates of a convection cell of height H, and «, v
and «, respectively, the thermal expansion coefficient, kinematic viscosity and thermal
diffusivity of the convecting fluid. Another parameter is the aspect ratio I", defined
as the lateral dimension of the fluid layer over its height. Ra may be understood as
the ratio of the buoyancy force driving the flow and the dissipative forces damping it,
and Pr is a measure of the relative strengths of momentum and thermal diffusions.

At sufficiently high values of Ra, a large-scale circulation (LSC) is formed across
the height of the convection cell (Krishnamurti & Howard 1981). This large-scale
circulation, also known as the ‘wind’ in turbulent convection, has been studied ex-
tensively in recent years. Many experimental, theoretical and numerical investigations
have been carried out to study the various aspects of the LSC (see, for example,
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Xi, Zhou & Xia 2006, which contains a large compilation of relevant references).
A prominent coherent object in turbulent convection is the thermal plume that is
emitted intermittently from the boundary layers of the conducting plates. Because
of the important role played by the plumes in turbulent thermal convection there
have been quite a number of recent studies on their properties (Zhou & Xia 2002;
Funfschilling & Ahlers 2004; Bershadskii et al. 2004; Ching et al. 2004 ; Parodi et al.
2004). However most of these studies extracted plume information from measured
temperature and velocity fields either in the bulk fluid or near, but outside, the
boundary layer. We now know that once the plumes leave the boundary layer their
motion is organized spatially via LSC, which in turn is driven and sustained by the
plumes themselves in an interactive fashion (Xi, Lam & Xia 2004). An interesting
question therefore is how the thermal plumes are distributed spatially initially. In
other words, are the plumes emitted uniformly across the conducting plates of the
convection cell and then organized spatially by the LSC, or has their emission a
certain spatial distribution that corresponds to the flow pattern of the LSC? To
answer this question one may need to conduct multi-point measurements either inside
or very close to the thermal boundary layer. However, placing too many probes in
the convecting fluid inevitably disturbs the turbulent flow. One way to solve this
problem is to place a temperature probe inside the conducting plate sufficiently close
to the fluid-contact surface so that it senses temperature fluctuations related to plume
emissions. Using multiple such probes embedded in the bottom plate of a mercury
convection cell Cioni, Ciliberto & Sommeria (1997) have studied the azimuthal motion
of the LSC. In order to map out the two-dimensional plume emission pattern requires
the use of more probes, which may affect the temperature uniformity in the plate
itself. The large area of the 1 m diameter convection cell constructed recently in
our laboratory (Sun et al. 2005a) affords us the opportunity to probe the spatial
distribution of plume emissions. Because of the large ratio of the plate area to
the thermistor size, one can embed a large number of temperature probes in the
plate so that the overall temperature distribution can be obtained while keeping the
perturbation to a minimum.

The ability of an embedded temperature probe to sense thermal plume emissions
is a manifestation of the effect of the finiteness of the thermal conductivity of the
plates, which has received considerable attention recently. Chaumat, Castaing & Chilla
(2002) and Hunt et al. (2003) considered this analytically, Verzicco (2004) derived an
empirical correction formula for it, and Brown et al. (2005b) experimentally measured
this effect. The physical reason for this phenomenon is that the plates can no longer
maintain a constant temperature when plumes are emitted. When a hot plume is
emitted from the bottom plate, it leaves a ‘cold spot’ there for a finite time before the
temperature recovers to the previous value by conduction. An analogous process
occurs at the top plate: the emission of a cold plume will leave a ‘hot spot’ there for a
finite time. The presence of this effect diminishes heat transport compared to a hypo-
thetical plate with infinite thermal conductivity. However, in the present work we
take advantage of it by using embedded thermistors to detect the emission and
organization of thermal plumes.

