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Abstract

An extended body, free floating nearby one of horizontal boundaries in a convective cell heated
from below and cooled from above, with a suitable set of control parameters, provides the convective
pendulum mode in which the body performs regular oscillatory movements from one side wall to
the other. In this paper, we considered numerically in the simplest two-dimensional formulation a
convective cell at moderate Rayleigh numbers (Ra ~ 5 x 10° — 5 x 10%) with two bodies (plates)
floating at different depths. Two convective pendulums in one cell are subject to a complex mutual
influence determined by the geometry of the cavity, the size and the depth of immersion of the
plates and the intensity of heating, leading to a wide variety of observed modes. The dynamics of
large plates (of the order of half the horizontal size of the cell or more) strongly depend on the depth
of immersion and include convective pendulum mode with regular antiphase oscillations, irregular
fluctuations, full stops and synchronized periodic movements. The dynamics of two plates of
relatively small size is fundamentally different and unexpected. The complex interaction between
the small plates leads to the modes with a pronounced intermittent character, when intervals
of quasi-periodic movements of both plates are replaced by low-amplitude oscillations against the
background of random wandering throughout the cell. During full-amplitude oscillations, the plates
move quasi-periodically but with a random phase shift. The very specific behavior was observed
during random walks, in which the plates perform small-scale chaotic oscillations, without breaking

away from each other, as if they are on a flexible bundle.

I. INTRODUCTION

The dynamics and structure of convective flows in closed volumes are very diverse and
depend significantly on the geometry of the cavity, the heating intensity (Rayleigh num-
ber), the properties of the fluid (Prandtl number), and boundary conditions [1H3]. A new
and rather wide range of problems emerges when considering convective systems with free-
floating extended bodies, which are entrained by the convective flow and, in turn, influence
heat and mass transfer within the fluid. The first problems of this type were considered

in experimental studies in which a solid body had one horizontal degree of freedom [4], [5].
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Two different cases were studied: one with a heat-insulating object floating on a free surface
[4] and the other with an immersed body that freely floats in the horizontal direction at a
specific depth [5]. The problem of a body on the free surface has been actively studied in
a number of experimental and numerical investigations in the context of the movement of
tectonic plates by convective flows in the Earth’s mantle [0}, [7], and continues to attract great
attention as a complex dynamic system [8, 0]. Along with various geophysical applications,
the problem of a immersed body can also be interesting from a fundamental point of view.
It leads to a wide variety of dynamic modes, both for one-dimensional body movements
[T0, 11] and for two-dimensional body wanderings in an extended horizontal layer [12, 13].

An obvious generalisation of the problem of convection in a cavity with a free-floating
object is the problem of convection with multiple floating objects (two, three or more),
which can arise in various technological and natural settings. There are several studies that
have examined the movement of bodies under the influence of convection flows. The self-
organization of large numbers of small spherical bodies has been demonstrated in [14], and
the motion of polygonal plates, which mimic tectonic plates, has been explored in [15].

The studies of convective flows with a single floating body were motivated as well by
a fundamental interest in dynamic systems of convective nature that demonstrate various
mechanisms of chaotic behavior and organization. It was found that an immersed insulating
plate floating in the vicinity of the horizontal thermal boundary layers (or along a free
surface) demonstrates stable oscillatory movements (regime of a ”convective pendulum”).
This regime loses stability as the body moves further away from the boundary and/or as the
Rayleigh number increases [4] [5]. Obviously, the introduction of a second free-floating body
into the system (for example, floating near another horizontal boundary) can significantly
complicate the dynamics of the system. One can expect the emergence of ” coupled convective
pendulums” with complex dynamics due to the non-linearity of the interactions between the
various components of the system under consideration. This problem is addressed in this
paper using numerical modeling in its simplest two-dimensional form.

Specifically, we consider a horizontally elongated rectangular cavity filled with an in-
compressible liquid, in which two plates float freely in the horizontal direction, at various
(but fixed) depths. The influence of the plate size (the sizes of both plates are considered
the same), the depth of immersion of each plate, and the intensity of heating on the plate

movement characteristics is studied. It is shown that regimes with synchronized motion of



the plates are indeed possible. Moreover, plate oscillations can occur in both phase and an-
tiphase, and synchronization mechanisms can be either global or local in nature. A complex
dynamic was observed in a convective system with two relatively small plates floating near
opposite heat exchangers. It turned out that they feel each other quite well, demonstrat-
ing independent random fluctuations on short time-space scales, but tracking each other’s

behavior on large time-space scales.

