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We report an experimental study of the temperature and velocity fluctuations in supergravitational turbulent convection system.
The negative spikes of the time series of temperature fluctuations appear periodically, which may result from the azimuthal
movement of the cold plumes in the rotating frame pushed by the zonal flow. The period 7, decreases slightly with increasing
Rayleigh number (Ra) and 7y is over one order larger than the time scale of the large-scale circulation. In addition, the tempera-
ture frequency power spectra follow P(f) ~ f~> for different Ra over the range 2 < f < 10, implying the possible existence of
inverse cascade due to turbulence in equilibrium with zonal flow. The Rhines frequency f at which the inverse cascade ceases
is around half of a decade smaller than the smallest frequency of the —5 scaling range. Further, the azimuthal distribution of the
time-averaged radial velocity has no obvious peak and trough, which provides further evidence for the existence of zonal flow.
Additionally, it is found that the probability density function for temperature and velocity fluctuations in the current system can
be well fitted with the model (Wang et al. 2019, 2022) for the classical Rayleigh-Bénard convection.
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1. Introduction

Turbulent convection is a common phenomenon in nature and
engineering settings. Rayleigh-Bénard convection (RBC) is a
paradigm model for studying thermal turbulence [1]. Exper-
iments of RBC are mostly conducted in a cell heated from
below and cooled from above. Rectangular or cylindrical
sidewalls are required to confine the flow [2, 3]. Recently,
Jiang et al. [4], Rouhi et al. [5], and Wang et al. [6, 7]
have put forward annular centrifugal Rayleigh-Bénard con-
vection (ACRBC), in which the fluid layer is heated from
the outer cylinder and cooled from the inner cylinder under
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a solid body rotation around the axis of the cylinders (gener-
ating supergravity). Exploiting Einstein’s equivalence prin-
ciple, from the Earth’s frame to a strongly rotating reference
frame, the Rayleigh number (an important control parameter
in the problem of RBC) can be increased largely in ACRBC
due to the supergravity.

An important issue in the study of thermal turbulence is
the statistical properties of the turbulent fluctuations [8]. In
the past decades, there has been a large number of studies
of small-scale temperature and velocity fluctuations in con-
vective turbulence (see Refs. [8, 9], for reviews of the prop-
erties of turbulent fluctuations in buoyancy-driven turbulent
flow). Many experimental studies focused on the statistics
of the temperature [10-15], while corresponding studies in
the velocity measurement are relatively difficult and scarce
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[14,16]. Additionally, ACRBC is a novel system to study
turbulent convection [4]. The statistical properties of the tur-
bulent fluctuations in ACRBC are still elusive.

Statistical properties of turbulent fluctuations are often
studied from the probability density distribution and the en-
ergy cascade [17]. A characteristic flow structure of turbulent
RBC is the thermal plumes [18], detaching from the thermal
boundary layers (BLs) intermittently, which causes the prob-
ability density function (PDF) of fluctuations to exhibit an
exponential tail [10-12, 19-22]. Wang et al. [10, 11] divided
the flow region into the turbulent bulk, mixing zone, sidewall
region, and BLs. It is found that the PDFs of the temperature
fluctuation 67 are different in these regions. What do the
PDFs of temperature and velocity fluctuations in different re-
gions compare in ACRBC? Recent work [4-6] suggests that
the heat transport and many of the flow features like plumes
and large-scale circulation rolls (LSCR) in ACRBC are sim-
ilar to those of traditional RBC. Does this also mean that the
effects of plumes and LSCR on the PDFs are also similar for
ACRBC and RBC? Answering these questions will be one of
the objectives of the present study.

In addition, strong rotation could modify the nature of tur-
bulence [23]. For example, zonal flows have been shown to
emerge due to the topographic g-effect [24-26]. Rhines [26]
deduced that zonal flow is typically on a scale kg which is
called as Rhines scale:

kg = vB/(2U) ey

where kg is the characteristic wavenumber, § is the mean
value of the gradient of the Coriolis frequency, and U is the
typical velocity. Rhines considers the inverse cascade from
small to large scales ceases at the Rhines scale and the energy
spectrum is

E(k) ~ k™ . (2)

The flow in ACRBC is similar to the flow in the equatorial
region of the planets. A similar zonal flow is also observed
in the current ACRBC system [4-6], and this zonal flow is
the convection rolls revolving around the rotating axis in the
rotating frame that is caused by the asymmetric movement
of warm and cold plumes. What are the properties of energy
cascade combining the effects of buoyancy with strong rota-
tion? This is one question that this study aims to address.