2. Experimental apparatus and methods

The convection apparatus has been described in detail in Sun et al. 2005. Here we
give only its main features. The top and bottom plates of the cell are made of pure
copper 3cm in thickness and their fluid-contact surfaces are plated with a thin layer



Multi-point local temperature measurements inside the conducting plates 481

FIGURE 1. Thermistor distributions in (a) the top plate and (b) the bottom plate. The
thermistors denoted by the black dots are 5mm from the fluid-contact surface of the plates,
and those marked by squares are 2 mm from the plate surface. Note that due to the presence
of the spiral water cooling channels, the thermistors in the top plate are not positioned on
concentric circles.

of nickel. A Plexiglas tube of 100cm in inner diameter and 2.5cm in wall thickness
is used as the sidewall. Six cylindrical tubes of heights 5.00, 10.10, 20.02, 49.0, 99.9
and 149.4cm are used in the experiment. The corresponding aspect ratios are I" =
20.00, 9.90, 5.00, 2.04, 1.00 and 0.67, respectively. The change of cell height enabled
us to vary the Rayleigh number in the experiment over a wide range. Distilled and
degassed water was used as convecting fluid. During the experiment Pr was maintained
at 4.3.

Two types of thermistors are used in the present study. Those embedded in the
plates have a diameter of 2.4 mm (Model 44031, OMEGA Engineering, Inc.). They
have accuracy of 0.02°C and a time constant of 1s. The ones (Model AB6E3-B07,
GE, Inc.) used for local temperature measurements inside the fluid have a diameter
of about 300 um, an in-water time constant of 10 ms, and an accuracy of 0.01 °C. All
thermistors were calibrated individually over the range of temperature measurement.
The resistances were measured using a 6%—digit multimeter with 56 channels (HP
Model 34970A). The spatial distributions of the thermistors inside the top and bottom
plates are shown in figures 1(a) and 1(b) respectively. In figure 1(b) the 16 aluminum
heaters (12 in the shape of a sector and 4 as quadrants) are also indicated (see Sun
et al. 2005a for details). Thirty-three thermistors are embedded in the bottom plate
and twenty-one in the top plate. Most are placed 5 mm from the fluid-contact surface,
while 15 in the top plate are 2mm from the fluid-contact surface, marked as white
squares in figure 1(a). These were used only in the measurements with the I' = 1
cell. For local temperature measurements in the convecting fluid, three thermistors
attached to stainless steel tubes are inserted into the cell from filling stems (see Lui &
Xia 1998 for details), one at the cell centre and two on the sidewalls, opposite each
other, all at mid-height. Each time Ra is changed it takes about 3 to 10h for the
system to reach the steady state and we typically wait for over 10h to start the
measurements. A typical measurement is averaged over 10h and more than 20 h for
low A (< 4°C). It has been previously shown that the temperature distributions in
the plates are quite uniform: the time-averaged temperature of any one thermistor
deviates less than 1% from the spatially averaged mean temperature of the plate
(Sun et al. 2005a).



482 C. Sun and K.-Q. Xia
(@) ()

~ 0WHM;/".}W'WWWM w‘aﬂ”ﬂ"‘l’i’wﬂf I W .

0Tyt

Opot

6 1 1 ' | ' 1 " 1 I 1 1 i | 1 1 1 1 I -6
0 4 8 12 16 20 0 4 8 12 16 20

Time (h) Time (h)

FiGURE 2. Normalized temperature fluctuations measured inside the top (a) and bottom (b)
plates. Upper panels are for Ra = 5.7 x 107 (in I" = 20 cell) and lower panels Ra = 1.6 x 10'!
(in I' =1 cell).