The paper is organized as follows. The statement of the problem, description of numerical
model and governing parameters are given in section [[Il The main results are presented in
section and include the description of dynamic modes for the large plates (subsection
, the influence of Rayleigh number (subsection , the dynamics of small plates
(subsection and the behavior of integral characteristics (subsection [[ITD]). A summary

and conclusions are given in section [[V]

II. METHODS

A mathematical model of free-convective fluid flow with a moving submerged solid body
was implemented and verified in [16]. The model was used for simulations in both two-
dimensional [10] and three-dimensional formulations [I1] [I7], but only in case of a single
submerged body. In this paper, we developed the numerical model for the case of multiple
non-interacting submerged solid bodies and considered the problem of a natural convection
in a cavity with two horizontally floating plates. We consider a rectangular cell filled with
water, in which two thin plates are submerged at different depths (Fig. . The parameters
associated with the top and bottom plates are denoted by index 1 and index 2, respectively.
The plates have one degree of freedom and can only move horizontally along the long side

of the cavity perpendicular to the direction of gravity.

Numerical model includes the equations of free convection of an incompressible fluid in
the Oberbeck-Boussinesq approximation, and the equations of motion and heat transfer for
the immersed movable solid plates. The unsteady fluid flow is described by the Navier-

Stokes equations, which includes the buoyancy force, and the heat transfer equation in the

4



dimensional form

V-u=0,
0 (- Vyu= -4 9P - gH(T - Th),
ot p
oC, <%—Z+(u'V)T) — V. (\VT),

where u is the velocity, p is the density, T is the temperature, Tj is the reference temperature,
p is the pressure, g is the acceleration due to gravity (directed in the opposite direction of
the axis z), C, is the heat capacity, v is the kinematic viscosity, 3 is the thermal expansion
coefficient, and X is the heat conductivity coefficient.
For each plate the equation of motion is solved separately. Newton’s equation describes
the motion of the solid plate,
av. f

dt m’
where V is the vector of plate velocity, f is the force acting from the liquid on the solid body,
m is the mass of the plate. The plate velocity is purely horizontal, the vertical component
of the velocity is artificially set to zero V, = 0. The net forces are calculated by integrating

over the entire surface of the specific plate (horizontal and vertical faces),

f = 7{ (pn — 7)) dS,
Iy

where 7 is the viscous stress on the wall, n is the unit vector normal to the surface, and
dS is the surface element, I', describes the plate surface. The impact of the plate into the
wall is considered inelastic. The model of the solid plate motion in the fluid is implemented
using the Immersed Boundary Method [I8]. A detailed description of the mathematical
model and results of its testing are presented in [16].

No-slip boundary conditions are imposed on the fluid velocity at all solid boundaries:
u = 0.

The side walls of the cavity are assumed to be adiabatic, and fixed temperature at top
and bottom cavity boundaries is set:

orT

a—n — O, T|z:0 - Th, T‘z:H = TC.

sidewall

The physical properties of water are specified for normal conditions (p = 998.15 kg/m?,
v =10"%m?/s, A = 0.598 W/(m-K), C, = 4183 J/(kg-K), 8 = 0.000211 1/K). The physical
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FIG. 1. Schematic of the problem.

properties of the plates are identical: the density p, = 1300 kg/m?* and the thermal capacity
Ay = 0.38.J/(mK). The geometry of the cavity are fixed in all calculations L = 90 mm,
H = 20mm (aspect ratio I' = L/H = 4.5), plate thickness 6 = 1 mm. The vertical position
of the plates is characterized by a dimensionless distance d. For the top plate, this parameter
is d1 = h1/H, where hl is the distance from the top wall of the cavity to the upper edge of
the plate. In the cases considered d1 = 0.1. For the bottom plate d2 = h2/H, where h2 is
the distance from the bottom of the cavity to the lower edge of the plate. Seven different
values of d2 were considered, ranging from 0.1 to 0.7. These cases will be denoted as d1d1,
d1d2, ..., d1d6, and d1d7, respectively. The horizontal size [ of both plates is the same and
is varied within the range L/8 <[ < 3L/4.