In this paper, we report results from local temperature and
velocity measurements in an ACRBC cell filled with water.
The remainder of this paper is organized as follows. In Sect.
2, we give a brief description of the experimental methods.
The results are presented and discussed in Sect. 3, which is
divided into two parts, including the analyses of the tempera-
ture (Sect. 3.1) and velocity fluctuations (Sect. 3.2). Finally,
the work is summarized in Sect. 4.
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2. Methodology

2.1 Parameter descriptions

In ACRBC, 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 dimen-
sionless parameters:

1
Ra = sz(Ro +RyadLl? |(vi) 3)
which reflects the buoyancy-driven strength,
Pr=v/k, “)

which reflects the ratio of momentum diffusivity to thermal
diffusivity,

Ek =v/QwL?), &)

which indicates the ratio of viscous force to Coriolis force.
Note that Coriolis effects can be alternatively reflected by
the Rossby number. Here, w denotes the angular veloc-
ity of the system, L = R, — R; is the gap width in which
R, and R; are the radius of the outer and inner cylinders,
A = Thot — Teoa is the temperature difference in which T,
and T4 are the temperature of the outer and inner cylinders.
a, v, and « are the thermal expansion coefficient, kinematic
viscosity, and thermal diffusivity, respectively. As shown in
Table I, the experiments are conducted for Ra in the range of
[4.05 x 10°,2.85 x 10'°], fixed Pr ~ 4.2 corresponding to
the water at around 40 °C, fixed Ek ~ 6.7 x 1077, and radius
ratio = R;/R, = 0.5. An additional dimensionless control
parameter, the Ekman number, appears for supergravitational
convective turbulence. The measurements are made at fixed
Ek = 6.7x1077 < 1, suggesting the Coriolis effects are much
stronger than the viscous force. We note that Ek ~ O(1077)
is a relatively small value in the study of rotating turbulent
flows (see Ref. [27], for a review of rapidly-rotating convec-
tion), while it is still much larger than that in planetary cores.
For example, Ek ~ 107" in the Earth’s core [28] in which
viscosity is very low.

2.2 Laboratory experiments

The experimental setup was detailed elsewhere [4]. The ap-
paratus is a cylindrical annulus with nickel plated copper
outer and inner walls of R, = 240 mm and R; = 120 mm
(see Fig. la and b). The gap with a height H = 120 mm is
sandwiched by a top and bottom polycarbonate plate. Thus,
the radius ratio is 5 = 0.5 and aspect ratio I’ = H/L = 1.
Polycarbonate with excellent properties such as transparency,
high heat deformation temperature (~ 130 °C), and low ther-
mal conductivity (=~ 0.2 W/(m K)) is suitable for the material
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Figure1 Experimental configuration. a A photograph of the annular centrifugal convection cell (left), laser probe of LDV (top), and devices for photoelectric
signal acquisition and processing (right). b Sketch of the experimental set-up, which defines the coordinate frame for the LDV measurements and geometric
parameters. ¢ Top view of the sketch of the convection cell. The dotted points denote the three sets of measured points at R” ~ 0.25 (inner mixing zone,
R’ € [61h,0.3]), R” ~ 0.5 (cell centre) and R’ ~ 0.75 (outer mixing zone, R’ € [0.7, 1 — 6y ]). The system rotates clockwise for all cases.

of the sidewalls, allowing the laser light to measure the flow
and reducing the lateral heat flux out of and into the cell.
The temperature of the inner cylinder is regulated by passing
coolant liquid. The outer cylinder is heated at a constant rate
with an embedded film heater and direct current (DC) power
supply. The temperatures of the inner and outer cylinders
are monitored by thermistors (Omega, 44031) embedded in-
side the cylindrical walls. We confirm the flow reaches the
statistically stationary state, which is determined by the con-
vergence of the global Nu number (listed in Table I). The ex-
perimental conditions are also listed in Table I (documented
in Appendix A).

