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We report an experimental study of the local temperature fluctuations 67" and heat transport in a partitioned supergravitational tur-
bulent convection system. Due to the dynamics of zonal flow in the normal system without partition walls, the probability density
function (PDF) at a position in the mixing zone exhibits a downward bending shape, suggesting that the multi-plume clustering
effect plays an important role. In partitioned system, zonal flow is suppressed and the PDFs indicate that the single-plume effect
is dominant. Moreover, statistical analysis shows that the PDF of 8T is sensitive to supergravity. Additionally, the thermal spectra
follow P(f) ~ f~° in the normal system, which is relevant to the zonal flow. The absolute value of the scaling exponent of P(f)
and the scaling range become small in the partitioned system, which provides another evidence for the influence of zonal flow
on the energy cascade. Further, heat transfer enhancement is found in the partitioned system, which may result from zonal flow
being restricted and then facilitating the radial movement of thermal plumes to the opposite conducting cylinder. This work may
provide insights into the flow and heat transport control of some engineering and geophysical flows.
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1. Introduction

Turbulent convection is ubiquitous in nature and engineering
settings. For example, the convection in the sun [1, 2], the
current movement in the ocean [3,4], the circulation in the at-
mosphere [5-7], the convective turbulent flow in the pumped
fluid loop of thermal control system [8], the convective flow
in the high-pressure compressor of the aero engine [9,10] are
all turbulent thermal convection. Rayleigh-Bénard convec-
tion (RBC) is a classical model for studying turbulent con-
vection [11-16], in which the flow is heated from below and
cooled from above. In order to increase the buoyancy-driven
strength, recently, Jiang et al. [17], Rouhi et al. [18], Wang
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et al. [19,20] have proposed a supergravitational system (an-
nular centrifugal RBC, ACRBC), in which it is observed that
the scaling relation between the dimensionless heat transport,
Nusselt number Nu, and the dimensionless buoyancy-driven
strength, Rayleigh number Ra transitions to Nu ~ Ra’* as
Ra is larger than 10'! [21].

In the preliminary work, it was found that the convection
rolls revolve around the cell center in the rotating frame,
which means zonal flow appears in ACRBC [19]. And the
thermal spectra exhibit P(f) ~ £~ [22]. It is considered that
the balance between the phase velocity of zonal flow and the
turbulent velocity at the Rhines scale may result in the Rhines
scaling (P(f) ~ f~°) [23-25]. In this paper, eight partition
walls are mounted on the top lid of the cell so the convection
rolls are restricted to fixed azimuthal positions. The dynam-
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ics of zonal flow do not exist in the partitioned system. What
do the PDFs and spectra of temperature fluctuations compare
in ACRBC with and without partition walls? Answering this
question will be one of the objectives of the present study.

In addition, visualized by the experimental streak image
and numerical flow field, it is revealed that there exist four
pairs of convection rolls in the high Ra regime of ACRBC
[21]. So eight partition walls are adopted to divide the az-
imuthal region into eight subcells, each subcell includes one
large-scale calculation (LSC) roll. Further, the aspect ratio
between the azimuthal length at the mid radius and the width
of the flow region I'j = (R, + R;)/L =~ 9.42, so each sub-
cell divided by the eight partition walls is similar to classical
RBC (I" = 1) with rectangular sidewalls. In recent studies
of classical RBC, Wang et al. [26,27] provide a theoretical
framework that can obtain the contribution of turbulent back-
ground and thermal plumes on the PDF of turbulent fluctua-
tions quantitatively. In ACRBC, the effect of thermal plumes
and their intermittency need to be studied, and comparing the
results with those in classical RBC is necessary. We use the
theoretical framework provided by Wang et al. [26,27] to an-
alyze the temperature fluctuations in the different regions of
partitioned ACRBC quantitatively.

Heat transport efficiency is a core problem in the commu-
nity of turbulent convection [11]. Bao et al. [28,29] and Chen
et al. [30] found that inserting vertical partitions into the
rectangular convection cell can enhance heat transport sig-
nificantly. In their system, the aspect ratio I' = 5, so the
case with 4 partitioned walls is similar to our system. It is
reported that the heat transport of the case with 4 partitioned
walls is found to increase by 25.3% (about 10% in their nu-
merical results) compared with the case with no partitions
[28]. However, due to the heat-carrying fluid being reduced
in the partitioned system, Chen et al. [31] found that by in-
serting four partition plates at the four corners, Nu is only
about 60% of the value in the normal RBC. Additionally, as
partitions are inserted near the sidewalls or plates in classical
RBC, the pattern of the mean LSC may be modified, while no
significant variation of the heat transport is observed [32,33].
In partitioned ACRBC, we found heat transport enhancement
in the high Ra regime although the gaps between the partition
walls and the conducting cylinders are much larger than the
thickness of the thermal boundary layers (BLs). So insert-
ing partition walls that are along the normal direction of the
conducting wall may be an effective approach to enhance the
heat transport in rapidly rotating turbulent convection.