Numerical simulations were performed with the in-house CFD (Computational Fluid Dy-
namics) code o Flow, whose numerical algorithm is based on the finite volume method for the
unstructured spatial grid. The approximation of the convective and diffusion terms in the
Navier-Stokes equation is carried out by the second-order central-difference schemes. The
coupling between the velocity and pressure fields, which ensures the continuity equation, is
realized using a SIMPLE-like (Semi-Implicit Method for Pressure-Linked Equations) split-
ting procedure [I9]. The values of the velocity and pressure fields are determined at the
centers of the control volumes. To eliminate oscillations of the pressure field, the Rhie-Chow

approach is used, which consists of a special interpolation of the velocity vector on the faces
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of the control volumes [20]. The second order Crank-Nicolson method is used for the time
integration of the equation of motion. Both the viscous and the convective terms of the
equation of motion are treated implicitly. The convective terms of the energy transfer equa-
tion are approximated by a second order upwind TVD (Total Variation Diminishing) scheme
[21], and the unsteady term of the temperature equation is approximated by a second order
three-layer scheme.

Thermal convection is governed by the following nondimensional parameters: the Rayleigh
number Ra, which is the ratio of buoyancy to dissipative forces, and the Prandtl number Pr

which is the ratio of kinematic viscosity v to thermal diffusivity

Ra = M, Pr = Z,
vx X
where AT =T, — T, is the temperature drop between the lower and upper boundary.
Numerical simulations were performed for two values of Rayleigh number Ra = 3.7 x 105
and Ra = 3.7 x 10° for the fixed Prandtl number Pr = 6.6.
The dimensionless Nusselt number Nu and Reynolds number Re characterize the global

heat and momentum transfer. Within Oberbeck-Boussinesq approximation, the Nusselt

number is

H 0T

Nu= 3745

where (-),, denotes averaging over time and over horizontal coordinate x and z = 0 corre-
sponds to the bottom.
For the Reynolds number we use the definition, which is based on the mean square root
of the fluid velocity
Re = AV Wy

14

where (-);y denotes averaging over time and over the entire convection cell.

III. RESULTS
A. Two relatively large plates immersed at different depths

We start by considering two plates whose length is equal to half the length of the cavity

[ = L/2, immersed at different depth. We chose this size because a system with a single
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plate of this size was studied in detail earlier for a wide range of Rayleigh numbers and plate
immersion depths [I0]. All simulations described in this subsection are realized for a fixed
Rayleigh number Ra = 3.7 x 10°.

The character of movement of the plates of this size at different positions of the lower
plate (the upper plate in all simulations was immersed at depth d1 = 0.1) is illustrated in
left column of Fig. |2l which shows the movements of the centers of both plates during each
numerical experiment lasting 5000 seconds (z = 0 corresponds to the center of the cell).

It is known that one plate of this size, located in a layer of the same geometry at a
distance of d1 = 0.1 from one of the horizontal heat exchangers, performs at such Rayleigh
number regular oscillatory movements from one side wall to the other, realizing the convec-
tive pendulum mode [10]. In the system with two plates, a pair of connected pendulums
appears, and the nature of this connection changes with the position of the second plate.
If the plates are close to the opposite heat exchangers (case d1d1, Fig. Pfleft)), then they
move in antiphase. This type of movement is caused by the formation of a large vortex
between the plates, which pulls them in opposite directions (see the schematic drawing in
Fig. [3(a,b)).

If the lower plate rises up from the bottom, the regularity of the movements of both plates
is disrupted. In case d1d3, after some oscillations both plates stop (Fig. 2fleft)). When the
gap between the plates decreases further they resume their movement. While the lower plate
floats near the central plane (cases d1d4 and d1d5), the movements are rather chaotic, but
as the lower plate approaches the upper boundary (cases d1d6 and d1d7) the movements
become completely regular. Moreover, the movements of both plates become synchronized
(see Fig. 2fleft)). At this position of the plates, the main vortex forms between the bottom
and the lower plate, determining the movements of the lower plate (Fig. (c,d)), and the
upper plate follows the lower one. The mechanism of case d1d6, in which the plates move
almost synchronously, is not obvious. In this case, when the lower plate is detached, by the
action of convective vortex from the side wall, it opens access to the convective flow to the
upper plate. Than a stream rushes into the gap between the plates, which drags the upper
plate behind the lower one (Fig. [§[(c)). After the upper plate is detached, both plates rush
to the opposite wall, with the lower one always leading. When the lower plate approaches
the opposite wall, it blocks the flow between the plates, which leads to its suppression

and deceleration of the upper plate (Fig. [3[(d)). The effect becomes more pronounced if
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FIG. 2. The movement of the centers of the plates of size | = L/2 (left) and | = 3L/4 (right) at
Ra = 3.7 x 10° for different cases, marked in each panel. The position of the lower plate is shown

by blue dotted line, the position of the upper plate — by red solid line.