To measure the temperature fluctuations, another type of
thermistor (Amphenol, FPO7DA103N) with small diameter
(=~ 1 mm) and ultra-fast response time of 7 ms is inserted
into the flow at R" = (r — R;)/L ~ 0.2 (Fig. 1b). Note that
the thermistor is rotated with the system so the azimuthal
position of the measurement is fixed. The sampling rate of
the local temperature fluctuations is 128 Hz. In addition,
we adopt laser Doppler velocimetry (LDV: TSI Inc., USA,
type LDV01010) to measure the velocity fluctuations. Some
hollow glass beads as tracers with density p, ~ 1.05 g/cm’
and diameter d, =~ 5 pm are mixed into the degassed wa-
ter. The beams of the LDV are in the rz-plane and ¢z-plane
(not shown), corresponding to the measurements of the ra-
dial velocity u, and azimuthal velocity ug, respectively. Note
that in our previous study of supergravitational convection
[4,6,7], the definition of the direction of the radial position
is the same as r in Fig. 1b of the manuscript. While the
definition of the direction of the wall-normal coordinate in
classical RBC (usually use z) is from the hot plate to the cold
plate [10, 11], which is the same as r; (the definition used
for the LDV measurements) in Fig. 1b of the manuscript. In
a typical run, the mean sampling rate of u, is around 1500
Hz, while the mean data rate for uy is relatively low (< 200

Hz) because of the large rotation speed of the rotating sys-
tem. The measurements last for 1 h typically. We can vary
the coordinate (7,¢,z) of the LDV probe through the traverse
system (Isel, LES5-3-L890). In order to reduce the effects
of the top and bottom plates, the measurements are at mid-
axial position z = 0.5H (Fig. 1b). Figure 1c shows the ra-
dial measurement points for probability density statistics of
velocity fluctuations, which are at R ~ 0.25 (inner mixing
zone), R’ ~ 0.5 (cell centre) and R* =~ (.75 (outer mixing
zone), and the radial position R" =~ 0.2 for the measurement
of temperature.

1R

3. Results and discussion

As already mentioned, to our knowledge, there are no exper-
imental measurements of the statistical properties of the tem-
perature and velocity fluctuations in ACRBC. High-precision
measurements and careful analyses of the statistical proper-
ties of the temperature and velocity fluctuations can thus shed
light on the complex supergravitational turbulent flow.

3.1 Temperature fluctuation

Figure 2a-d shows the time series of the local temperature
at R” ~ 0.2 after the system has reached the statistically
stationary state. The corresponding PDFs of the tempera-
ture fluctuations are shown in Fig. 2e. As the heat trans-
port properties and large-scale flow structure of ACRBC are
similar to classical RBC in this Ra regime [4], the flow re-
gion is divided into BL region (R" € [0, 6] U [1 — 6w, 1]),
mixing zone (R’ € [0y, 0.3] U [0.7,1 — 8y ]), turbulent bulk
(R €10.3,0.7]) [11]. In this Ra range, the thickness of ther-
mal BL 6y, =~ L/(2Nu) ~ 0.6 mm. So the thermistor is
located at the inner mixing zone. Figure 2e shows that at
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Figure 2 a-d Time series of the local temperature measured at R” ~ 0.2 and z = 0.5H for Ek ~ 6.7 x 1077 and different Ra. The measurements last at least 4 h
after the system has reached the statistically stationary state. e Corresponding PDF of the measured temperature fluctuations 67 /o1, where 67 (1) = T(t) — (T,
and o7 is rm.s. value of §7. The black dashed line in e shows the Gaussian function given in Eq. (7). The celeste solid line in e is the exponential function

given in Eq. (6).

Ra < 1.46 x 10'°, the PDF of 6T /oy are similar, which have
large negative wings. The cold plumes detached from the
inner cylinder may contribute to the large negative fluctua-
tions. We note that the PDF of the negative 67" /ot falls off
less steeply than the exponential function as suggested by He
etal. [12]:

P(6/c) = \/_%e_ Vasjt | (6)
o

which implies the strength and number of cold plumes are
more than that at the cell center of the traditional RBC. As
Ra increases to Ra = 2.85 x 109, i.e., the highest Ra of the
present study, the PDF is obviously different from the other
three cases. The core distribution at Ra = 2.85 % 10'? is more
like Gaussian distribution:

and the wings of the PDF basically conform to the expo-
nential distribution Eq. (6). The reason for the different
shapes of the PDF may be due to the scale of plumes being
smaller with increasing Ra. As discussed detailedly below,
we consider that the negative spikes are probably the signal
of zonal flow, which pushes the cold plumes moving in a pro-
grade/retrograde direction and the cold plume arms trigger
the periodic-like temperature signals.

