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We report the first experimental study of the influences of the thermal boundary condition on turbulent
thermal convection. Two configurations were examined: one had a constant heat flux at the bottom
boundary and a constant temperature at the top (CFCT cell); the other had constant temperatures at both
boundaries (CTCT cell). In addition to producing different temperature stability in the boundary layers, the
differences in the boundary condition lead to rather unexpected changes in the flow dynamics. It is found
that, surprisingly, reversals of the large-scale circulation occur more frequently in the CTCT cell than in the
CFCT cell, despite the fact that in the former its flow strength is on average 9% larger than that in the latter.
Our results not only show which aspects of the thermal boundary condition are important in thermal
turbulence, but also reveal that, counterintuitively, the stability of the flow is not directly coupled to its
strength.
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The importance of the boundary condition (BC) in fluid
mechanics has long been recognized. For instance, slip and
nonslip BCs are totally different in controlling the flow
dynamics [1,2]. In thermal turbulence, the thermal boun-
dary condition is important in a similar way. However,
compared to the comprehensive knowledge of velocity BC
[3–5], our understanding of thermal BC, especially its
impact on turbulent convection, is far from complete. The
two most general thermal BCs are fixed heat flux and fixed
temperature. How the two different BCs will affect the flow
dynamics and transport properties in convective turbulence
is not only of fundamental interest, but is also crucial
for understanding the convection phenomena occurring
ubiquitously in nature (see, e.g., Refs. [6–8] and references
therein). An idealized model for studying thermal turbu-
lence is the turbulent Rayleigh-Bénard (RB) convection, a
fluid layer heated from below and cooled from the top
[9–12]. Despite its great importance, there are just a few
numerical and theoretical studies so far on the effects of
thermal BC in turbulent RB flow [13–16]. These studies
mostly focused on the heat transport behavior and the main
results are that fixed temperature and fixed flux BCs lead to
an essentially the same response in the Nusselt number (the
dimensionless heat flux) [14,15]. Another key quantity for
characterizing RB flow is the Reynolds number Re (non-
dimensional flow strength), which is associated with the
dynamics of the large-scale circulation (LSC) surviving in
the turbulent background [9]. However, how the thermal
boundary condition will alter the dynamical features of
the LSC has received little attention. The only attempt so
far is from a two-dimensional simulation, in which the
authors noted similarities between the large-scale dynamics
for fixed temperature and fixed flux conditions, but no

systematic comparison has been made [14]. The incomplete
understanding of the roles of the thermal boundary con-
dition in turbulent convection and the absence of exper-
imental study on this issue motivate the present work.
In this Letter we report a novel experimental study of the

influences of the thermal boundary condition on turbulent
convection, with special focus on its effects on the flow
dynamics. To the best of our knowledge, our work is the
first systematic study of the importance of the thermal
boundary condition on the flow dynamics in thermal
turbulence. Two types of convection cells were used in
the experiment, which differed only in how the bottom
plate was heated but were otherwise identical. Briefly, the
cells were of rectangular shape with copper top and bottom
plates and a Plexiglas sidewall, as described in Ref. [17].
The first type has a resistive film heater attached to the
bottom plate with constant power input and a temperature-
regulated circulator keeping the top plate at constant
temperature. Clearly, the nominal thermal BCs for this
type of cell are constant heat flux at the bottom plate and
constant temperature at the top (henceforth referred to as
the CFCT cell). The second type has its bottom plate
heated by another circulator so that the temperatures of
both plates were regulated by circulators separately and
both were nominally under constant temperature thermal
BC. We call this one the CTCT cell hereafter. It should be
noted that the condition of fixed temperature (heat flux)
holds only approximately here, because a temporally and
spatially varying temperature (heat flux) within the plates
is inevitable for laboratory experiments owing to the
finite conductivity effect of the plates [18,19]. Both cells
have a dimension of 12.6 cm ðhighÞ×12.6cmðlongÞ×
3.8cmðwideÞ. In order to extend the parameter range,
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another set of larger cells with all dimensions twice as
large as the smaller ones were used. Therefore, a total of
four convection cells were used in the present study: two
each with the CFCT configuration and two each with the
CTCT one. The combined range of the Rayleigh number
Ra ¼ αgΔTH3=νκ spans from 8.7 × 107 to 1.5 × 1010.
Here, ΔT is the temperature difference across the fluid
layer with the height being H, g is the gravitational
acceleration, and α, ν, and κ are the thermal expansion
coefficient, kinematic viscosity, and thermal diffusivity of
water, respectively.
We first examine the differences in boundary stability