we reduce the gap between plates (case d1d7). In this case the flow between two plates

becomes weaker and it takes more time for the upper plate to rush after the lower one. As
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FIG. 3. The structure of the convective flow in the cell with two plates of size | = L/2 at
Ra = 3.7 x 10°. Schematic representation of the main flow at different stages of the plate motion:
(a) case d1d1, start of the plate motion from the opposite walls; (b) case d1d1, the plates move
across the center; (c) case d1d6, the lower plate detaches from the wall; (d) case d1d6, the lower
plate reaches the wall. Instantaneous temperature field and streamlines for two cases: d1d1 (e)

and d1d6 (f) (the black arrows show the direction of motion of each plate).

a result the distance between the plate centers has become larger and the braking of the
upper plate becomes more pronounced when the lower plate reaches the wall. Interestingly,
after a sudden deceleration, the upper plate accelerates again and reaches the wall with a

short delay relative to the lower plate. This is because the lower plate has been slightly
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pushed away from the wall, creating a gap through which a stream of fluid rushes. Please
note that the schematic drawings (Fig. [3]) were created after averaging over specific stages of
plate motion, in order to remove chaotic small-scale flows. The instantaneous temperature
and velocity distributions are highly non-uniform. (Fig. [3(e,f)).

Second, we consider two larger plates (I = 3L/4), for which the available space to move
is three times smaller than their own size. The set of illustration of the dynamics of both
plates is presented in the right column of Fig.[2] In general, the character of plates dynamics
remains similar in all cases except case d1d1 (compare the left and right columns in Fig. .
In case d1d1 the both plates, after a short transient movement, stop near the center of
the cell. It is curious that the convective flow at the same time demonstrates a pronounced
oscillatory regime associated with the oscillations of the coupled side vortices (Fig. , which
alternately reach the maximum and minimum of intensity in the upper and lower corners.
The convective pendulum mode is observed when the lower plate is slightly shifted from
the bottom (case d1d2). We can assume that the realization of this mode requires some
asymmetry. If the bottom plate is located higher (case d1d3), then both plates also stop,
but their position is not symmetrical, and no plate is adjacent to the side wall. The structure
of the flow and temperature field when both plates are in rest is illustrated in Fig. If
the lower plate approach the upper one (cases d1d5, d1d6 and d1d7) both large plates
(I = 3L/4) are involved in regular synchronous oscillations, similar to those described above

for the plates of size | = L/2.

B. The plate motion at higher Rayleigh number

An increase in the Rayleigh number results in a more intense convective flow, which in
turn leads to more intense and less organized plate motions. To illustrate the main trends
related to the increase in the Rayleigh number, we performed a series of simulations for plates
of the base size [ = L/2, but for the Rayleigh number increased by an order of magnitude,
that is, Ra = 3.7 x 10°.

The oscillograms of the positions of the centers of the two plates for different immersion
depth of the second plate (the immersion depth of the upper plate is fixed in all simulations,
dl = 0.1) are shown in Fig. [f| Comparison of this figure with Fig. [J[(left column) shows

that the dependence of the plates dynamics on the position of the second plate is generally
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FIG. 4. Oscillatory mode of convective flow with standing plates of size | = 3L/4, case d1d1. (a)
Corner vortices are above, (b) corner vortices are below. The time interval between two snapshots

is ~21s.

similar. If the plates are located near the opposite horizontal boundaries (case d1d1), they
exhibit stable regular oscillations from one side wall to the other. The plates movements
are still approximately anti-correlated, and their typical velocity increased significantly. At

T, K
296.7 297.5 298 2985 299 299.5 300.0

FIG. 5. The instantaneous temperature field with streamlines when the plates are in rest. Case

d1d3, plates size | = 3L/4.
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FIG. 6. The movement of the centers of the plates of size | = L/2 (lower plate — dotted line, upper
plate — solid line) at Ra = 3.7 x 10° for different cases: d1d1 (a), d1d4 (b), d1d6 (c) and d1d7 (d).