Recently, Wang et al. [10,11] provided a theoretical frame-
work with a set of parameters to quantitatively describe the
effect of the turbulent background, single/collective thermal
plumes, and their spatio-temporal intermittency on the PDF
of temperature fluctuations. In the present study of ACRBC,
it is found that the PDF can be classified into two types (see
Fig. 3). At Ra = 2.85 x 10'°, the fluctuations of cold and
warm plumes are similar. The PDF profile is more approxi-
mate to the form of Eq. (4.13) in Wang et al. [10], which is

G(6/o) = ?e—(ﬁ/(ﬂ 2, (D rewritten in Eq. (8):
2 —
P/ ) — 1-pm oxp [a§/2 + a6/ + B — 1] erfic [ac +¥2(6/0) + Bac/ay, — 1 ]
2 V2a,
W 5,, - o w [
% exp [afv/Z -71(6/0) + ay /. —,3] erfc [a n /g:wa fa ﬁ} ®)
2 —_
% exp a2 /2 + (6 /r) + B, — 1] exfe | 2120 ‘igf‘“/ sl 1] :

which includes the parameters o, = og/o,, @, = og/0y,
and 8. Here, o, 0, and o, are the root-mean-square (r.m.s.)
values of the fluctuations contributed by turbulent back-
ground, cold plumes, and warm plumes, respectively. 8 char-

[

acterizes the spatio-temporal intermittency. Figure 3 shows
that the experimental data are in good agreement with the
theoretical model. In Fig. 3, the fit of Eq. (8) to the data mea-
sured in the mixing zone of the classical RBC is also plotted
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for comparison [10]. For Ra € [4.05 X 10%,1.46 x 10197, as
the strength of the negative fluctuations is much stronger than
the positive part, the profile is more like the PDF measured

|

P(é/o—’ ac’ nmﬂscaﬁmc) =

Vam 2

2 2

2
e a;
y Bt {— — aely1(6/0) + xa
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in the outer BL region of classical RBC (see Fig. 4 or 5 in
Wang et al. [11]), corresponding to Eq. (2.14) in Wang et al.
[11], which is rewritten in Eq. (9):

(1 _ﬂsc _ﬂmc)/\/l { [/\/1(6/0-) +X2]2}
—— — &Xpy\

}erfc[ac—)(l((s/o')—)(z]

V2

L B2 Py exp {_ I'xl(é/crz) +x2) } { r(g ) P [n 1 (= x1(6/0) —Xz)z}

\/TTF(nc)

+\/§F(n0; l) 1(6/o) + x2 — a1 F

Two additional parameters appear in the fit function, cold
plume number n, and §,,. which reflects the collective effect
of multiple-cold plumes. The obtained values of the fitted
parameters are listed in Tables I and III (documented in Ap-
pendix B). The magnitude of S < 0.1 is smaller than that of
classical RBC, which suggests that the intermittency effect is
relatively weak in ACRBC. Note that the property of weak
intermittency in ACRBC is also found in our previous work
by studying the structure functions [7]. In addition, the fit-
ted values of @, = og/0, in the mixing zone of ACRBC are
smaller than 1 for most cases, which suggests that the con-
tribution of cold plumes to the local temperature fluctuations

PDF

0 5 10
oT / ar
Figure 3  Fits of the theoretical models proposed by Wang et al. [10,11]
to the measured PDF data points. For Ra = 2.85 X 1019, the fit function
adopts Eq. (4.13) in Wang et al. [10], i.e., Eq. (8) rewritten in this paper. For
Ra € [4.05 x 10°,1.46 x 10'°], the fit function uses Eq. (2.14) in Wang et al.
[11], i.e., Eq. (9) rewritten in this paper. The symbols share the same control
parameters as Fig. 2. The solid lines are the best fits of the data points with
the corresponding colors. The dashed line is the fit of Eq. (8) to the data
measured in the mixing zone of the classical RBC for comparison [10]. The
fitted parameters are listed in Tables II and III (documented in Appendix B).
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is larger than the turbulent background.