The aim of this paper is to suppress the zonal flow and
study the statistics of temperature fluctuations and heat trans-
port in the high Ra regime (Ra > 10'!") of the partitioned sys-
tem. The remainder of this paper is organized as follows. In
Sect. 2, we give a brief description of the experimental setup
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and methods. The results are presented and discussed in Sect.
3. Finally, the work is summarized in Sect. 4.

2. Methods

2.1 Experimental setup and methods

The turbulent convection experiments are carried out in a
cylindrical annulus with a heated outer cylinder and a cooled
inner cylinder [17,21,22]. The radius of the outer cylin-
der and inner cylinder are R, = 240 mm and R; = 120 mm,
respectively. The two cylinders are machined from a solid
piece of copper to ensure absolute concentricity. The whole
convective region with a height H = 120 mm is sandwiched
by two polycarbonate plates. Thus, the radius ratio is =
R;/R, = 0.5, and the aspect ratio between the height and
the width of the flow region is I', = H/L = 1. To re-
duce the influence of surrounding temperature fluctuations
and minimize heat leakage, the ACRBC cell is wrapped in
a proportional integral derivative (PID)-controlled jacket of
which the temperature is the same as the outer cylinder and
the entire system is placed in a thermostat throughout the
measurements. As schematically shown in Fig. 1(b), eight
polycarbonate partition walls of 8 mm thickness are verti-
cally inserted into the convection cell, equally spaced along
the azimuthal direction of the annular region and parallel to
the radius of the cylinders, thus dividing the ACRBC cell into
eight equal-sized subcells. Note that there are gaps of width
d = 5mm between the partition walls and the other three
walls (see Fig. 1(a)), allowing the subcells to communicate
with each other. The radial distance of the gap is from the
conducting wall (R’ = 0) to a location R’ = 5/120 = 0.042,
which is much larger than the thermal BL thickness (0, /L =~
1/(2Nu) =~ [0.00085,0.0028]) and at the inner boundary of
the mixing zone (0.04 < R’ < 0.3) [27]. The consideration
for choosing the width of “d = 5mm” results from two as-
pects. The partitions are used to restrict the dynamics of the
zonal flow in this paper. If the gap width is smaller than the
thermal BL thickness or at the same order, the analysis of
the heat transport and the difference of the temperature fluc-
tuations will be coupled by two aspects. If the gap width is
larger than the mixing zone, the thermal plumes could move
across the gap and then it is disabled to restrict the zonal flow.

Four rubber heaters (Omega, XFR8/15) connected in se-
ries are attached to the outer surface of the outer cylinder to
provide constant and uniform heating. The temperature of
the inner cylinder is regulated by passing cold water through
its internal channels using three water-bath machines (Poly-
science, AP45R-20-A12E) and an extra pump (Wilo, PB-
H170EAH). Two types of thermistors, i.e., the normal ther-
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Figure 1 Sketch of the partitioned ACRBC cell with eight partition walls, dividing the whole azimuthal region into eight subcells. (a) Enlarged view of one
partition wall. There are gaps of width d = 5 mm between the partition walls and the other three walls, allowing the subcells to communicate with each other.

(b) The whole cell (only shows 2/3 azimuthal region).

mistors (Omega, 44031) and the fast-response thermistors
(Amphenol, FPO7DA103N), are used in our experiments.
The temperature of the cylinders is monitored by nine normal
thermistors which are embedded uniformly along the cylin-
drical walls. The response time of the normal thermistors
is about 1 s. To measure the temperature fluctuations, two
fast-response thermistors with smaller diameter (~ 0.1 mm)
and ultra-fast response time of 7 ms are inserted into the flow
through the thermistor holes at R = (r — R;)/L ~ 0.2 or
R" = 0.5 and z = 0.5H. The azimuthal positions of the two
thermistors are, respectively, at the midpoint of the two par-
tition walls and near one partition wall, and we refer to them
as mid and side.