Ra = 3.7 x 10°, the average full cycle period was 187 seconds, and at Ra = 3.7 x 10° it
decreased to 49.8 seconds (the ratio is 3.8, so the dependence of the velocity on the Rayleigh
number exceeds the root square).

We showed in previous subsection that the dynamics of the plates changes fundamentally
with the location of the lower plate. In particular, at Ra = 3.7 x 10° when the lower plate is
located near the middle of the layer, after a transient process the upper plate presses against
the side wall and the movement of both plates stopped. At Ra = 3.7 x 10°, intense turbulent
convective vortices prevent the plate from pressing against the wall, and both plates undergo
chaotic, weakly coupled oscillations (see Fig. [6b).

In cases where both plates float in the upper part of the layer, the intensity of movements
also increases, but the nature of the movements does not change (compare cases d1d6 and
d1d7 in Fig. [2| and Fig. @ In case d1d6 the period of the full cycle of plate movement
decreased from 436 s to 98 s (the average frequency increased 4.5 times, that is, more
than in case d1dl). In case d1d7 the average period dropped from 562 s to 123 s (the

frequency increased 4.7 times), and the shape of the curve became less stable within one
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cycle, especially for the upper plate.

C. Two relatively small plates immersed at different depths

Now, we are going to decrease the size of the plates, studying the behavior of a couple of
plates of relatively small size. It is natural to expect that as the size of the plates decreases,
their movements would become more independent and characterized by random uncorrelated
walks at [ << L. However, more complicate dynamics has been observed. To clarify this
issue we return to the Rayleigh number Ra = 3.7 x 10° and study the motion of plates
of size | = L/4 and | = L/8 (as before, both plates have the same size in each numerical
experiment).

Results of simulations for the plates of size | = L/4 for different position of lower plate
are shown in Fig. The behavior of the plates [ = L/4 in case d1d1 turned out to
be the most interesting. Fig. (upper panel) gives the impression that the movements
of both plates are correlated, which is inconsistent with the low value of the correlation
coefficient. The plate motion in this case has a pronounced intermittent character - intervals
of quasi-stable periodic movements are replaced by low-amplitude oscillations against the
background of random wandering throughout the cell. Closer look shows that fragments
with full-scale oscillations (from one side wall to another) demonstrate oscillations of both
plates with a similar frequency, but with different (random) phase shifts. This explains low
value of correlation coefficient. In contrast the analysis of the intervals with low-amplitude
movements reveals that the small-scale movements of both plates are well correlated, as if
the bodies are tied to each other.

In case d1d2 after some wandering both plates are pressed against one wall, where they
remain, occasionally breaking away from it for a short time. In case d1d3, the throws become
stronger and the plates occasionally move from one wall to the other (remaining, as a rule,
near the same wall), and the upper plate, unlike the lower one, does not press against the
wall, remaining close to it. As the lower plate approaches the central plane, both plates are
involved in intense, slightly correlated movements from one edge of the cavity to the other
(cases d1d4 and d1d5). A strongly intermittent mode appears in case d1d6, in which very
regular well correlated oscillations of both plates (just of the same kind as were observed

in case d1d6 for larger plates, see Fig. |2)) are replaced by quasi-periodic motions from the
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wall to the center and back of the upper plate, and small amplitude oscillations of the lower
plate near the other wall. The latter behavior becomes stable in case d1d7 (last panel in
Fig. @ Finally, let us note, that despite evident differences in the plate dynamics for cases

FIG. 7. The movement of the centers of the plates of size [

position of the upper plate — by red solid line.

cases, marked in each panel.



d1dl, d1d4 and d1d5, the plate movements for all these cases are uncorrelated (the Pearson

correlation is equal, respectively to -0.07, -0.2 and 0.04).
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FIG. 8. The movement of the centers of the plates of size | = L/8 at Ra = 3.7 x 10° for different

position of the upper plate — by red solid line.

cases, marked in each panel.