The left inset of Fig. 4a displays the enlarge plot of the
Fig. 2cat 0 s <t < 1200 s. The amplitude of the periodic
temperature spikes (67 = 1 K) is significantly larger than
the fluctuations of the turbulent background (67, =~ 0.3 K).
Further, to study the period of the spikes more quantitatively,
we examine the autocorrelation function of the temperature
fluctuations C(t) = (5T (t + 1)5T (1)) / <6T(t)2> (Fig. 4a). It
is seen that the periodicity of the cold plumes is obvious and
the near-zero peak value 7y is identified as the period of the
spikes. C(7) remains correlated for many periods, implying
this periodic fluctuation of the flow is highly coherent. It is
also found that ¢ decreases with increasing Ra, while no ob-
vious period is observed at Ra = 2.85 x 10'°. Does this peri-
odic fluctuation result from the large-scale circulation (LSC)
observed in traditional RBC? We consider that it is not due to
the LSC. The velocity of the LSC can be estimated by [29,30]

Ursc = 0.2(v/L)+/Ra/Pr , (10)

and the time scales of the LSC 11 sc = L/Ursc are calcu-
lated and denoted as the black circles in the right inset of Fig.
4a. It is found that T gc < 1 for each Ra. Here, given that
the LSC structure driven by buoyancy force appears both in
classical RBC and ACRBC, we assume that the characteristic
velocities of classical RBC and ACRBC at the same Ra are
similar. In the part of Sect. 3.2 of the manuscript, we calcu-
late the mean of the typical large positive and negative values
of the time series of u, at Ra = 4.05x 10°, which corresponds
to the velocity of the coherent plumes. We can estimate the
time scale of the LSC 1y 5c = L/Ursc = 0.12/0.13 = 0.92 s,
which is of the same order of magnitude as the estimation by
the empirical Eq. (10). The results are similar for other Ra
cases.

We consider that large negative excursions may result from
the zonal flow. Zonal flow or Rossby wave is a common flow
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a Autocorrelation functions C(7) of 67(¢). The left inset of a is the enlarge plot of Fig. 2c. Right inset of a: the black circles denote the time scales

of the large-scale circulation 7 gc. Other symbols denote the near-zero peak value 7o of a with the same color. b PS of 67(r). The value “~5” denotes the slope
of the reference line. The vertical lines denote the Rhines frequencies f3 for each Ra. The inset of b is the compensated plot. The colors of the lines share the

same conditions as Fig. 2.

phenomenon observed in astrophysical flows [24,31,32]. The
reason for zonal flow in ACRBC may be due to the different
curvatures of the inner and outer cylinder [6]. Here, we find
that the time scale of the net azimuthal movement of the zonal
flow is more than one order larger than that of the LSC, and
more than two orders larger than the rotation time scale of the
system (1/w ~ 107! s). Note that zonal flow is not observed
at Ra = 2.85x10'°, which may be due to the scale of plumes
being smaller at larger Ra and the small plumes have been
diffused at R” ~ 0.2 (the position of the thermistor).

Next, assuming that the Taylor frozen hypothesis hold in
the convective turbulence, Fig. 4b shows the temperature
frequency power spectra (PS) P(f) for the four Ra. The
peak near the low-frequency end indicates the frequency
Jo =15 ! of the zonal flow. Unexpectedly, a clear scaling
of P(f) ~ f73 is observed for each Ra at 2 < f < 10. This
is more evident from the compensated spectra P/ f~> plotted
in the inset of Fig. 4b. As mentioned in Sect. 1, the cascade
mechanism of E(k) ~ k=> has been observed in some geo-
physical and astrophysical studies [25,31-33], which results
from turbulence in equilibrium with Rossby waves (zonal
flow). One possible different point is that ACRBC has flat
top and bottom plates, while the studies of geophysics and
astrophysics have a so-called topographic-g effect due to the
northward gradient of the Coriolis frequency f, = 2wsiné,
where 0 is the latitude. However, we note that because of
the no-slip boundary conditions on the top and bottom plates
and Ekman pumping effects [34], the topographic-8 effect
may also exist in ACRBC. The flow in ACRBC is similar to
the flow in the equatorial region (8 = 0°) of the planets. And
we can estimate the Rhines frequency f3 at which the inverse
cascade ceases. Combining Eqgs. (1) and (11), (12),

Iy =2n/ks,  fy=UJL, (11)

B=d(£)/d0 = 2wcosh,  0=0°, (12)

we can obtain the Rhines frequency

1
fﬁzgm, (13)

where U is the r.m.s. fluid velocity [26]. Here the velocity
of the LSC (10) can be used as the characteristic velocity of
the flow. The Rhines frequencies for each Ra are marked by
vertical lines in Fig. 4. The magnitude of f3 is around half of
a decade smaller than the smallest frequency of the —5 scal-
ing range. Note that the Rhines scale in ACRBC is basically
consistent with the previous study on zonal flow [25].

