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ABSTRACT

We experimentally studied the effect of cell tilting on the temperature oscillation in turbulent Rayleigh-Bénard convection. We
simultaneously measured the temperature using both in-fluid and in-wall thermistors for Ra = 1.7 x 10° and 5.0 x 10° at Prandtl number
Pr=5.3. The tilt angles relative to gravity are set to 0°, 0.5°, 1°, 2°, and 7°. It is found that the temperature oscillation intensity measured
in-fluid is much stronger than that measured in-wall, because the in-fluid thermistors measure both the large-scale circulation (LSC) and the
plumes/plume clusters, while the in-wall thermistors only measure the LSC due to the filter effect of the sidewall. Despite the intensity differ-
ence, the obtained azimuthal profiles of the oscillation intensity measured by in-fluid and in-wall share similar spatial distribution, and the
spatial distribution can be explained by the torsional motion near the top and bottom plates and the sloshing motion at the mid-height. With
the in-fluid measurements, we find that with the increase in the tilt angle, the azimuthal profile of oscillation evolves toward a sawtooth-like
profile and the intensity gets more prominent, which implies that the temperature oscillation becomes more coherent. Through a conditional
sampling method based on the azimuthal position of LSC, we reveal that the uniformly distributed oscillation intensity in the level cell is the
result of the superimposition of the random azimuthal motion and the sloshing motion. Tilting the cell can efficiently disentangle the above-
mentioned two types of motions of LSC. Moreover, we found that the frequency of the temperature oscillation increases when the tilt angle
increases, while the amplitude of the sloshing motion of the LSC remains unchanged, which is believed to be related to the confinement of
the convection cell.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165069

I. INTRODUCTION Pr = v/k, where A is the applied temperature difference, H is the
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Thermal convection is a ubiquitous phenomenon in nature," and
it is also crucial for a wide range of industrial applications, such as
cooling systems on chipboards.” A paradigm to study the generic con-
vection is the Rayleigh-Bénard (RB) convection.” ” RB convection is a
layer of fluid confined between two thermally conductive plates that
are heated from below and cooled from above. The fluid is set in
motion by the buoyancy when the applied temperature difference
exceeds a critical value. The dynamics of the flow are determined by
the geometry of the cell and two dimensionless parameters: the
Rayleigh number Ra = 0gAH®/(vk) and the Prandtl number