2.2 Parameter descriptions

Based on the dimensionless Boussinesq equations in the ro-
tating reference frame, the flow is driven by the centrifugal
buoyancy and affected by the Coriolis force. The dynamics
of the flow are determined by the geometry of the cell and
three dimensionless parameters. The first control parameter
is the Rayleigh number, which reflects the buoyancy-driven
strength:

Ra = %wz(R(, + R)adL? [ (vk) . (D

The second is the Prandtl number, which reflects the ratio of
momentum diffusivity to thermal diffusivity:

Pr=v/k. ()

The last is the inverse Rossby number, which indicates the
ratio of Coriolis force to inertial force:

Ro™" = 2[ad(R, + R)/QL)]"* . 3)

Note that Coriolis effects can be alternatively reflected by the
Ekman number, which is defined as

Ek =v/QwL?) . 4)

Here, w denotes the angular velocity of the system, L =
R, — R; is the width of the convective region in which R,
and R; are the radius of the outer and inner cylinders, 4 =
Thot — Tecola 1S the temperature difference in which Ty and
T.oiq are the temperature of the outer and inner cylinders.
a, v, and « are the thermal expansion coefficient, kinematic
viscosity, and thermal diffusivity, respectively. The work-
ing fluid adopts Novec-7200 (3M Inc. Engineered Fluid).
For the physical properties of Novec-7200 fluid, we refer the
reader to the supplementary materials of Jiang et al. [21].
By changing the temperature difference 4 and supergrav-
ity sg = w*RR, + R)/(2g), as shown in Table 1 of Ap-
pendix A, the Rayleigh number is varied over a range of
1.19x 10" < Ra < 1.92 x 10'2. The range of inverse Rossby
number is 8.97 < Ro~! < 21.73 and the Ekman number is in
the range of 1.92 x 1077 < Ek < 6.43 x 10~7. The Prandtl
number Pr =~ 10 and radius ratio = 0.5 are fixed.

Heat transport is studied in the partitioned system. The
global heat transport efficiency is reflected by the Nusselt
number:

Nu = —JR, Inn/(x4). &)

Here, n = R;/R, is the radius ratio, J is the heat flux den-
sity through the outer cylinder into the system, and y is the
thermal conductivity. The definition of the Nusselt number
in ACRBC is slightly different from that in classical RBC,
which is due to the cylindrical geometry of the convection
system [17]. In each case, the flow reaches a well-developed
turbulence state after 6-8 h, and our measurement results are
collected for at least 2 h after stabilization. A typical mea-
surement of Nu lasts approximately 2-6 h (see Table 1 in Ap-
pendix A).
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3. Results and discussion

3.1 PDFsin normal ACRBC

Firstly, let us discuss the results of experiments without par-
tition walls. As the thermistor is located at R” ~ 0.2, many
cold plumes have just detached from the unstable thermal
BL, while hot plumes have been probably diffused because
of the turbulent dissipation. Based on the flow region de-
fined in classical RBC [26, 27], the measured point is at
the mixing zone (0.04 < R’ < 0.3). We note that the
BL thickness oy /L =~ 1/(2Nu) =~ 0.0017 in the presently
studied regime, so the measured point is far away from the
BLs. As shown in Fig. 2(a), it is found that at 20g and
Ra € [1.19x10",7.43x10'"], the negative tail of the normal-
ized temperature fluctuations 67’ /o7 has a large amplitude,
which probably results from the contribution of cold plumes.
Here, 6T = T(t) — (T'), is the temperature fluctuations mea-
sured by the thermistor inserted in the bulk flow, and o7 is
the root-mean-square (r.m.s.) value of 67(¢). He et al. [34]
found that the effect of thermal plumes leads to the tempera-

|

723405-4

ture fluctuation measured in the central region of the classical
RBC exhibiting an exponential distribution:

P(§/o) = —e~ V2I5/0| , (6)

20

which falls off much slower than a Gaussian function:

e—(5/0')2/2. (7)
viton

G(6/o) =

While in the mixing zone of ACRBC, as shown in Fig. 2(a),
the negative part of the PDF of 67" /o exhibits a “downward-
bending tail”, which results in the decrease rate of PDF be-
ing even slower than the exponential distribution Eq. (6). The
right-hand side of the peak in PDFs has a Gaussian-like shape
(the black dashed line, Eq. (7)), which we believe results
from the turbulent background. When the cold plumes form
and are emitted into the mixing zone, they start to dominate
the temperature fluctuations on the left-hand side of the peak
in PDFs, which is highly non-Gaussian.