The small-scale dynamics in ACRBC may be a combina-
tion of buoyancy and rotation effects. The strong rotation
leads to the very steep scaling of the PS so the turbulent ed-
dies cannot cascade downward to small scales. The eddies
may inverse cascade and evolve into zonal flows (Rossby
waves). The merged large scales eddies may be dominated
by centrifugal buoyancy at low frequency. At last, the en-
ergy is probably dissipated by Ekman friction with the solid
walls. At a frequency larger than 10, the noise increases so
the cutoff frequency is around 10. Thus further study for a
much larger sampling rate is needed, which may give an even
wider range of -5 scaling.

3.2 Velocity fluctuation

The measurement position of the LDV cannot corotate with
the rotating reference frame as the thermistor. So the time se-
ries of the velocity u(f) includes all the azimuthal positions.
In order to decouple the azimuthal and time series of the
velocity, we first set the initial position of the probe as ¢y.
Secondly, the azimuthal region (27) is equally divided into
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1500 parts. Thirdly, the measured point at ¢ has a phase of
wt + ¢, and we transfer the phase to [@g, ¢o + 271] according
to wt’' + ¢o = (wt + ¢o) — k- (27), where k is a non-negative
integer. Fourthly, we take the mean of all data points in each
part. The time series of u, includes more than 3370000 veloc-
ity points for all cases, and the data points in each azimuthal
interval are more than 2000 points. So the statistics for study-
ing the azimuthal profile of u, are enough.

Figure 5a shows the azimuthal distribution of the time-
averaged radial velocity (u,), at z = 0.5H and three different
radial positions. It is found that most u, in the outer (inner)
mixing zone have positive (negative) velocities, which sug-
gests that more inward (outward) moving plumes exist in the
outer (inner) mixing zone. Here we note that because the
measured plane is not exactly parallel to the ¢r-plane, the
mean of (u,); at the three radial positions is slightly larger
than zero. In addition, the previous study found that there
are four pairs of convection rolls in this parameter range (see
the experimental snapshot in Fig. 4A of Jiang et al. [4]).
If each of the pairs of convection rolls is basically fixed at
their azimuthal positions, the azimuthal distribution of (u,),
should have peaks and troughs in the mixing zone (dashed
lines in Fig. 5a). Here, the dashed line uses the distribution
function u,(¢) = (u;)o + A cos(¢7t/2 + ¢¢) found in classi-
cal RBC [35, 36], which includes no zonal flow effect. In
addition, the sinusoidal-like profile of (u,), is verified by the
DNS data without zonal flow from our previous study [7].
The amplitude A adopts the mean of the typical large pos-
itive and negative values of the time series of u,. While at
Ra = 4.05 x 10, (u,), basically have no peaks and troughs,
suggesting that zonal flow pushes the azimuthal movement
of the convection rolls and the azimuthal positions of plumes
are not fixed (see Fig. 5b). The physical mechanism of zonal
flow may result from the radius ratio effect and the Coriolis

a 0.15 - b o
0.1

RN R wa cosahcnnec.

+/Ac

~T00s5F v
~ _01 /J '\ ; % ; [
o1 [=R’=0.25 —R'=0.5—R'=0.75]
() 2 3 4 5 6
¢ (rad)
Figure 5 a Azimuthal distribution of (u,), at different radial positions for

Ra=4.05x10°, Ek = 6.88x 10~". The dashed line is the possible azimuthal
distribution of u, if no zonal flow exists. b Sketch of the flow structures in
ACRBC. The black arrows show that the two cylinders rotate with the same
angular velocity w. The blue arrow indicates the convection rolls revolve in
the prograde direction around the axis with a faster rotation rate w + Aw than
the background rotation of the experimental system, which is the so-called
zonal flow.
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force (discussed in Ref. [6]). The azimuthal distributions of
(u,), for other cases are similar, which suggests zonal flow
exists in the present parameter range. The further evidence
of the existence of zonal flow by the velocity measurement
is consistent with the mechanism of the “-5” scaling of the
temperature spectra discussed in Sect. 3.1.