height of the convection cell, g is the acceleration due to gravity, and o,
v, and k are the thermal expansion coefficient, kinematic viscosity,
and thermal diffusivity of the fluid, respectively. The geometry of the
convection cell is characterized by the aspect ratio I' = D/H, where D
is the diameter of the cylindrical cell. RB convection has attracted
extensive investigations not only because it is a model system for
studying buoyancy driving turbulence but also due to its importance
in understanding the ubiquitous convection in nature, for example,
convection in astrophysical and geophysical systems such as solar and
mantle convection.'
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A fascinating feature of the turbulent RB convection is the emer-
gence of well-defined coherent oscillation in the presence of a turbu-
lent background. This robust oscillation has been observed in both the
temperature field® and velocity field” '' and in convection systems
with different working fluids®'* '® and different geometries.'” >’ Qiu
et al.” measured the velocity profile in a I'=1 cell filled with water
using laser Doppler velocimetry, and they found the mean flow field
oscillates in a coherent manner. Similar velocity oscillations were
observed ina I' =2 cell."”"" Vogt et al.'” attributed the velocity oscilla-
tion observed in low Pr liquid metal to a new “jump rope” flow mode,
while Li et al.'' discovered similar velocity oscillation in water, and
they found the oscillation originates from the periodical orbiting of the
vortex center. The geometry of the convection cell also significantly
influences the occurrence of oscillations. For instance, in a cubic con-
vection cell, Ji et al.” found that the large-scale circulation (LSC) aligns
along the diagonal plane of the cell, which represents the longest path
of the LSC. The temperature oscillation in this geometry originates
from oscillation of the LSC orientation near the corner. Additionally,
the size of the convection cell plays a role in the occurrence of oscilla-
tions. Qiu et al.”' reported the onset of coherent oscillation and identi-
fied a critical Ra of 5 x 107 for its occurrence. As Ra is proportional to
the third power of the height of the convection cell, this critical Ra
indicates a critical size of the oscillation. Regarding temperature oscil-
lation, it exists in the temperature field measured in side-
walls,"”' 29?2 2% in fluid,”"* * and in bottom/top pla'[e,s‘z‘:”27 which
seems to imply that temperature oscillation exists everywhere in the
convection cell. A natural question is what the spatial structure of the
temperature oscillation is and where those measured oscillating tem-
perature signals are coming from. To answer the above questions,
based on the temperature signals measured in the bottom plate,’
Villermaux™ first proposed that the oscillation is due to the periodic
and alternate emission of thermal plumes from top and bottom
boundary layers, which are coupled by the LSC. In this scenario, the
arriving thermal plumes from the opposite plate impinge and disturb
the boundary layer, and then the plume emission due to the boundary
layer instability is triggered. This argument seems to be validated by
some later experimental studies with temperature field measured in
fluids™***" as well as the measured velocity field.”" > In addition to
Villermaux’s physical model, Funfschilling and Ahlers™ found that
the frequency measured in the temperature or flow field corresponds
to torsional motion of LSC near the top and bottom plates rather than
the periodic plume emission. The discovery of torsional motion of
LSC indicates that LSC has a rather intricate three-dimensional (3D)
spatial structure and that it could be a complicated flow system with a
characteristic frequency of a 3D flow motion. However, due to the
up—down symmetry of the convection system, the torsional motion of
the LSC should be canceled out at mid-height plane, which is inconsis-
tent with the experiments measured at mid-height plane. With the
complex 3D flow with characteristic frequency bearing in mind, Xi
et al.”’ pointed out that the 3D measurements are essential to unlock
the origin of temperature oscillations. We also note those experimental
studies showing evidence of periodic plume emissions are mainly two-
dimensional (2D) measurements.”"”>**"* Using 3D measurements of
temperature field, Xi et al.”” revealed that, in addition to the torsional
motion, the LSC also undergoes the sloshing motion, and the sloshing
and torsional motions together are responsible for the measured tem-
perature and the velocity oscillations. Sloshing motion is a time-
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periodic lateral displacement of the entire LSC plane away from cell
center, and its behavior is more pronounced in the mid-height plane.
The schematic diagrams of torsional and sloshing motion can be
found in Brown and Ahlers.” Recently, Xie and Xia™® experimentally
studied the effect of the roughness surface on RBC, and they found
that the roughness surface would increase the frequency of the temper-
ature oscillation. Zwirner et al."” found that in a liquid metal convec-
tion system with low Pr, the twisting and sloshing motion also existed,
and these two modes strongly influence the instantaneous heat
transport.

Although the spatial structure of temperature oscillation had
been studied extensively, the effect of the cell tilting on the temperature
oscillation seems to be elusive. It has been widely studied that tilting
of the convection cell could affect the heat '[ransport,z’r“37 2 flow
dynamics,”’ *® and boundary layers."” Some results show that the heat
transport remains almost unchanged or changes within 1% with
increasing tilt angle,”””"” while some other findings suggest that the
heat transport can be decreased up to almost 5%."*** However, for a
wider range of tilt angle (up to 90°), the relationship between heat
transport and tilt angle becomes more complicated,’”***" and it is
found that the change of heat transport efficiency strongly depends on
the flow topology. The cell tilting can significantly influence the flow
dynamics. In cylindrical cell, it is found that the azimuthal motion of
LSC is confined and LSC reversals are strongly inhibited.”” In two-
dimensional (2D) or quasi-2D geometry, for I' =1, tilt tends to sup-
press flow reversals while flow reversals are promoted by tilt for
['=2." The effect of cell tilting on boundary layers had also been
studied experimentally and showed that with different tilt angles, the
shape of the normalized boundary layer profile is different."” Recently,
Zhang et al.*" introduced the concept of effective horizontal buoyancy,
which provides a complete new point of view to study the convection
with imperfect vertical alignment. Although much effort has been
devoted to study the effect of cell tilting on various aspects of LSC,
detailed study of the effect of cell tilting on temperature oscillation and
its spatial structure in cylindrical cell is still lacking. Weiss and
Ahlers™ performed experiments in a cylindrical cell with T' = 0.5 and
tilt angles up to 0.12 rad. They mainly focused on the torsional oscilla-
tion near the top and bottom plates and they found that the torsional
oscillation becomes more pronounced and the oscillation frequency
increased with increasing tilt angles. Guo et al.*’ experimentally stud-
ied the temperature oscillation in a rectangular cell over a wide range
of tilt angle (0°-90°) and found that the oscillations exist in both tem-
perature and velocity signals for almost all the tilt angles. The oscilla-
tion intensity of both temperature and velocity signals first increases
with increasing tilt angle until it reach its maximum at around 27.5°,
then it decreases as tilt angle further increases.