3. Results and discussion
3.1. Signatures of plume emissions inside conducting plates

Figure 2 plots the time series of the normalized temperature fluctuations 67 /o
measured in the top and the bottom plates for two different Rayleigh numbers, where
8T = T(t) — (T) and o is the standard deviation of T(¢). Here (---) denotes time
average. The results for both plates are measured by thermistors located about midway
between cell centre and the perimeter. The figure shows that at lower Ra the temperat-
ure fluctuates rather symmetrically around the mean and the fluctuations are confined
mostly to two standard deviations (20'). On the other hand, at high Ra the fluctuations
are rather asymmetric with large spikes that can reach 4o, and the temperature in the
bottom plate is skewed towards low temperature and that in top is skewed to high
temperature. These are the signatures of emissions of plumes or clusters of plumes, i.e.
the departure of a plume from the plate creates a temperature deficit there. As already
mentioned, this finite conductivity effect ultimately reduces heat transfer, which has
been discussed by others at the level of global heat transport. Here we provide more
direct evidence of it at the local level. It should be noted that the temperature time
series for different Ra are measured in cells of different I and we assume here that
the different behaviour reflects more the difference in Ra than the difference in I', as
the probes, being imbedded in the plates, are more sensitive to local properties.

The different properties of temperature fluctuations at low and high Ra can also be
analysed from their probability density functions (PDF). Figure 3 plots the PDFs of
the same temperature time series as in figure 2. For comparison, temperature PDFs
measured at the cell centre are also shown. The most striking feature revealed by the
figure is that at high values of Ra temperature fluctuations in the cell interior and
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FIGUrRe 3. PDFs of normalized temperature fluctuations measured inside the top (a) and
bottom (b) plates and (c) at the cell centre. Upper panels are for Ra = 5.7 x 107 and lower
panels Ra = 1.6 x 10!,

inside the plates are qualitatively the same, whereas at low Ra they are qualitatively
different. It is seen that the PDFs measured inside the plates are Gaussian-like at lower
Ra and have exponential-like tails at high Ra. In contrast, those at the cell centre are
exponential-like for both low and high values of Ra. At high Ra the skewness of the
PDFs from the plates is also consistent with the behaviour of temperature fluctuations
seen in figure 2. Note that the cell-centre PDF at high Ra is more symmetric than
that at low Ra. Work in progress suggests that this is probably because the former
is from a I" = 1 cell and has single-roll LSC while the latter is from a I" = 20 cell
which has a multiroll flow structure.

As temperature fluctuations in the conducting plates clearly show signatures of
plumes at high Ra, they should share some common features with those in the
convecting fluid. In figure 4 we examine the Ra-dependence of the normalized
temperature root-mean-square (RMS) at the high end of the Ra range (I" = 1
cell) for data measured at cell centre and inside the plates, where spatial averages
of all embedded thermistors in the respective plates are used. The top plate result
shows less scatter than the bottom one, which is presumably because some top
plate thermistors are closer to the fluid than those in the bottom and therefore
have better signal-to-noise ratios. The solid lines in the figure are power-law fits
to the respective data: o/A ~ Ra *14%92 (centre), /A ~ Ra "!'*%% (bottom),
and 0/A ~ Ra *1>2%03 (top). We note that the cell centre exponent (—0.14) is
consistent with a number of previous experimental results (Castaing et al. 1989;
Xia & Lui 1997); it is also very close to the —1/7 derived in the scaling model
for turbulent convection by Castaing et al. (1989). Because of the limited range
in Ra the fitted exponents should be taken as only indications of the underlying
qualitative behaviour. Nevertheless these results are significant. They show that
within the experimental uncertainties temperature fluctuations inside the plates and
at the cell centre have approximately the same Ra-dependence, and those inside
the plates have larger magnitude. The fact that the scaling exponent for the plates
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FiGURE 4. Normalized RMS temperature fluctuations o/A measured by the centre and
embedded thermistors. The solid lines are power-law fits (see text).

is very close to the centre result implies that there is a single local temperature scale in
the system. Because the embedded probes are presumably more sensitive to emissions
of plumes or plume clusters and less sensitive to ‘background’ turbulent fluctuations
in the convecting bulk fluid due to shielding of the thermal boundary layer, we may
argue that the scaling behaviour of o/A at the cell centre is also dominated by
contributions from plumes.