Next, let us discuss the PDF statistics of radial velocity
fluctuation. Similar to the temperature fluctuation, the nor-
malized radial velocity fluctuation is defined as 6u,/o, =
[u,(6) = (1 {(u (1) = u)?) . As shown in Fig. 6, the
shapes of PDF for different Ra are similar. The PDFs of du,
are more sensitive to the radial position. Figure 6a shows that
at R" =~ 0.75, the PDF of du, /o, has a core distribution simi-
lar to standard Gaussian function (7) and the tails positioned
between the standard Gaussian function (7) and an exponen-
tial function (6) suggested by He et al. [12]. The positive
tail is more approximate to the exponential function, suggest-
ing that more warm plumes move from the outer cylinder to
the inner cylinder in the outer mixing zone. Here, the the-
oretical model (8) is also used for fitting the PDF of veloc-
ity fluctuations. The fitted parameters are listed in Table II
(documented in Appendix B). The fitted result @, > a,, re-
veals that the fluctuations contributed by the warm plumes
are larger than the cold plumes. In addition, § < 0.1 in-
dicates that the intermittency effect in ACRBC is also very
weak for velocity fluctuations. Figure 6b and c¢ shows that
at R* = 0.5 and 0.25, the PDFs of du,/o,, are both simi-
lar to the exponential distribution. The long exponential tail
has the amplitude varied by more than 5 decades, which falls
off much slower than a Gaussian. The exponential PDF in-
dicates that more large fluctuations occur, which is probably
produced by the thermal plumes. The exponential PDF has
been observed in traditional RBC [12,13,20,21], so the PDF
statistics of the fluctuations of radial velocity reveal that the
dynamics of ACRBC are similar to traditional RBC.

Since the PDF in the outer mixing zone is different from
that of the other two positions, we concentrate on the outer
mixing zone (R /L = (r.—R,)/L € [0.025,0.2]) and measure
the radial profile of the r.m.s. of the radial and azimuthal ve-
locity fluctuations (Fig. 7). As discussed before, in this range
of Ra, the thickness of thermal BL 6y, /L ~ 0.005. A small
angle between the two beams of LDV leads to the largest
radial position of the probe being at R} /L =~ 0.025, so the
profiles cannot include the BL. Figure 7a shows o, is ba-
sically independent on R} /L at R} /L < 0.06, and then o,
decreases with the increase of R; /L at 0.06 < R} /L < 0.125.
When R) /L > 0.125, o, transitions to increase with in-
creasing R /L. For o,, (Fig. 7b), the transition position
is at R} /L ~ 0.15, which is similar to that of o,,. The
magnitude of o, first decreases with the increase of R} /L
at R} /L < 0.15, and then increases with increasing R} /L at
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Figure 6

The PDF of 6u, /o, for different values of Ra. The measurements are conducted in three different regions with a R” =~ 0.75 (outer mixing zone),

b R" =~ 0.5 (cell centre), and ¢ R’ ~ 0.25 (inner mixing zone). The black dashed lines in a-c¢ show the Gaussian function given in Eq. (7). The celeste solid
lines in a-c are the exponential function given in Eq. (6). The red dash-dotted line in a is the best fit of Eq. (8) to the PDF data points. The fitted values of the

parameters are listed in Table II (documented in Appendix B).
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Figure 7 Normalized r.m.s. of the velocity fluctuation as a function of the normalized radial position R} /L = (r, — R,)/L € [0.025,0.2] for different Ra. a
Radial velocity; b azimuthal velocity. The shaded and white areas correspond to the near-plate and near-bulk mixing zone, respectively. The colors and shapes

of the symbols share the same conditions as Fig. 6.

R} /L 2 0.15. In the present parameter range, the variations
of velocity fluctuation on R; /L for different Ra are similar.
Note that at Ra = 4.05 X 10?, the slope of the profile of o,
is smaller than the other cases, which may be due to the low
data rate of the azimuthal velocity for the case with a small
temperature difference.