In this paper, we present a detailed experimental study on the
effect of cell tilting on the temperature oscillation, particularly the
sloshing motion, in a unit cylindrical RB convection cell using both in-
fluid and in-wall thermistors. We first quantitatively compare the tem-
perature signals simultaneously obtained by in-fluid and in-wall ther-
mistors, and we can find that the direct contact between the fluid and
thermistors leads to a much stronger oscillation strength. We define
the oscillation intensity as the amplitude of power spectra at the corre-
sponding oscillation frequency, and the azimuthal distribution of oscil-
lation intensity is obtained under different tilt angles. In addition, we
implement a conditional sampling method to the temperature time
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series and successfully reveal the relationship between the sloshing
motion and the azimuthal motion. Our study complements the under-
standing about the effect of cell tilting on temperature oscillation in
RBC.

The rest of the paper is organized as follows: In Sec. 11, we briefly
present the experimental setup and methods. Section IIT includes the
experimental results of comparison between temperature signals in
fluid and sidewall, the spatial structure of the temperature oscillation,
and the effect of tilting the cell. Discussion and the conclusions are
presented in Sec. IV.

Il. EXPERIMENTAL SETUP AND METHODS

The experiments were conducted in a cylindrical convection cell
that has been described in detail elsewhere.”””""! Here, we only men-
tion some key characteristics of the cell. The convection cell has a
height of H=19.0 cm and a diameter of D= 19.0 cm. It consists of an
upper plate and a lower copper plate of thickness 1 cm with nickel-
plated surfaces and a Plexiglas sidewall of thickness 0.5 cm. Water was
used as the working fluid. The temperature of the system is measured
by three sets of thermistors: the first set of thermistors are small ther-
mistors with a diameter of 300 um (GE sensing), which are put inside
the convection cell to measure the temperature of the fluid (denoted as
Tf); the second set of thermistors are big thermistors with a diameter
of 25mm (Omega 44031), which are embedded beneath the fluid-
contact surface of each conducting plate to measure the temperature
of the plate (denote as T}); the third set of thermistors are big thermis-
tors that are put into the sidewall through blind-holes drilled from out-
side of the sidewall to measure its temperature (denoted as T,).

As shown in Fig. 1, the in-fluid small thermistors are mounted
on a star-shaped frame made of stainless steel tube with diameter
1 mm. They are separated equally along the azimuthal position with a
distance of 1cm from the sidewall, where the main ascending and
descending plumes pass through.’ The frame is soldered perpendicu-
larly to a stainless steel tube and can traverse vertically along the cen-
tral axis of the convection cell. The thermistors are labeled as 1, 2, ...
8, which also represent their azimuthal positions.

The large-scale flow is essentially an organized motion of thermal
plumes,” in which the plumes carry hot (or cold) fluid when they
flow up (or down) along the sidewall. Thus, the in-wall thermistors
can feel and measure the convective flow inside the cell. Eight blind
holes were drilled from the outside into the sidewall at the mid-height
horizontal plane, and they were equally distributed and spaced azi-
muthally around the cylinder (see Fig. 1). The end of these holes are
0.7mm away from the fluid-contact surface. Eight thermistors were
placed into the eight blind holes until they touched the bottom snugly.
To ensure good thermal contact, a thin layer of thermally conductive
paste is spread around the surface of the thermistors. The tempera-
tures in the top and bottom plates were measured by 16 big thermis-
tors (see Fig. 1). Eight of them are embedded in the top plate at half
radius from the plate center and about 2 mm away from the fluid con-
tact interface at positions TP1 to TP8; while the other eight are simi-
larly embedded in the bottom plate at positions BP1 to BP8. Each
thermistor was calibrated with an accuracy of 0.01 °C. The thermistors
were connected to a 6%—digit multichannel multimeter, and their
resistances were measured at a sampling frequency of 0.29-0.67 Hz,
which were then converted into temperatures using the calibration
curves.
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Tilt angle

FIG. 1. Schematic illustration of the convection cell, positions of the small thermis-
tors in fluid, and the big thermistors embedded in the sidewall and the plates. BP8
and TP8 are not shown. This sketch is adapted from Fig. 1(a) of Xi et al.”’

The temperature measurements in fluid, in wall, and in plate are
performed simultaneously unless stated otherwise. During the experi-
ment, the entire cell is wrapped by several layers of styrofoam to avoid
the heat exchange between the cell and the ambient environment. The
measurements are carried out for Ra = 1.7 x 10° and 5.0 x 10°,
and the Prandtl number Pr is kept at 5.3. As the measurements for
different Ra give the same qualitative results, thus, only results for
Ra = 5.0 x 10° will be presented unless stated otherwise.