3.2. Intensity and spatial distribution of plume emissions

Thermal plumes are believed to originate from the intermittent pinch off of thermal
boundary layers which gives rise to the sharp fronts or gradients of the temperature
field. Thus a more sensitive quantity to extract the signatures of plumes from the
measured temperature time series is its time derivative, as it amplifies the high-
frequency components of the temperature signal that correspond to the sharp fronts
or gradients. From figures 2 and 3 we also see that temperature fluctuations are highly
asymmetric at large Ra, because individual plumes are either hot or cold objects
compared to their surroundings. This asymmetry may be quantified by the skewness
of the temperature field. Belmonte & Libchaber (1996) have identified thermal fronts,
or plumes from temperature signals using the skewness of the temperature and of
the temperature time derivative. Using skewness of the plus and minus temperature
increments, Zhou & Xia (2002) were able to quantify the mixing zone and its evolution
with Ra in convective flow. They also successfully extracted single thermal plumes
from temperature time series at various positions in the cell and found that their size
has an approximate log-normal distribution.
The skewnesses of temperature and of its time derivative are defined as

_ @ =(m))
S T =y G

__{@r/arp)
T ot jer .

In the calculation of Sy we have approximated the temperature time derivative
aT /ot as dT; = (T;41 — T;—1)/2 using the discrete time series {7;} (Belmonte &
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Ra 5.7 x 107 1.1 x 101

top bottom top bottom
Sr 0.12 —0.16 0.90 —0.96
St 0.15 —0.19 0.60 —0.54
Sr St 0.02 0.03 0.54 0.52

TaBLE 1. Values of temperature skewness Sr, the skewness Sy of the temperature time
derivative, and their product Sr Sy calculated from the same data as shown in figure 2.

10°

v rromp v e v g

X 107 -

o [ ] -

1072_|_|_|_|_|_|,|,|] RN RTTI R R S AT B AR TT1T B AW |
107 108 10° 1010 101! 1012 1013

Ra

FIGURE 5. Log-log plot of Ra-dependence of the spatial-averaged X measured inside the
bottom plate. The solid line represents a power law fit with a slope of 0.22.

Libchaber 1996). Table 1 lists the values of Sy and Sy for the data shown in figure 2.
It is seen that these quantities have opposite signs at the two plates but their product
is of the same sign at both plates. Moreover, their magnitude is approximately the
same for both plates. It has been shown previously that the so-called ramp—clift (i.e.
slow rise followed by sharp fall) structures that exist in the time series of passive
scalars would give rise to Sy and Sy of opposite signs (Sreenivasan & Antonia 1977),
while active scalars, such as the temperature field in thermal turbulence, that exhibit
cliff-ramp structures (believed to correspond to thermal plumes) would produce Sy
and S7 of the same sign (Belmonte & Libchaber 1996). From table 1 we see that
Sr and Sy indeed have the same sign in both top and bottom plates, indicating the
presence of cliff-ramp structures. Note that because we measure temperature deficit
due to plume emissions the signs of Sy and Sr inside the plates are opposite to
those in the fluid (Belmonte & Libchaber 1996). Table 1 also shows that the value
of S; Sy is larger for large Ra. Because the level of plume emission should increase
with increasing Ra, we may therefore use the quantity X = Sy Sy as a measure of the
strength of plume emissions from the plates. Figure 5 plots X as a function of Ra,
obtained from temperature signals measured inside the bottom plate where data for
all aspect ratios are available which gives a wide range in Ra. In the figure the spatial
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FIGURE 6. Plume emission patterns obtained by multi-probes embedded in the conducting
plates. Open arrows indicate the direction of the LSC below the top plate (a) and above the
bottom plate (b). The positions of the embedded thermistors are shown as dots and circles for
the top and bottom plates respectively, with their azimuth ¢ indicated. (¢) Angular variation
of X for top (dots) and bottom plate (circles) (Ra = 3.9 x 10", I' = 1).