between the two configurations. The top panel of Fig. 1
shows examples of temperature fluctuation time series
inside the conducting plates at Ra ¼ 1 × 109 for the
CFCT and CTCT configurations from the small cells,
respectively. It is seen that, for the CFCT cell, the
fluctuations inside the bottom plate are distinctly larger
than those inside the top plate, whereas for the CTCT cell,
the data from different plates collapse well with each other.
In fact, for the three plates whose temperatures were
regulated by circulators, they yield approximately the same
form in probability density functions (PDF) and thus the
same standard deviation [Fig. 1(c)]. This phenomenon is
found to be true for all values of Ra covered in the study. As
seen from Fig. 1(d), the three plates under fixed temper-
ature from the small cells have almost the same standard
deviations that are much smaller than those for the plate

under fixed flux, and the same is true for the large cells
[20]. This indicates that the CTCT cell has a better stability
in boundary temperature and a higher top-bottom sym-
metry than the CFCT cell, the significance of which has not
been recognized before.
In RB convection, thermal boundary layers (BL) will

adjust their thicknesses by emitting plumes to remain
marginally stable [21]. Thus, the stability of thermal
BLs should be different for fixed temperature and fixed
flux boundary conditions, as these BCs will exert different
controls on the boundary layers. Figure 2 shows the profiles
of the temperature standard deviation in the CFCT and
CTCT cells for Ra ¼ 1 × 109, which were measured by
traversing a small thermistor vertically from the bottom
plate along the central axis of the cell [22]. It is seen clearly
that, inside the boundary layer, the temperature fluctuations
are smaller in the CTCT cell (fixed temperature) than in the
CFCT cell (fixed heat flux). These results are consistent
with previous numerical studies [13,15].
As plume emissions are manifestations of the BL

instability and the LSC is essentially an organized motion
of thermal plumes [23], the changes in the thermal BLs
should be reflected in the plume dynamics and thus in the
properties of the LSC. To find out how the LSC is affected
under the two configurations, we first investigate the
strength of the LSC based on the temperature signals from
the opposite conducting plates. By analyzing their cross-
correlation function, the velocity of the LSC, and thus the
corresponding Re number, are obtained [24]. It is seen in
Fig. 3 that the Re in the two CTCT cells are on average
∼9% larger than those in the CFCT cells, indicating
that the LSC is stronger in the CTCT configuration. To
obtain a global picture of the flow field, we conducted
particle image velocimetry (PIV) measurement [17].
Figure 4 shows the mean velocity field measured at
Ra ¼ 1 × 109, by averaging 7000 vector maps acquired
at ∼2 Hz for the CFCT and CTCT cells, respectively. As
indicated by the scale bar, the maximum velocity in the

FIG. 2 (color online). Normalized temperature standard
deviation vs normalized vertical distance from the bottom plate
measured in the CFCTand CTCT cells (Ra ¼ 1 × 109). The inset
shows an enlarged portion near the boundary.

FIG. 1 (color online). Top panel: Time series of normalized
temperature fluctuations inside the top and bottom plates at
Ra ¼ 1 × 109 for the CFCT (a) and CTCT (b) cells, respectively.
(c) The corresponding PDFs for the data in (a) and (b). (d) The Ra
dependence of the normalized temperature standard deviation
inside the conducting plates for all the cells. The solid and open
symbols are for the data in the large and small cells, respectively.
The square and upward-pointing triangle represent the data from
the bottom and top plates of the CFCT cells, while the downward-
pointing triangle and circle represent the data from the bottom
and top plates of the CTCT cells.
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CTCT cell is about 8% larger than that in the CFCT cell,
which agrees excellently with the Re data. Moreover, the
increase in flow strength is not limited to the maximum
velocity, but is true for the overall flow: the stronger large-
scale flow stirs the bulk fluid more forcefully so that the
“quiescent” core region becomes smaller in the CTCT cell.
It is known that in RB convection the turbulent energy is
provided by thermal plumes [17]. Therefore, this finding is
consistent with the results from previous numerical studies

that plume emissions are stronger for constant temperature
than for constant heat flux [13,25].
One would ordinarily think that, coexisting with the