Ill. RESULTS AND DISCUSSION

A. The measured temperature signal in fluids
and in sidewall

Figure 2 shows the segments of temperatures at the mid-height
plane measured by the in-fluid and in-wall thermistors simultaneously.
The convection cell is tilted by 2° at position 1. One can see the fluctu-
ations of the in-fluid temperature are much more significant than
those in the sidewall, in which the r.m.s. of the in-fluid temperature is
about four times larger than that of the in-wall temperature. Because
the sidewall acts as a low-pass filter, the thermistors embedded in the
sidewall will only probe the low-frequency signal, and they spatially
sense the integrated signal over a finite area of the sidewall (in other
words, not individual plumes or clusters of plumes). Due to the ther-
mal inertia or thermal mass of the sidewall, the in-wall thermistors
measure an overall hotter or colder temperatures than the correspond-
ing thermistors in-fluid. Therefore, the in-wall probes smooth out the
temperature spikes that correspond to the individual plumes or plume
clusters, and they are not sensitive in detecting the properties of
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FIG. 2. Time traces of temperatures measured simultaneously by thermistors in fluid (red solid line) and in sidewall (blue dashed line) at the mid-height plane. Each of the in-
fluid thermistors is 1 cm away from the sidewall, while each of the in-wall thermistors is 0.7 mm from fluid—sidewall interface. The convection cell is tilted by 2° at position 1.

plumes. At positions 1, 2, and 8, positive (hot) spikes are observed
above the baseline, suggesting the presence of ascending hot plumes;
at positions 4, 5, and 6, negative (cold) spikes are observed below the
baseline, suggesting cold plumes are descending there; at positions 3
and 7, both positive (hot) spikes and negative spikes are present,
implying both hot and cold plumes exist at these positions. These tem-
perature signals are consistent with the coherent large-scale circulation
that has a band of about half a diameter wide.

The properties of time trace shown in Fig. 2 are also manifested
by the probability density functions (PDFs) of temperature traces. We
can see that in Fig. 3(c), all the eight PDFs measured by in-fluid ther-
mistors Tr; — Tfg fall under three groups. The PDFs of Tf;, Tf,, and
Tyg have fatter tails on the right, which are due to much more hot
spikes. While the PDFs of T4, Tys and Ty have fatter tails on the left,
which are due to much more cold spikes. The PDFs of Ty; and Tj; are
almost symmetric, indicating that hot and cold spikes have an equal
probability of occurring. The peaks for all the eight PDFs are due to
their corresponding average baselines. Figure 3(d) shows the PDFs of

the temperatures measured by eight in-wall thermistors. The eight
PDFs, unlike that of the in-fluid temperatures, are symmetric and col-
lapsed together, implying that the in-wall thermistors cannot sense the
individual plume or plume clusters. In Figs. 3(a) and 3(b), we
also show the PDFs of the temperatures in leveled cell measured by in-
fluid thermistors and in-wall thermistors. Unlike the PDFs shown in
Fig. 3(c), one can see from Fig. 3(a), the PDFs of the temperatures
measured by in-fluid thermistors do not separate from each other and
their tails collapsed together. The peaks of the eight PDFs slightly devi-
ate from each other, and this is due to the fact that the residence time
that LSC stays at different azimuthal positions is not identically equal
during our experiments. If the acquisition time were much longer, we
think that the PDFs of in-fluid thermistors in leveled cell would col-
lapse and have the shape of T7; and Ty; shown in Fig. 3(c). The PDFs
will be almost symmetric, indicating that hot and cold spikes have an
equal probability. However, we believe that the PDFs will not recover
a Gaussian shape for the in-fluid thermistors. In previous study, Zhou
et al.” found that the measured temperature signal profile of a plume
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FIG. 3. Probability density functions (PDFs) of the temperature measured at the mid-height horizontal plane by the eight in-fluid thermistors (a) and (c) and the eight in-wall
thermistors (b) and (d). The convection cell is leveled for (a) and (b) and is tilted by 2° at position 1 for (c) and (d). In (c), the inset displays a magnified view of the data within

the rectangular region.

passing the thermistor is not symmetric. The asymmetric temperature
signals could lead a deviation from a Gaussian shape. In contrast to
the symmetric, well-collapsed, Gaussian PDFs, which are shown in
Fig. 3(d), in Fig. 3(b), the PDFs of the temperatures in leveled cell mea-
sured by in-wall thermistors have a more complicated form. Each
PDF has wider distribution than that in a tilted cell, which indicates
that the LSC undergoes a random azimuthal motion. If the acquisition
time were much longer, we believe that it will eventually recover a
Gaussian shape as that in Fig. 3(d).