Recently, Wang et al. [27] have suggested a theoretical
model including the multi-plume clustering/merging effect:

2
P(6/O’, a’u”mﬁsosﬁmc) — (1 _ﬂsi/;_:mc)/\/l exp {_ [/\/1(6/02 +X2] }
2 _ _
ﬁscfzc)a . p{_ el 6/ +X2]} erfc[ac )m(jgf) )(2]
(8)

B2 Il yy [x1(6/0) + x21? ne 1 (@ —x1(6/0) = x2)*

MRS exp{ 2 }{F(z) lFl [? 2 2 ]
2

+\/_F( <F 1) x1(0/o) + x2 —acl - 1 F [n‘; 1,%, (@ —)(1(52/0')—)(2) }} .

(@ 10 r
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Figure 2 (a), (b) PDFs of the temperature fluctuations 67 /o7 measured at R ~ 0.2 and z = 0.5H in ACRBC without partition walls. For (a), the supergravity
is fixed at 20g and Ra is varied by changing the temperature difference. For (b), Ro~! is fixed at around 12, and Ra is varied by changing the supergravity. (c),
(d) Time series of the temperature fluctuations 67" at 20g and 60g for fixed Ro~! ~ 12. The black solid lines in (a) and (b) are the exponential function given in
Eq. (6). The black dashed lines in (a) and (b) show the Gaussian function given in Eq. (7). The lines with the corresponding colors of the data points are the
fits of the theoretical models proposed by Wang et al. [26,27], and the fitting parameters are listed in Table 2 of Appendix B).


https://doi.org/10.1007/s10409-023-23405-x

D. Wang, et al. Acta Mech. Sin., Vol. 40, 723405 (2024)

which includes the parameters @, = og/0, n¢, Bsc, and B.
Here, o5 and o, are the r.m.s. values of the fluctuations con-
tributed by turbulent background and cold plumes, respec-
tively. n, is the number of cold plumes. 8. and 3, character-
ize the spatial and temporal intermittency of the single-plume
effect and the collective effect of multiple-cold plumes, re-
spectively.

In the sidewall and outer BL regions of the classical RBC,
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the influence of multi-plume on temperature fluctuations is
important. While in the mixing zone of classical RBC, the
multi-plume effect can be neglected and the PDF exhibits an
exponential-like long tail on one side because most thermal
plumes are swept to the sidewall region by the LSC. So the
PDF in the mixing zone of classical RBC is more approxi-
mate to the single-plume effect model [26]:

- 2 —
P/ e B) = P2 expla2 2 4+ 72(6]07) + By — Verf | 2 Y200+ P/ 1}
2 \/Eac
2 —_— —
—2(5‘:17 fyc) expla?/2 — 71(5/0) + vy /e — Blerfo [“ 7/ fga*“/ b ©)
2 f—
z(ﬁj%c) expla?/2 + ya(6/0) + Barfan, — Nerfe | L5220/ (35 ; ICBQC/&W 1 ] ,

One additional parameters appear in Eq. (9), «,, = o/0,.
Here, 0, is the r.m.s. value of the fluctuations contributed by
warm plumes. S in Eq. (9) corresponds to 3. in Eq. (8).

In ACRBC, as shown in Fig. 2(a), it is found that the PDFs
at 20g are more in agreement with the model involving the
multi-plume effect, i.e., Eq. (8). The fitting parameters are
listed in Table 2 of Appendix B. The error bar of the fitting
parameters given in Table 2 of Appendix B represents the
95% confidence interval that we obtain from the fitting. It
is found that the fitting parameter @, > 1, which is similar
to the case in the sidewall region of classical RBC. Mean-
while, the average number of plumes n. in the multi-plume
clusters is similar to that in classical RBC. The values of Sy,
and 3, are much smaller than that in classical RBC, suggest-
ing that thermal plumes become more intermittent in time in
ACRBC. In ACRBC, it is thought that the large number and
strength of cold plumes at R” ~ 0.2 are due to the dynam-
ics of the zonal flow, which pushes the LSC rolls moving in
a prograde/retrograde direction and leads to the cold plume
triggering the spike-like signal [22]. In addition, the statis-
tics in the mixing zone and the sidewall region cannot be dis-
tinguished clearly because of the existence of the azimuthal
movement of zonal flow.