Analyzing the dynamics of the smallest of the considered plates, having a size of [ = L/8
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(see Fig. , it can be concluded that their movements become less dependent on each other
and the amplitude of high-frequency oscillations increases. At the same time, it is impossible
not to notice the trend towards the relationship between the movement of the two plates.
In cases d1d6 and d1d7, the behavior of the plates is generally similar to that of larger
plates with [ = L/4, but it is not periodic. They also prefer to locate near opposite walls
with non-periodic motions in one half of the layer of the upper plate, and small amplitude
oscillations of the lower plate. In contrast to this, if the plates are relatively far (cases
d1d1, d1d2 and d1d3) they tends to follow one the other wandering from wall-to-wall, while
performing intense small-scale independent fluctuations.

The tendency to correlated long-term dynamics is most pronounced in case d1d1 both
for plates | = L/4 and | = L/8 and we analyse them in more detail. Note, that to improve
the statistics we extend the duration of each run up to 20,000 seconds. Interestingly, when
watching the movie of the small plate motion (see Supplementary materials), there is a
deceptive feeling that the movement of the plates is chaotic and fully independent. At the
same time, when looking at Fig. |8|it seems obvious that both trajectories follow each other,

although they do not repeat each other in detail.
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FIG. 9. The cross-correlation function of the positions of the centers of two plates moving near
two heat exchangers (case d1d1) at Ra = 3.7 x 10°. The size of the plates is [ = L/2 (blue line),
[ = L/4 (green line) and | = L/8 (red line).

The coherence of the movements of both plates is characterized by the cross-correlation

function of the positions of their centers, shown in Fig. [9 for plates of different sizes in
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case d1d1 (each plate is located at a distance of H/10 from the corresponding horizontal
boundary) under the same Rayleigh number Ra = 3.7 x 10°. For long plates, where [ = L/2,
a slightly damped cosine wave indicates nearly perfectly periodic motions of the plates in
antiphase, C'(0) = —0.95. At [ = L/4, the one-time correlation disappears C(0) ~ 0,
although local maxima of the order of 0.35 — 0.4 remain on shifts of 7 ~ +100s. At [ = L/8,
the correlation function becomes asymmetric relative to zero, showing a fairly significant
correlation of C' =~ 0.75 at 7 = 100c. The interpretation of the last two cross-correlation
functions is difficult due to the rather complex structure of the analyzed movements.

A scale-by-scale cross-correlation analysis of two signals, which separates the correlation
at different time-scales, can be done in term of wavelet analysis [22]. To do this, it is
necessary to obtain a wavelet image of each signal (oscillograms of position of corresponding

plate center)

w(r,t') =771/2 /00 z; ()" (t — tl) dt,

— 0 T
w(t) _ 627rz't€—152/2¢727

where z; is the coordinate of the center of the corresponding plate (i = 1.2). A Morlet
wavelet with the parameter o = 0.6 was used, which provides a fairly good time resolution
(short wave packet).

The wavelet spectrograms of the positions of the lower plates (they look similar for
the upper ones) for plates of sizes L/4 and L/8 are shown in Fig. 7?7. Integrating wavelet
spectrograms along the horizontal coordinate (in time), one get the integral wavelet spectrum
M;(t) = [ |Jwi(7,t')]2dt’, which is an analog of the spectral power density of fluctuations.
Integral wavelet spectra are shown in Fig. [10[(a). It can be seen that in the spectra for the
L/4 plates there is a dominating frequency characterizing quasi-periodic fragments of the
oscillogram. For L/8 plates, the low-frequency part of the spectra (7 > 200 s) is almost flat,
with an weak maximum at 7 &~ 1200 s, which corresponds to an average time of long stops
of the plates near the sidewalls.

The wavelet cross-correlation function [22] is calculated for a pair of spectrograms char-

acterizing the movements of the upper and lower plates in one numerical experiment

_ Jo(r )wy(r, t)dt!
(M (7)My(r))'

012(7')
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This function characterizes the level of correlation of fluctuations in two signals at each given

time scale 1.

) — UL=1/4
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FIG. 10. The integral wavelet spectrum (a) and the wavelet cross-correlation function (b) of the
positions of the centers of the plates moving near two heat exchangers (case d1d1) at Ra = 3.7 x 10°.
The size of the plates is | = L/4 (dashed line) and [ = L/8 (solid line). The blue line corresponds

to the lower plate, the red line — to the upper plate.