In Fig. 4, we show the power spectra of temperatures measured
simultaneously at mid-height horizontal plane by both in-fluid and in-
wall thermistors. The convection cell is tilted by 2° at position 1. First,
one can see that the power spectra of in-wall temperatures decay faster
than that of in-fluid temperatures over the frequency range, especially at
high frequency range, which further quantitatively confirms that the
sidewall is a low-pass filter, ie., the high frequency signal (individual
plumes or clusters) is filtered out by the sidewall. Also, we can see the
prominent peaks in both power spectra. The prominent peaks in the
power spectra locate at the frequency of the temperature oscillation,
which are consistent with previous observations.”””” The intensity of
the oscillations can be quantified by the peak height P(fy) of the power

spectra at f,. Figure 4(d) plots the azimuthal profile of P, measured at
mid-height of the cell by both in-fluid and in-wall thermistors. We can
see that there are no significant oscillations at positions 1 and 5 (ie.,
within the circulation plane of the LSC), neither at positions 3 and 7
(i.e., out of the circulation plane of the LSC). On the other hand, strong
oscillations are presented at positions 2, 4, 6, and 8, which is due to the
sloshing motion of the LSC.”*” To have the spatial structure of the tem-
perature oscillation, we traverse the eight in-fluid thermistors vertically
to heights of H/4 and 3H /4 and repeat the measurements. Figures 4(c)
and 4(e) show the azimuthal distribution of the oscillation strength P,
obtained at these heights, respectively. It has been shown previously that
the LSC undergoes horizontal twisting oscillation near the top and bot-
tom plates,””**"* and the strong oscillations at positions 4 and 6 at
3/4H, positions 2 and 8 at 1/4H essentially reflect this motion. In Fig.
4(d), the profile of p(fy) measured by in-wall thermistors is also plotted.
From the value of right vertical axis, one can see that the amplitude of
oscillation strength is much weaker than that of in-fluid measurements.
The much stronger oscillation strength is understandable as the in-fluid
thermistors are directly in contact with the working fluid. Hence, in
what follows, unless stated otherwise, only the temperature results mea-
sured by in-fluid thermistors will be presented.
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FIG. 4. The convection cell is tilted by 2° at position 1. From top to bottom: power spectra of the temperatures measured at the mid-height horizontal plane at the positions
1-8 by the in-fluid thermistors (a) and in-wall thermistors (b). For clarity, each dataset is shifted upward from its lower neighbor by a constant factor. It should be noted that (a)
was previously presented in Xi et al;”’ here, we replot it for comparison. (c)—(e) The azimuthal profiles of the temperature oscillation strength P(fy) measured at the
3H/4, H/2, and H/4 horizontal planes, respectively. Here, the fy is the frequency of the power spectra peak shown in (a) and (b). In (d), the p(fy) profile measured by in-wall
thermistors is also plotted in dashed line for comparison, and the point value corresponds to the right vertical axis.

B. The effects of tilting the cell

In the above results, the cell is tilted by 2°, and there is clear tem-
perature oscillation in the central part (due to sloshing motion of the
LSC) and near boundary layers of the convection cell (due to the tor-
sional oscillation). When the cell is tilted by a small angle, the LSC is
confined in a smaller azimuthal range; while the cell is leveled, the
LSC’s vertical plane undertakes azimuthal motion in a Brownian
motion manner.””*” A natural question arises: what is the behavior of
temperature oscillation in a leveled cell, and how does the cell tilting
affect the temperature oscillation? In Fig. 5(c), we show the r.m.s. of
the orientation of the LSC measured at the mid-height o, as a func-
tion of the tilt angle of the cell. The fact that 54 decreases rapidly with
increasing tilt angle indicates that for larger tilt angle, the LSC is con-
fined in a smaller azimuthal range. This result is consistent with that
obtained by Ahlers et al."” Because the LSC explores a larger azimuthal
region (64 = 40°) in a level cell than that in a tilted cell (o4 = 8.5°),

we expect that the azimuthal motion of the LSC plays a more impor-
tant role in a leveled cell. In Fig. 5(a), we plot the power spectra of the
Ty to Tys when the cell is level (i.e., tilt angle of 0°). We found that
strong temperature oscillations occur at all eight positions. The corre-
sponding azimuthal profile of the oscillation intensity is further shown
in Fig. 5(b), and we can see that when the cell is leveled, the oscillation
intensity is almost equally distributed azimuthally. However, in this
level case, the strength of oscillation [the peak height of power spectra,
p(fo)] is reduced as compared to the tilted case.