According to the transition point, the mixing zone is di-
vided into two sub-regions which are the near-plate mix-
ing zone (6y < R;/L < 0.125) and near-bulk mixing zone
(0.125 < R} /L £ 0.3). In the near-plate mixing zone, there
may only exist warm thermal plumes, which means cold
plumes cannot travel to this region. The decrease of o, with
increasing R} /L (Fig. 7a) indicates that the strength of warm
plumes gradually becomes weaker with increasing R) /L be-
cause of the thermal diffusion. Furthermore, the azimuthal
movement of the LSC in the near-plate mixing zone gradu-
ally becomes weaker for larger R} /L (Fig. 7b), which sug-

gests the azimuthal velocity properties of the convection roll
in ACRBC is like “fly-wheel-like” structure. In the near-bulk
mixing zone, the reason for the increase of o, with increas-
ing R} /L (Fig. 7a) is probably the appearance of cold plumes
in this region. The inward warm plumes and outward cold
plumes lead to the r.m.s. of the o, becoming increased. In
addition, o, increases at R} /L 2 0.15 (Fig. 7b), which is
different from traditional RBC since the azimuthal movement
of plumes in the bulk region is very weak in traditional RBC.
However, Coriolis force in ACRBC could deflect the plumes
moving in the radial direction. So the increase of o, may
result from the deflection of the radial movement of plumes.
We note that similar profiles of the r.m.s. of the radial veloc-
ity were also found in traditional RBC measured by particle
image velocimetry [37]. And the “fly-wheel-like” structure
of the azimuthal velocity was observed in turbulent RBC in a
thin vertical disk [38, 39].
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4. Conclusion

We present an analysis of the temperature and velocity fluc-
tuation in ACRBC, by means of small thermistors and LDV,
with Ra varying from 4.05 x 10° to 2.85 x 10'°, fixed Ek =~
6.7x 1077, Pr ~ 4.2, and radius ratio n = 0.5. Major findings
are summarized as follows:

Firstly, the shapes of the PDFs of 67 /o at a position in
the inner mixing zone for Ra < 1.46 % 10'° are similar, which
have large negative wings. These large negative excursions
may result from the cold plumes. At Ra = 2.85 x 10'?, the
PDF changes to a Gaussian-like cap with exponential tails.
The different PDF for high Ra may be due to the scale of
plumes becoming small.

Secondly, the autocorrelation function of 67'(f) shows ob-
vious periodic-like properties at Ra < 1.46 x 10'°. We con-
sider that is due to the zonal flow, which pushes the azimuthal
movement of the cold plumes. The time scale of zonal flow
is much larger than the large-scale circulation and the rotat-
ing system. In addition, assuming the Taylor frozen hypoth-
esis, the temperature power spectra show a clear scaling of
P(f) ~ f~> for different Ra. So the cascade mechanism of
the convective turbulence is affected by the balance of turbu-
lence and zonal flow. The Rhines scale fz is about half of a
decade larger than the largest scale of the —5 scaling range,
which is basically consistent with the previous experimental
results in the study of zonal flow in the astrophysical com-
munity.

Thirdly, it is found that the azimuthal distributions of the
time-averaged radial velocity (u,),(ro,$,20) at different radial
positions do not have obvious peaks and troughs, which also
confirms the dynamics of zonal flow in ACRBC in the present
parameter range. The PDFs of du, /o, are basically inde-
pendent on Ra. The shapes of PDFs at the midpoint and
inner mixing zone are both consistent with the exponential
distribution. While the tails of the PDFs in the outer mix-
ing zone are positioned between the Gaussian function and
exponential function. The exponential tails indicate that the
fluctuations in ACRBC are similar to that of traditional RBC
from the perspective of statistics. In addition, the profiles
of the r.m.s. of the radial velocity and azimuthal velocity in
the outer mixing zone are also found to be similar to tradi-
tional RBC, except that o, increases with increasing R} /L
in the near-bulk mixing zone, which is different from tradi-
tional RBC. The difference may be due to the Coriolis force
in ACRBC deflecting the radial movement of plumes.

The statistics of the turbulent flow of ACRBC are similar
to traditional RBC. And note that the additional rotation ef-
fects and boundary conditions of ACRBC are more similar to
the convective turbulence on the planets (equatorial region).
In addition, the effects of supergravity on thermal turbulence
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increase the buoyancy significantly. The physical mechanism
behind the rapidly rotating convective turbulence is very rich,
which may be affected by the buoyancy and Coriolis force.
Hence, more studies and explorations are needed to further
understand the flow properties in ACRBC.
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