average of X from 12 thermistors is used (see figure 6). It is therefore reasonably
representative of the overall strength of plume emissions from the plate. It appears
that at this level of accuracy X shows no apparent dependence on the aspect ratio I"
and it increases monotonically with Ra. The log-log plot reveals that within the level
of data scatter X has an approximate power-law dependence on Ra over about 5
decades of the parameter range. A fit shown as the solid line gives an exponent 0.22.
We are not aware of any theoretical prediction of the intensity of plume emissions.
Here we offer a somewhat speculative explanation. We note that the strength of plume
emission should increase with the Nusselt number. If we take X to be proportional to
Nu then the exponent 0.22 is rather close to the value of 1/5 predicted by Grossmann
& Lohse (2000) as the exponent for region /17, in the (Ra, Pr) phase plane.

We now examine the spatial distribution of plume emissions. Twelve thermistors
were selected from each plate to study the plume-emission pattern. These are arranged
with an equal angular spacing of 30° on each plate, as shown in figures 6(a) and 6(b)
for the top and bottom plates respectively. The thermistors in the top plate are located
between 25 and 30 cm from the plate centre, and those of the bottom plate are on a
circle of 30 cm radius. Figure 6(c) shows the the angular variation of X for both top
and bottom plates, where ¢ is the azimuth of the thermistors as indicated in figure 6(a).
One can see clearly that X in both plates has an approximately sinusoidal distribution
and that the distributions in the two plates have a phase difference of ~ 180°. It has
been found recently that the circulation plane of the LSC in an I = 1 convection cell
has a preferred azimuthal orientation (Sun, Xia & Tong 2005b; Brown, Nikolaenko
& Ahlers 2005; Xi et al. 2006). In the present work we determined this orientation by
placing thermistors near the sidewall (at mid-height) of the cell. Because the LSC is a
band with a width spanning half of the cell diameter (Lui & Xia 1998) and because
of the technique used, its direction is determined only approximately (to within a
range of +20°) and this is indicated by the thick arrows in figures 6(a) and 6(b)
respectively for flows near the top and bottom plates (top views). From figure 6(a)
it is seen that the largely horizontal LSC just below the top plate would make a
downward turn at ¢ ~ 240°; this is also the angle where X is maximum as shown
in figure 6(c) which is where more downward cold plumes are emitted compared to
positions of smaller X. Similarly, at the bottom plate it is seen from figure 6(b) that
the LSC makes an upward turn around ¢ ~ 60°-90°, coinciding with the region where
X is maximum inside the bottom plate. This shows that as a result of its interaction
with the LSC plume emission is no longer uniform across the plates; rather it exhibits
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FiGUrRe 7. Angular dependence of X and o for top (a) and bottom (b) plates
(Ra = 3.9 x 10'). Circles, X ; squares, o.

a spatial pattern that reflects the orientation of the LSC above (below) the plates.
One can also see from figure 6(c) that the value of X is roughly the same for both
plates, which indicates top—bottom symmetry. It should be mentioned that the same
pattern in X is also observed for the 12 thermistors located on the outer circle shown
in figure 1(b), i.e. close to the perimeter of the bottom plate. For the inner circles, no
detailed pattern is observed because there are only 4 thermistors.