One may argue that whether the “jump rope” flow mode revealed
by Vogt et al.'’ also exists in current I' =1 convection cell since the
temperature oscillation shown in Fig. 5(a) is quite similar to that of
the “jump rope” flow mode. The “jump rope” flow mode has a domi-
nant 3D vortex core that orbits in the cell periodically, and it travels in
the direction opposite to that of the LSC (see Fig. 1 in Vogt et al."”),
thus, generating intense temperature and velocity oscillation

(a) 108 L e R | LB LR R R | s (b) 100 —B Tilt 0’ —©~ Tilt 0.5 —& Tilt 1"Tih2”—el'rm7°
— T, v/\,\\ o
o ] T 1| FIG. 5. The convection cell is leveled. (a)
10 f2 From top to bottom: power spectra of the
Ho Tmﬁ/\”\\ﬁ temperatures measured at the mid-height
horizontal plane at the positions 1-8 by
10* H TM-—-/\/\\—‘- . ) ) . ) . the in-fluid thermistors. Also, the power
Q T 1 ) 3 4 5 6 7 3 1 spectra of the circumferentially averaged
E': 1 & Azimuthal position temperature signal Ty = (3.2, T7)/8.
1 — 1(c) ' j ' ' For clarity, each dataset is shifted upward
1 T 40 1 from its lower neighbor by a constant fac-
”wj&r\\ﬁ - tor. (b) The azimuthal profiles of the tem-
) Te o perature  oscillation  strength  P(fy)
20 1 measured in fluid at mid-height for differ-
ent tilt angles. (c) RMS of the orientation
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everywhere in the convection cell, including the bulk and the periph-
ery region of the cell. In the periphery region, they found that the
strong temperature oscillation exists everywhere, regardless of whether
the probes are in the LSC plane or not. Figure 5 in Vogt et al.'’ showed
that the calculated circumferentially averaged temperature signal Ty,
at mid-height and T, exhibits a well-defined quasi-periodic oscilla-
tion. Here, in Fig. 5(a), we also plot the power spectra of Ty 4, which is
the circumferentially averaged temperature signal of in-fluid thermis-
tors. Apparently, there is no obvious peak in that power spectra. In
addition, a previous study”® had shown that in unity cylindrical cell,
the temperature oscillation can only be detected in the region where
vast plumes travel through and there is no sign of temperature oscilla-
tion observed in the center of I' =1 convection cell. Thus, we think
the “jump rope” flow mode does not exist in our current experiments,
and it cannot be used to explain Fig. 5(a).

The reason to explain Fig. 5(a) is that the azimuthal meandering
is superimposed with the sloshing motion. Due to the strong azi-
muthal motion, the LSC band could leave the (1,5) plane and, for
example, align with (2,6) plane, then the thermistors 1, 3, 5, and 7
could measure the periodical temperature signals; similarly, the LSC
band could align with (3, 7) plane and (4, 8) plane as well. On the con-
trary, when the cell is tilted with a large angle, sloshing motion is pre-
dominant than the azimuthal meandering. Thus, the LSC could only
leave and return to the (1,5) plane, and only the thermistors 2, 4, 6,
and 8 could measure the periodical temperature changes. Thus, the
profile is a sawtooth-like distribution for large tilt angles of 1°, 2°, and
7°, as shown in Fig. 5(b). Meanwhile, the amplitude of the sawtooth-
like profile gets pronounced with the increase in tilt angles.

In Fig. 6, we show the auto-correlation functions of the off-center
distance d,. measured by in-fluid thermistors for different tilt angles.
Well-harmonic curves can be found for all cases, especially for the
large tilt cases, i.e, 7° case. The amplitude of well-harmonic curve,
namely the value of C(7), increases with the increase in the tilt angle.
The coherence time for each tilt angle can be simply quantified by
counting how many oscillation cycles™' are in Fig. 6. There are roughly

——Tilt0°

08} —Tilt0.5°
Tilt 1°

0.6 —Tilt2” T
Tilt 7°

0 100 200 300 400 500

T (s)

FIG. 6. The auto-correlation functions of the off-center distance d,. measured by
in-fluid thermistors for different tilt angles.
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seven oscillation cycles for the leveled case. With the increase in tilt
angles, the number of oscillation cycles increases monotonically. For
tilt 7° case, the well-harmonic shape oscillation cycles can still be
found beyond 2000 s. Combining the sharper triangles shown in Fig. 5
and the well-harmonic oscillation cycles shown in Fig. 6, one can con-
clude that the sloshing motion is getting more coherent at larger tilt
angles.