turbulent background of the RB system, a stronger LSC
would be more able to keep its momentum and thus the
flow direction. However, we find this not to be the case
regarding its reversal behavior. Here, reversals refer to a
phenomenon that the LSC suddenly reverses its flow
direction in an erratic manner, which is one of the intriguing
features of the LSC [5,26–29]. In the present rectangular
geometry, the hot rising and cold falling plumes will switch
between the left and right sides of the convection cell when
the LSC changes from one circulating direction to the other.
Therefore, the temperature contrast δ ¼ Tright − T left will
change its sign during a reversal event and thus is a good
indicator of reversals [29], where Tright and T left are the
temperatures measured by the thermistors imbedded in the
right and left sides of the plate. To discuss the reversal
frequency quantitatively, we first define the start and end
times of one reversal event when δ changes its sign, from
which we obtain the time interval between two successive
reversals [30]. The reversal frequency is then calculated by
taking the inverse of the mean time interval of successive
reversals. In order to obtain good statistics, the measure-
ment was made in the two small cells only, where there are
much more reversals. The obtained Ra dependence of the
reversal frequencies fCTCT and fCFCT are plotted in Fig. 5.
It is seen that the reversal frequencies in both cases decrease
with increasing Ra, which is consistent with earlier findings
in this system [29,30]. What is surprising here is that the
LSC reverses its direction more frequently in the CTCT cell
than in the CFCT cell, despite the fact that in the former the
LSC is stronger and the temperature fluctuations in its BL
are smaller. Moreover, this trend becomes more so with
increasing Ra, as shown in the inset of Fig. 5. Interestingly,
a decoupling of the flow strength and its stability of
circulating states, i.e., the reversal behavior, are also found

FIG. 3 (color online). The compensated Reynolds number as a
function of Ra measured in different cells.

FIG. 4 (color online). Color-coded contour maps of mean
velocity field measured in the CFCT (a) and CTCT (b) cells
for Ra ¼ 1 × 109. The scale bar represents ðU2 þW2Þ1=2 in units
of cm=s.

FIG. 5 (color online). Ra dependence of the reversal frequency
f. The solid lines are drawn to guide the eyes. Inset: The ratio of
fCTCT=fCFCT.
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in the studies of other turbulent flows [8,31]. In fact,
reversal phenomena are quite general that they have been
observed in a wide variety of fluid flows [31–33] and share
some common features with the LSC reversal in the RB
convection. Although, the various systems are different in
nature, their reversal behavior may be underpinned by the
same principle. For example, it has been suggested that
fixed heat flux BC, rather than the fixed temperature BC
that has been widely used in Geodynamo models, is a more
natural choice for the earth system and the two BCs may
yield different reversal frequency of the geomagnetic field
[7]. Therefore, the present finding that the LSC reversal
frequency has a sensitive dependence on the thermal
boundary condition may bring important insights into
the general phenomenon of flow reversals.
In summary, we have experimentally shown for the first

time that, in addition to producing different temperature
stability in the boundary layers, the fixed temperature and
fixed heat flux boundary conditions in turbulent thermal
convection can give rise to rather unexpected changes in
the flow dynamics. It is found that both the flow strength
and the reversal frequency of the LSC under the fixed
temperature boundary condition are higher than they are
in the fixed heat flux case. These differences in the bulk
flow dynamics could arise from changes in boundary layer
instabilities associated with the two types of thermal
boundary conditions. Our results not only show clearly
in what aspects the thermal BC is important in turbulent
convective flows, but also reveal that the stability of the
flow is not directly coupled to its strength. One way to
understand this counterintuitive phenomenon is to note that
the buildup of a large-scale flow circulating in a particular
direction actually breaks down the symmetry of the system.
Thus, reversals of the LSC can be viewed as a process for
the system to restore its symmetry in a statistical way. In
other words, the statistical properties of flow reversals may
depend on the symmetry of the system and how it is broken.
In the present study, because the CTCT cell has a more
symmetric boundary condition than the CFCT cell does,
so more reversals are “required” to recover its symmetry. To
substantiate this argument, further studies, both experi-
mental and theoretical, are required. We remark that such
a symmetry-restoring mechanism has also been proposed
recently to understand the geomagnetic reversals [32].
As the phenomena of flow reversals occur in a wide variety
of fluid flows, the idea that flow reversal is a symmetry
restoration process should stimulate further studies.
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