From figure 6(c) we can see that where X is maximum in a plate it is minimum
in the opposite plate, and that the region of minimum X is also where plumes from
the other plate arrive. This shows that plume emissions are suppressed in regions of
a plate that are being impinged by plumes from the opposite plate. This suppression
occurs because the arrival of cold (hot) plumes cools down (warms up) the bottom
(top) plates, thus reducing the instability that presumably triggers plume emissions.
However, the regions of suppressed plume emissions are not ‘quiet’ regions in terms
of temperature fluctuations. This is illustrated in figure 7, where we plot the angular
dependence of both X and the RMS temperature o for the top and the bottom
plates. It is seen that X and o appear to be out of phase by 180°, ie. at places
where X is maximum o is minimum. Also, the maximum value of o is about twice
as large as the minimum o. This result is surprising at first but may be understood
as follows. From figure 6 we see that the region of minimum X is where plumes from
the opposite plate arrive and this is the region where plume mixing takes place: it
is the mixing of hot and cold plumes that produces large temperature fluctuations.
In regions of maximum X plume emission is enhanced and only one type of plume
exists, so temperature fluctuations are relatively small and o is only about half that
where plume mixing dominates. As already mentioned, Cioni et al. (1997) were able to
determine the azimuthal orientation of the LSC in mercury convection based on the
short-time averaged temperature of the embedded probes. In our case, however, we
find that the mean temperatures of embedded thermistors do not exhibit an obvious
spatial pattern, which has to be revealed by higher-order statistical quantities of the
temperature. We believe the difference is most likely caused by the very different
fluid properties (or Pr) in the two experiments. Because of its large heat capacity
and thermal conductivity, the emission of a mercury thermal plume will produce a
much larger temperature change in the plate than in the case of water. Indeed, in
the mercury experiment time-averaged temperature among the embedded thermistors
varied by between 4 % and 5% of the global mean within one plate, while in our
case it is only about 1%. In absolute terms, the maximum variation is ~ 1.3°C
(Ra = 3.5 x 10) in mercury and ~ 0.5°C (Ra = 3.9 x 10'") in water.
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4. Conclusion

Using embedded temperature probes in the top and bottom plates of a 1 m diameter
convection cell, we are able to detect emissions of plumes and of plume clusters. We
find that the product Sy Sy of the temperature skewness Sy and the skewness of the
temperature time derivative S+ may be used as a measure of the intensity of plume
emissions. It is found that the quantity X (= SrSy) appears to have a power-law
dependence on Ra, ie. X ~ Ra®??. With the aid of multiple embedded probes, we find
that X in the plates exhibits a pattern that corresponds well to the orientation of the
larger-scale circulation in the convecting flow. By comparing the spatial distribution
of X and that of the RMS temperature o, we further find that the maximum
temperature fluctuations take place in regions dominated by plume mixing instead of
regions of plume emission. It is also found that temperature fluctuations inside the
plates and at the cell centre have approximately the same scaling dependence on
the Rayleigh number Ra. These findings suggest that temperature fluctuations inside
the conducting plates have the same statistical and scaling properties as those
in the cell interior and that the spatial distribution of plume emissions is highly
inhomogeneous and corresponds to that of the LSC in the cell. These results also
suggest that the statistical and scaling properties of the temperature field in the
convecting fluid and the orientation of the LSC can be measured non-intrusively
by probes imbedded inside the plates, which may be useful in certain situations
such as convection in high-pressure gas and in liquid metals. Previous studies of the
velocity and temperature fields in the convecting fluid have suggested that plume
emissions from the top and bottom plates are synchronized via the bulk fluid (Qiu
& Tong 2001; Sun et al. 2005b). By measuring temperatures inside the plates, the
present study provides direct evidence that plume emissions become synchronized
both spatially and temporally with convective flow in the cell interior. Finally we
point out that because of the high thermal conductivity of the copper plates relative
to water, the temperature distribution in the plates is rather uniform and that higher-
order statistical moments of temperature have to be used to reveal the flow pattern
and the spatial distribution of plume emissions. In this respect the method presented
in this paper may be used as a non-invasive diagnostic tool in situations where it is
either not possible or undesirable to place probes inside the system.

We gratefully acknowledge support of this work by the Research Grants Council
of Hong Kong SAR under Grant No. CUHK 403003 and 403705. KQX wishes to
acknowledge the support of a Croucher Senior Research Fellowship by the Croucher
Foundation of Hong Kong.
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