Further, considering the Coriolis force may affect the
movement of plumes, we fix the effect of the Coriolis force
(Ro™' =~ 12), and investigate the dependence of tempera-
ture fluctuations on supergravity. The measured time series
of 6T /o7 at [8.9g,20g] in the mixing zone (Fig. 2(c)) ex-
hibits many large negative spikes, resulting in the negative
part of PDF becoming relatively broad (Fig. 2(b)). This re-
sult suggests that cold plumes may be formed intermittently
in the mixing zone. However, the number and amplitude

(

of large negative spikes (07 < —0.2) decrease obviously at
[60g, 100g] (see Fig. 2(d)), and the PDF is more symmetric.
The shape of the PDF of temperature fluctuations is more
sensitive to the change of supergravity in the studied regime.
The reason for the more symmetric shapes of the PDF may be
due to the mixing effects of the LSC increasing significantly
at higher centrifugal buoyancy, then the scale of plumes be-
coming smaller and the bulk flow becoming more homoge-
neous. The intermittency of plumes becomes small and the
turbulent background contribution is large at [60g, 100g], in
Table 2 of Appendix B, it is seen that @, =~ 2.5, which sug-
gests the Gaussian-like turbulent background dominates the
temperature fluctuations.

3.2 PDFs in partitioned ACRBC

Next, we examine the PDFs of temperature fluctuations ob-
tained in partitioned ACRBC. The aim of adding partition
walls is to restrict the dynamics of zonal flow. As shown in
Fig. 3(c), the measured points are also at R’ ~ 0.2. The az-
imuthal position of one probe is at the midpoint of two par-
tition walls, which is called by “mid point” in the following,
and the other probe is near one partition wall, which is called
by “side point” in the following.

It is observed that the downward-bending tail found in the
PDF of normal ACRBC disappears in partitioned ACRBC
(Fig. 3). The PDF is more like the results found in the mix-
ing zone of classical RBC [26], in which the multi-plume
effect is not important. A good agreement between the the-
ory Eq. (9) and experimental results is obtained. At the mid-
point and 20g (Fig. 3(a)), the PDFs are skewed toward the
positive side and a,, < a. when Ro™! € [9,16], which in-
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Figure 3 PDFs of the temperature fluctuations 67 /o measured at 20g ((a), (b)) and 40g ((d), (e)) and different Ra at z = 0.5H. (c) Sketch of the top view of
the cell shows that the radial positions of the two thermistors are both at R ~ 0.2, while the azimuthal positions are at the midpoint of the two partition walls
and near one partition wall for (a), (d) and (b), (e), respectively. The arrow denotes that the system rotates clockwise for all cases. The black solid lines in (a)
and (b) are the exponential function given in Eq. (6). The black dashed lines in (a) and (b) show the Gaussian function given in Eq. (7). The lines with the
corresponding colors of the data points are the fits of the theoretical models proposed by Wang et al. [26,27], and the fitting parameters are listed in Table 2 of

Appendix B).

dicates some warm plumes can move to the region near the
cold cylinder. Here, we should note that Ro~! and Ra are neg-
atively correlated as the supergravity and the fluid properties
are fixed, for example, the largest Ro~! case (Ro~! = 21.33)
corresponds to the smallest Ra case (Ra = 1.27 x 10'!). With
the increase of Ro~!, the positive tail becomes small gradu-
ally. At Ro~!' ~ 21.33, the PDF has been skewed toward the
negative side. It is considered that the dependence of PDF on
Ro~! may be relevant to the influence of the Coriolis force
and buoyancy force on the movement of plumes. At the side
point and 20g (Fig. 3(b)), the PDFs are skewed toward the
negative side and «@,, > @, when Ro~! € [12,22], which indi-
cates that cold plumes accumulate on the falling side of the
LSC and produce many outward (negative) temperature fluc-
tuations. With the increase of Ro~!, the negative tail becomes
large gradually. Both at mid and side points, the strength of
cold plumes increases with the increase of Ro~!.

At 40g (Fig. 3(d) and (e)), the PDFs are slightly skewed to
the negative side both at the midpoint and side point. In addi-

tion, the measured PDFs for different values of Ro~!' and Ra
at 40g are collapsed basically, especially for the PDFs mea-
sured at the side point (Fig. 3(e)), which illustrates the tem-
perature fluctuations are not sensitive to the Coriolis force
when the centrifugal buoyancy is large enough. The mixing
effects of the LSC on the turbulent bulk region increase with
increasing supergravity.