The relationship between the sloshing motion and azimuthal
meandering can be revealed by the cross correlation functions between
temperatures measured at the opposite azimuthal position. In Figs.
7(a)-7(c), we show the cross correlation functions at different tilt
angles. For level and slightly tilted case of 0.5°, we found all four pairs
of temperature series show similar and well-defined correlations. This
kind of correlation was also suggested by some earlier measurements
made in a 2D plane, that the thermal plumes are emitted periodically.
Now it is clear that the periodicity is not due to the periodic plume
emission, but by the combination of sloshing and the azimuthal
meandering of LSC. When the cell is tilted by 2°, the LSC is locked
steadily in a minimal azimuthal range, the alternate appearance of hot
and cold plumes at positions 1 and 5 is absent as well as at positions 3
and 7.

To disentangle the azimuthal motion and slosh motion of LSC,
the ideal approach is to keep the cell level and move the eight thermis-
tors azimuthally with the LSC’s orientation plane in a synchronized
way. In practice, we will keep the cell leveled and only account those
measurements when the LSC’s orientation is within a small angular
range centered on its preferred orientation. Here, we assume that the
preferred orientation of the LSC happens to be in the (2,6) vertical
plane. To consider the motions of the flow only when LSC is in the
(2,6) plane, we set T;(t) = (T;),i = 1,2, ..., 8 when LSC’s orientation
is outside its preferred orientation angle plus/minus 10°. Figure 8 fur-
ther shows the power spectra of the resultant time traces for both in-
fluid and in-wall temperatures. If we compare the above result with
that shown in Fig. 4(a), we can observe the very same behavior except
that the oscillations are not as sharp as that in the tilted case. Indeed,
the phase relationships of the oscillations observed at different posi-
tions are also the same as the tilted case, which is shown by the cross
correlation functions in Fig. 7. Figures 7(c) and 7(d) show the cross
correlation functions calculated by the tilted case dataset and selected
dataset, respectively. It should be noted that the (1,5) plane in the tilted
case is equivalent to the (2,6) plane in the conditional data for the lev-
eled case, as we can observe the same behavior (for example, the corre-
lation between T3 and Ty is the same as that between T, and T in the
tilted case). These results also indicate that the conclusions from the
present work do not depend on the tilting of the cell, and tilting the
cell just disentangles different aspects of the convective flow.

Figure 9(a) shows the PDFs of off-center distance doc/D
obtained from in-wall thermistors for both the leveled and 7° tilted
cases. One can see that for the tilted case, the PDF has a narrower dis-
tribution range than that of the leveled case. Also, the PDF shape
around its mean value of 0 is flatter than that of the leveled case. The
reason for the observed different distributions for the leveled and tilted
cases is, when the cell is tilted, see the schematic drawing of Fig. 9(b),
that the LSC is confined in a fixed orientation; thus, the LSC plane can
only slosh around a fixed vertical plane of the cell, and it is reasonable
to see that the PDF of doc/D is more concentrated. When the cell is
leveled, the LSC undergoes the sloshing motion along with the random
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FIG. 7. The cross correlation functions between temperatures measured by in-fluid thermistor pairs placed at opposite positions: (a) the cell is leveled; (b) the cell is tilted by
0.5° at position 1; (c) the cell is tilted by 2° at position 1; and (d) as in (a) but the temperature data T;(t) when the LSC is not in (2,6) plane is set to a constant value of (T;),

(i=1,2,..., 8) to mimic the case that the LSC is locked in the (2,6) plane.

azimuthal meandering. If the LSC plane rotates counterclockwise, see
the schematic drawing of Fig. 9(c), the value of doc/D becomes larger
compared to that of the tilted case, and if the LSC plane rotates clock-
wise, the off-center distance becomes smaller. Under this circum-
stance, the probabilities of larger or smaller doc is higher than that of
the tilted case. Here, we do not show the PDFs of doc/D measured by
in-fluid thermistors because the PDFs do not change with cell tilting
and are similar to previous results.”” The unchanged PDFs of doc/D
measured in-fluid are due to the fact that the in-fluid thermistors have
a higher sensitivity to measure the sloshing motion of LSC since they
can capture the passing of individual or clusters of plumes as we dis-
cussed in Sec. IIT A.