The cross-correlation function Ci»(7), shown in Fig. [L0}b confirms a high correlation of
plate movements over long time scales. Small plates (L/8) give a correlation of 0.9 and
higher at 7 > 1000s, and large plates (I = L/4) reach this correlation level at 7 > 700s.
Both curves have a local maximum at shorter times, the first at 7 ~ 240s, and the second
at 7 =~ 120s, with the height of the maxima approximately the same, C5 ~ 0.65 — 0.7. It
would seem that these maxima are caused by fragments of quasi-periodic movements that
are clearly visible on oscillograms, but their explanation is not so simple.

In Fig.[7]it can be seen that the oscillogram of plate movements (for case d1d1) includes
sufficiently long intervals of quasi-stable periodic motions from one side wall to another, in-
terspersed with intervals of random walks, in which, nevertheless, the oscillatory component
of a small amplitude and approximately the same frequency exists. This is the frequency of
the oscillations that corresponds to the maximum in the spectrum in Fig. (10, However, the
peak in the spectrum occurs at periods of fluctuations of 7 &~ 250s, and the local maximum
of the cross-correlation function falls at 7 ~ 130s, that is, approximately half as
short. The analysis of the wavelet spectrogram (Fig. ??7,a) shows that 7 ~ 130s corresponds

to structures that occur just in the intervals between full-scale oscillations of the plates from
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wall to wall. Thus, fluctuations of relatively small amplitude, which accompany random
plate walks, are correlated. The intervals of full-scale quasi-stable oscillations, which give
a peak in the spectrum, are characterized by a random phase shift (either the upper plate
follows the lower one, or vice versa), which leads to zero on average correlation.

There are no quasi-stable periodic oscillations from one edge to the other in the move-
ments of the L /8 plates (Fig. , but a high-frequency component is present in most of the
oscillogram, with the exception of fragments corresponding to the plate stopping at one of
the side walls. For short periods, the small plates do not feel each other (at 7 < 70s, the
curve tends to zero), while the plates (I = L/4) retain a weak correlation (C' — 0.25 at
7 < 50s). The local peak on the cross-correlation function at 7 ~ 250s (Fig. [L0}b) is due to
a series of bright spots visible at these time scales in the spectrogram (Fig. ??.b), that is, not
the presence of any long-term fluctuations, but rather a strong episode with an appropriate

time scale. It is these episodes that turn out to be correlated.

D. Integral characteristics

The horizontal plate blocks the vertical fluid motion and heat flux, but the decrease of
the values of the integral characteristics, such as Nusselt and Reynolds number strongly
depends on the plate location [10, 11]. One can assume that introduction of the second
plate would lead to the additional blocking of the vertical fluxes and decrease of Nu and Re.

The basic case is the pure Rayleigh-Bénard convection without plates (case d0d0). In
order to reveal the influence of the plates on heat transport and flow intensity we presented
in Fig. normalized values of Nusselt number Nu/Nuy and Reynolds number Re/Rey,
where Nugy and Rey are the numbers, calculated for the convection in the same cell without
plates. We include also in this figure the case with one plate (d1d0).

Fig. [11| shows that the heat transfer substantially depends on the mutual plate locations
except the configuration with the smallest plates (I = L/8). In case d1d1, when both plates
are located near horizontal boundaries and inside the thermal boundary layer, the heat
exchange between the fluid and the warm (cold) boundary is significantly reduced. In this
case, the large plates (I = 3L/4) that do not move, block almost 80% of the heat flux.
Shifting one of the plates away from the horizontal boundary and, as a result from thermal

boundary layer, increases heat transfer, reaching its maximum value in case d1d5. The
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values of Nu for cases d1d4 — d1d6, when the plates can move independently, are close to
those of a single plate floating in the fluid (d1d0). Further decreasing the gap between the
plates (d1d7) leads to a noticeable decrease in the Nusselt number, despite different types
of plate motion. It is a "sandwich” motion in the case of relatively large plates (I = 3L/4
and [ = L/2), when they move as one thick plate. In the case of smaller plates (I = L/4),
one of the plates oscillates near the wall, and the other plate periodically moves from the
opposite wall to the center and back. The variation in Nu for the smallest plates (I = L/8)
is minimal, as expected. Increase in Ra, which is considered only for the one plate size
(I = L/2), gives qualitatively similar dependence of Nu on the plate locations (see open and
closed squares in Fig. [L1h).