Given the obvious difference in the shape of PDFs between
20g and 40g, we now discuss the dependence of PDFs of 6T
on supergravity at fixed Ro~! ~ 12. Figure 4(a) shows that at
the midpoint, as the supergravity sg € [20g, 30g], the PDFs
follow the exponential distribution Eq. (6) basically. The pos-
itive tail is slightly longer than the negative tail (@, > @),
which is the same as that in Fig. 3(a). As sg € [40g, 60g], the
negative 67 can still be described by the exponential function
Eq. (6), while the positive 67 follow Gaussian statistics Eq.
(7) basically. The fitting parameters @, < @,, and @,, is larger
than 1. It is thought that the increase of supergravity leads to
the strong mixing effect of LSC, so warm plumes have been
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diffused before reaching the region near the inner cylinder
basically.

At the side point, as shown in Fig. 4(b), the positive tails
are positioned between the standard Gaussian function Eq.
(7) and the exponential function Eq. (6). The negative tails
are larger than the exponential function Eq. (6). By com-
paring Fig. 4(a) with (b) and the corresponding fitting pa-
rameters, @, at the side point is smaller than that at the mid-
point, which demonstrates that the number and strength of
cold plumes are larger at the side point than that at the mid-
point at R* ~ (0.2. We reveal that the reason may be due to
the dynamics of the LSC roll. Similar to the classical RBC,
most thermal plumes impact on the mid-region and eject near
the sidewalls advected by the tilted elliptic LSC [35]. Note
that at 60g, the negative tail measured at the side point is
slightly smaller than other cases and the PDF is symmetric
basically, which may be due to the mixing effect of the LSC
being stronger and the scale of thermal plumes being smaller
with increasing Ra.

The PDFs of the temperature fluctuations are different ob-
viously in different flow regions of classical RBC [26, 27].
In the mixing zone of classical RBC, one side of the PDFs
follows the exponential function or Gaussian function, while
the other side has an abrupt change in the local slope of the
PDF, which is similar to the results in Fig. 4(b) of ACRBC.
At the cell center of classical RBC, the asymmetry between
the two exponential tails vanishes. However, in partitioned
ACRBC, as R’ moves towards the cell center (R" =~ 0.5), it
is found that the PDFs are skewed towards the negative side
slightly (Fig. 5(a)) and the fitting parameters o, < «a,, for
all cases, which indicates that the number and strength of
cold plumes are larger than those of warm plumes at the cell
center. The reason for this asymmetric phenomenon may re-
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Figure 4 PDFs of the temperature fluctuations §7'/o7 measured at Ro™!' ~ 12 and different Ra at z = 0.5H. (c) Sketch of the top view of the cell shows that
the radial positions are measured both at R” ~ 0.2, while the azimuthal positions are at the midpoint of the two partitioned walls and near one partitioned wall
for (a) and (b), respectively. The arrow denotes that the system rotates clockwise for all cases. The black solid lines in (a) and (b) are the exponential function
given in Eq. (6). The black dashed lines in (a) and (b) show the Gaussian function given in Eq. (7). The lines with the corresponding colors of the data points
are the fits of the theoretical models proposed by Wang et al. [26,27], and the fitting parameters are listed in Table 2 of Appendix B).

sult from the asymmetric mean temperature field in ACRBC
[19]. The bulk temperature is larger than the mean tempera-
ture, which gives rise to the cold plumes being stronger than
the warm plumes. Moreover, the positive tails are positioned
between the standard Gaussian function Eq. (7) and the ex-
ponential function Eq. (6), suggesting both the warm plumes
and turbulent background contribute to the positive fluctua-
tions.

Near the sidewalls and at the mid-radius of the ACRBC,
one side of the PDFs follows the standard Gaussian function
Eq. (7) well and the tails on the other side are larger than
the exponential function Eq. (6) slightly (Fig. 5(b)), which is
similar to the PDF measured in the mixing zone of classical
RBC [26]. The large tails result from the single-plume ef-
fect advected by the LSC; the Gaussian statistics on the other
side of the PDF are caused by the turbulent background fluc-
tuation. We notice that the PDF of 6T /o at Ro™' ~ 21.7
is different from the other three cases, which may be due to
the change of the orientation of the LSC roll when the ex-
periment restarts. Similar phenomena have been studied in
classical RBC [36]. We have performed many experiments
and found that the PDF measured near the sidewalls and at
the mid-radius exhibits the two forms randomly. Note that
the collective multi-plume effect is not important at the side-
wall region of ACRBC. The model only including the single-
plume intermittency can fit the PDFs well and S8, = 0.3,
which is different from the PDF with a complex form mea-
sured near the sidewall of classical RBC [27].