The temperature oscillation frequency and off-center distance as
functions of the tilt angle is shown in Fig. 10. We can see that the fre-
quency of the temperature oscillation increases when the tilt angle
increases, while the off-center distance (amplitude) of the sloshing

motion of the LSC remains almost unchanged. Combining Fig. 5(b),
we can conclude that with the increase in tilt angle, the coherence and
the frequency of temperature oscillation (sloshing motion) increase.
The unchanged off-center distance, which is similar to the Ra depen-
dence of the off-center distance,”’ may result from the limited space of
the cylindrical geometry for the LSC to explore itself, since the LSC
expands almost half the diameter of the cell.””

IV. CONCLUSIONS

In this work, a systematic experimental study on the spatial struc-
ture of temperature oscillation and the effects of cell tilting had been
carried out in a unit cylindrical Rayleigh-Bénard convection cell.
Simultaneous measurements of the temperatures in fluid and in side-
wall were taken for different tilt angles. We found that the sidewall
acts like a low-pass filter: the temperature signals measured from side-
wall are only affected by the LSC, while the temperature signals
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FIG. 8. Power spectra of the tempera-
tures measured by eight in-fluid thermis-
tors (a) and in-wall thermistors (b) at
mid-height plane. Here, the cell is leveled,
the temperature data T;(t) when the LSC
is not in (2,6) plane is set to a constant
value of (T;), (i=1, 2,..., 8) to mimic the
case that the LSC is locked in the (2,6)
plane.
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FIG. 9. (a) Probability density functions (PDFs) of the off-center distance d,, measured by in-wall thermistors. The convection cell is leveled for square symbols and is tilted
by 7° for cycle symbols. It should be noted that the PDF of the leveled case was previously presented in Zhou et al.;** here, we plot it for comparison. (b) and (c) are the sche-

matic drawings of the off-center motion of the LSC at a tilted cell and a leveled cell.

measured in-fluid are affected by both the LSC and travel-by plumes.
Despite the difference of the temperature signals, the temperature
measured in-fluid and in sidewall both show strong oscillations and
exhibit similar temperature oscillation spatial structure. The results
above suggest that the LSC, rather than the plumes, plays a key role in
the oscillatory motion.

The spatial structure of temperature oscillation is manifested by
the azimuthal profiles of temperature oscillation strength measured at
different heights. At H/4 and 3H /4, azimuthal profiles of temperature
oscillation strength are well explained by the torsional motion of the
LSC near the top and the bottom plates; while at H /2, the azimuthal
profile of the temperature oscillation strength can be well explained by
the sloshing motion perpendicular to the LSC plane.

Although cell tilting, a commonly used approach to lock the LSC,
had been studied extensively for decades, the effect of cell tilting on the
temperature oscillation remained elusive previously, especially on the
sloshing motion of the LSC. In our work, we find that when the cell is
leveled or slightly tilted (less than 1°), the temperature oscillation can

a) 0.030 — : : ;
(@ .
S 0.028} o
o
o
o
0.026 — : : :
0 2 4 6

Tilt angle (deg)

be detected at all eight positions at mid-height. The combination of
azimuthal meandering and sloshing motion leads to the temperature
oscillation at any spatial position, this is the case of most previous
studies where oscillation of temperature was found everywhere
because the cell was level or was only slightly tilted. When the cell is
tilted, the azimuthal meandering is suppressed, and the sloshing
motion becomes predominant. That is why the sawtooth distribution
of temperature oscillation emerges. The sawtooth oscillation profile
becomes more pronounced with the increase in tilt angle, which indi-
cates a more coherent oscillation. With a conditional sampling method
based on the azimuthal position of LSC, we reveal that the cell tilting
can disentangle the azimuthal motion and the sloshing motion effi-
ciently. This disentanglement enabled us to further confirm that the
origin of the temperature oscillation is the torsional motion and slosh-
ing motion, rather than the alternate and periodic emission of thermal
plumes. Moreover, we also found that with the increase in tilt angle,
the frequency of the temperature oscillation increases, while the off-
center distance induced by the sloshing motion remains unchanged.
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FIG. 10. (a) The frequency of the temperature oscillation as functions of the tilt angle. (b) The r.m.s. of the off-center distance of the sloshing motion as a function of the filt

angle.
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Our findings provide a significant step toward better understanding
that the temperature oscillation originates from the bulk flow rather
than the boundary layer and thus contribute to the establishment of a
theoretical framework concerning the dynamics of LSC in turbulent
thermal convection.
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