The variation of the Reynolds number Re with the distance between plates is shown in
Fig. [11p. The maximal values of Re for large plates (I = 3L/4 and | = L/2) are achieved
for relatively small gaps between plates, when the plates moves together. Variation of Re
for smaller plates are substantially weaker. Increasing of Ra does not change dependence of
Re on the plate locations (for [ = L/2). We can conclude that the introduction of a second
plate in a layer reduces the heat flux and flow intensity. The maximal decrease occurs when
both plates are close to horizontal boundaries. Shifting one of the plates from the thermal

boundary layer increases both Nu and Re.
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FIG. 11. Normalized Nusselt number Nu/Nug (a) and Reynolds number Re/Req (b) for different
cases and mutual plate locations, at Ra = 3.7 x 10° and Ra = 3.7 x 10% (only for [ = L/2, shown

by open squares), Nug and Rey correspond to the case without plates (d0d0).
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IV. CONCLUSION

An extended body, free floating nearby one of horizontal boundaries in a convective cell
heated from below and cooled from above, with a suitable set of control parameters, provides
the convective pendulum mode in which the body performs regular oscillatory movements
from one side wall to the other. The mechanism of the convective pendulum is simple - the
body, once at the side wall, blocks the heat flow near it, contributing to the appearance
of a large-scale circulation in the cell, which draws the body to the opposite wall, where
everything repeats. In this paper, we considered a cell with two bodies (plates) floating
in a convective cell at different depths. Two convective pendulums in one cell are subject
to a complex mutual influence determined by the geometry of the cavity, the size and the
depth of immersion of the plates and the intensity of heating, which leads to a wide variety
of observed modes. Some of them turned out to be completely unexpected, showing the

presence of specific connections between bodies in convective systems.

The problem of two coupled convective pendulums is considered in the simplest two-
dimensional formulation - we performed 2D numerical simulations of convective flow in an
elongated rectangular cell with two plates having only one (horizontal) degree of freedom

and located at different depths.

At moderate Rayleigh numbers (Ra ~ 5 x 10°) the behavior of the extended plates with
the sizes exceeding one half of the horizontal size of the convective cell is in general similar
and strongly differs from that of the smaller plates. When the large plates are located near
the horizontal boundaries the regime of the two-plate convective pendulum can be realized.
If the lower plate shifted away from the bottom, the regularity of the movements of both
plates is disrupted, including modes in which both plates stop in different positions and
remain stationary until the end of the numerical simulation. When the gap between the
plates decreases further they resume their movement. While the lower plate floats near
the central plane, the plate movements are rather chaotic, but as the gap between plates
decreases they become completely regular. Moreover, the movements of both plates become

synchronized.

An increase in the heating intensity (Rayleigh number) leads to an acceleration of plate
movement (an increase in the oscillation frequency) and the disappearance of the stagna-

tion zone, in which irregular oscillatory movements occur. However, the type of mutual
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movements of the plates generally remains the same.

An unexpected effect was found for the dynamics of two plates of relatively small size,
(more precisely, with a size comparable to the thickness of the convective layer, but notice-
ably smaller than the horizontal cell size) which float in the vicinity of two heat exchangers.
The modes with a pronounced intermittent character are identified, when intervals of quasi-
periodic movements of both plates are replaced by low-amplitude oscillations against the
background of random wandering throughout the cell. During full-amplitude oscillations,
the plates move quasi-periodically but with a random phase shift. The very specific behavior
was observed during random walks, in which the plates perform small-scale chaotic oscilla-
tions, without breaking away from each other, as if they were on a flexible bundle. For the
smallest plates, whose size is significantly less than the depth of the layer, the quasi-periodic
fragments of behavior do not occur, but, surprisingly, the ”flexible bundle” continues to
work. In this mode the plates tend to follow each other, despite stronger fluctuations, and
if they locate at the sidewalls for a long time, it is always the same wall.

An increase in plate size reduces convective heat transfer and the intensity of flow motions
(Nusselt and Reynolds numbers), however not proportionally to the plate sizes. For the
fixed plate size the Nusselt number is minimal when the plates move in anti-phase near the
thermal boundary layers. The shifting one of the plates from the boundary layer leads to an
increase in the Nusselt number, and its maximum value is reached when both plates move

synchronously in the same half of the fluid layer.
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