3.3 Power spectra

In normal ACRBC, Figure 6(a) shows that the temperature
frequency power spectra exhibit Rhines scaling P(f) ~ f=
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Figure 6  Power spectra of 67'(¢). (a) 6T (t) are measured at R’ =~ 0.2 and z = 0.5H in ACRBC without partition walls and the supergravity is fixed at 20g.

6T(t) of (b) and (c) are measured at R ~ 0.2 and z = 0.5H in partitioned ACRBC, while the supergravity is fixed at 20g and 40g, respectively. (d) 67(r) are
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over the range 0.4 < f < 10 for different Ra and Ro7!, im-
plying the possible existence of inverse cascade due to tur-

bulence in equilibrium with zonal flow [23-25]. In parti-
tioned ACRBC, Fig. 6(b) and (c) shows the thermal spectra
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measured at R* ~ 0.2 (mixing zone) and sg = 20g, 40g,
respectively. Figure 6(d) shows the thermal spectra mea-
sured at R’ ~ 0.5 (cell center or near sidewall region) and
sg = 20g. As shown in Fig. 6(b)-(d), it is found that the
range of P(f) ~ f~> decreases obviously compared with the
thermal spectra in normal ACRBC and the scaling of P(f)
over the range 3 < f < 20 is not as steep as P(f) ~ 7 (the
pink dash-dotted lines). This result provides further evidence
for zonal flow leading to the Rhines scaling from an opposite
perspective. Additionally, the absolute value of the scaling
exponent decreases with the increase of Ro™!.

In addition, in normal ACRBC, it is observed that the am-
plitude of the thermal spectra increases with the decrease of
f over the range of f < 0.4, while the power spectra in par-
titioned ACRBC are flat in this range of frequency. We note
that the time scale of zonal flow found in normal ACRBC
is in this range, which is much larger than the time scale of
the LSC and the inverse rotation rate [22]. The flat spectra
at large scales in Fig. 6(b)-(d) suggest that zonal flows have
been restricted and do not exist in partitioned ACRBC.

Further, it is found that the amplitude of the thermal spec-
tra measured at the cell center is lower than that measured
near the sidewalls basically (Fig. 6(d)), which suggests the
LSC exists in the subcell of the partitioned ACRBC, result-
ing in the flow being strong near the sidewalls and relatively
weak at the cell center. At R” =~ 0.2, the result is slightly
different for 20g and 40g. At 20g, the amplitude at the mid-
point is lower than that at the side point (Fig. 6(b)), which
suggests that the flow at the side point has more kinetic en-
ergy than that at the midpoint. While at 40g, the amplitude at
the midpoint is higher than that at the side point (Fig. 6(c)).
The difference may be attributed to the strong mixing effect
at high supergravity, which needs to be further studied.

3.4 Heat transport

In normal ACRBC, a possible ultimate scaling dependence
of Nu on Ra has been observed at Ra » 10'' [21]. The
dependence of Nu on Ro~! is not obvious in the presently
studied regime. In partitioned ACRBC, it is also found that
Nu is basically independent on Ro~!. So we use the same
symbol (open upright triangle) to denote Nu(Ra) measured
in the partitioned system. Figure 7(a) shows that the scal-
ing of Nu(Ra) of partitioned ACRBC is similar to that in
normal ACRBC, while the amplitude becomes larger. We
note that in partitioned ACRBC, Nu is increased by ap-
proximately 6%-12%, which is larger than the experimen-
tal error. We have also reconducted four cases of normal
ACRBC experiments (closed inverted triangle), and the ex-
perimental results confirm that the heat transfer of partitioned
ACRBC is higher than that of normal ACRBC. In addition,
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we use the power function to fit the experimental data of par-
titioned ACRBC or normal ACRBC. In partitioned ACRBC,
Nu and Ra obey a relation of Nu = 0.0056 x Ra’*! for
Ra > 2 x 10''. The scaling exponent 0.41 in partitioned
ACRBC is similar to 0.40 found in normal ACRBC over the
range of 5x10'° < Ra < 5x10'2, which provides another ev-
idence for the observation of Kraichnan-like ultimate regime
[37-40] in ACRBC. We also note that in partitioned ACRBC,
Nu at Ra =~ 1.25x 10" (case 12, 16, 34, 38 in Table 1 of Ap-
pendix A) is approximate to Nu measured in normal ACRBC.
On the one hand, as shown in Fig. 7(b), the increment of Nus-
selt number 6Nu = Nup, — Nu, increases with increasing
Ra slightly. So the difference of heat transport may be very
small at relatively small Ra. On the other hand, the tempera-
ture difference of these four cases is small (4 =~ 3.5K), so the
temperature of the environment may have a relatively large
influence on the measurement of heat transport.

For ACRBC with averaged aspect ratio I =~ 9, Nu with
8 partitioned walls is found to increase by about 10% at
Ra ~ 10'? comparing with the cases with no partitions. In
classical RBC with aspect ratio I" = 5 and 4 partition walls,
Bao et al. [28] found that the heat transport enhancement is
also about 10% in their numerical results (see their Fig. 2).
They considered that the strong horizontal jets in thin gaps
are the main reason for the heat-transfer enhancement. The
gap height of their system d = 2mm is of the order of the
thermal BL thickness oy, =~ 2 mm. So the sweeping effect of
the jets on the BL is significant. While in our system, the gap
d = 5mm and 8y, =~ L/(2Nu) = 0.2mm. The normalized
gap height d/6y, ~ 25, so this factor may be not dominant.
The effect of gap width on heat transport could be studied in
further work.

We think that the heat transport enhancement may result
from the suppression of zonal flow in partitioned ACRBC. In
our previous numerical study (see Fig. 9 of Wang et al. [19]),
we found that Nu at radius ratio = 0.5 (the present exper-
imental size) is approximately 90% of that at = 0.9 which
is similar to classical RBC and zonal flow is very weak. The
thermal plumes (heat transfer carriers) can be swept away by
the shear of zonal flow. So the restriction of zonal flow by
the partition walls may enhance the heat transport.

4. Conclusion

We present a comparative experimental study of the temper-
ature fluctuation and heat transport in ACRBC with or with-
out partition walls. Firstly, in normal ACRBC, the negative
side of the PDFs of 6T /o7 at R* =~ 0.2 has a downward-
bending tail, which results from the multi-plume clustering
effect according to the analysis of the theoretical model; at
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Global heat transport. (a) Nusselt number Nu as a function of Rayleigh number Ra, (b) the compensated plots of Nu/Ra

723405-10

(b)

0.06 T T

0.05

Nu/ Ra 13

0.04

il .

101! 1012
Ra

173 versus Ra. The open

triangular symbols denote the results measured in partitioned ACRBC. Other symbols denote the results measured in normal ACBRC without partition walls
[21]. The black dashed line is the power law that fits the data measured in partitioned ACRBC for Ra > 2 x 10'!, which is Nu = 0.0056 x Ra®*!. The blue line
is the power law that fits the data measured in normal ACRBC for Ra > 5 X 1010, which is Nu = 0.0078 x Ra®40.

R’ ~ 0.2 of the partitioned ACRBC, the downward-bending
tails disappear for all cases, which suggests the multi-plume
effect is not important. The existence of zonal flow in normal
ACRBC leads to the coupling of the statistics in the mix-
ing zone where the single-plume effect is dominant and the
sidewall region where the multi-plume effect cannot be ne-
glected. In addition, the PDFs of temperature fluctuations
are sensitive to supergravity. The mixing effect of the LSC
is stronger at higher supergravity, leading to the flow becom-
ing more homogeneous and the contribution of the turbulent
background becoming larger.

Secondly, in normal ACRBC, because of the balance of
zonal flow and turbulent fluctuation, the temperature power
spectra exhibit Rhines scaling P(f) ~ f~> in nearly two
decades of scales. The amplitude of spectra increases with
the decrease of frequency at a small frequency, which demon-
strates the existence of the zonal flow. In partitioned ACRBC,
the absolute value of the scaling exponent of P(f) is rela-
tively small and the scaling range becomes no more than one
decade of scales. The amplitude of spectra is independent of
the frequency at a small frequency. Thus it is verified that
P(f) ~ f° found in normal ACRBC results from the dy-
namics of the zonal flow.

Thirdly, in normal ACRBC, the scaling exponent of
Nu(Ra) is 0.40 at 5 x 10" < Ra < 5 x 10'%; in partitioned
ACRBC, the scaling exponent of Nu and Ra at 2 x 10" <
Ra < 2 x 10'% is 0.41, which provides another evidence for
the achieving ultimate regime by strong centrifugal buoyancy
in ACRBC. In addition, the amplitude of Nu is enhanced
by about 10% compared with the cases of normal ACRBC,
which may be due to the zonal flow being restricted and
more thermal plumes reaching the opposite conducting plate.

The magnitude of the heat transport enhancement in ACRBC
adding partitions is similar to the result found in classical
RBC. Thus inserting partition walls in the convection sys-
tem is probably a universal method to enhance heat transport,
which may give insights into some industrial applications.
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