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ABSTRACT

Laboratory experiments and numerical simulations were performed to quantify the effect of the aspect ratio, I', in the dynamics of air
bubbles within turbulent Rayleigh-Bénard (RB) convection. We explored four scenarios defined by I' = 1.25, 1.5, 2, and 2.5 under Rayleigh
numbers ranging from 2.0 x 10° to 1.6 x 10'°. Continuous 1-mm bubbles were released at two locations from the bottom along the roll
path. Three-dimensional particle tracking velocimetry was used to track a large number of bubbles and determine features of the trajectories
and pair dispersion, R?(¢), for various initial separations, r, within H/10 < r, < 5H/10; here, H is the height. The R*(¢) of the bubbles
within a quiescent medium was included for reference. Characterization of the bubble streams, namely, the center of mass (L), mean devia-
tion (R,) to L, vertical (v,) and lateral (v;) velocities, and their ratios reveal the strong modulation of the roll structure and I'. In particular,
L. exhibited an approximately symmetric distribution around the maximum, which occurred at the middle height only in the I' = 1.25 case.
Maximum L, was near the wall top with the highest aspect ratio. However, R, did not vary substantially among the cases. Bubbles’ lateral
pair dispersion R? shows correlated trends with T, particularly at large initial separations and times, whereas the vertical pair dispersion is
mainly dominated by buoyancy. The R? decreased as I increased. It indicates the effect of different-sized roll structures modulated by I'. In
general, R* embodies distinct features of I'-modulated bubble dynamics in RB convection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060148

I. INTRODUCTION

Rayleigh-Bénard (RB) convection is a fundamental phenomenon
that finds many applications in environmental physics and engineer-
ing systems." Many buoyancy-driven flows usually contain inertial
particles, namely, contaminants in the atmosphere, water droplets in

is the averaging operator, r,(t) is the distance between two-particle
trajectories as a function of time, and r is the initial separation (e.g.,
Ref. 3). Lagrangian models that describe the flow properties in terms
of variables defined at the reference frame of individual fluid particles
carried by the flow are required to characterize pair dispersion.”

clouds, bubbles and plankton in the oceans, and fuel sprays in engine
combustion.” There, inertial particles play a crucial role in transport-
ing, e.g., nutrients or chemicals. Their dynamics can be quantified by
considering the so-called pair dispersion R? = ([r,(t) — r]?), where ()

Substantial effort has been placed in describing Lagrangian
dynamics of convective turbulence. Associated Lagrangian statistics
are different from that of homogeneous isotropic turbulence; the flow
inhomogeneity and large-scale circulation of dominant roll motions
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affect Lagrangian statistics in turbulent convection.”” Most of the
studies have focused on uncovering the physics of the induced flow
(e.g., Refs. 6-10); scenarios containing inertial particles that are an
intrinsic component of natural and engineering systems remain
obscure.'" Inertial particles detach from fluid paths and distribute
inhomogeneously.'” '* Air bubbles are a special case of inertial par-
ticles. Density difference from the fluid carrier causes path and wake
instability; air bubbles in homogeneous and isotropic turbulent flows
disperse faster than tracers, exhibiting ballistic-to-diffusion (7 to th)
transition."” In a previous work,'' the Lagrangian dynamics of air bub-
bles in RB convection was investigated and found that air-bubbles R*
near the center of a convective cell exhibited ballistic-to-diffusion tran-
sition, which is similar to the case of isotropic turbulence with tracer
particles.'’ However, this quantity showed a /> power-law behavior
away from the center due to RB convection’s inhomogeneity and
anisotropy. The path instability of the bubbles showed that the
medium suppressed the bubbles” wake-induced motion, resulting in a
reduction of the bubbles’ lateral velocity.

Despite the remarkable progress made to understand RB convec-
tion, there is a large gap in quantifying associated phenomena with
inertial particles and the role of other quantities, including geometry.
Aspect ratio I, defined as a ratio of the side length L to the height H of
the domain, is one of the important parameters that modulate the flow
and heat transfer dynamics. Bailon-Cuba e al.'® explored numerically
the aspect ratio dependence within 0.25 < I' < 12 on the heat trans-
fer in a cylindrical cell for Rayleigh numbers 107 < Ra < 10° and
Prandtl numbers Pr=20.7. They noted a local minimum of the heat
transfer at I ~ 2.5 with a transition from a single-roll to a double-roll
structure. Huang et al.'’ experimentally and numerically studied the
effect of spatial confinement in convective turbulence. They found that
as the width of the convection cell is narrowed, the heat-transfer effi-
ciency significantly increases due to the changes in the dynamics of
thermal plumes in the boundary layers and large-scale flows. Recently,
Huang et al.'’ numerically investigated the influence of the aspect ratio
within 1/60 < T" <1 on the dynamics of thermal plumes in a box-
shaped container at Ra = 10° and Pr= 11.57. They observed thermal
plumes mainly near the container’s sidewalls at relatively large aspect
ratios and more plumes at the center of the container at small aspect
ratios.

Experiments in cylindrical-'” and rectangular-shaped contain-
ers”””" have noted the cessation and reversal of large-scale circulation
affected by the aspect ratio. In general, geometry plays an important
role in determining the dominant flow structures; it may also influence
the Lagrangian dynamics of inertial particles in RB convection. Here,
we investigated the dynamics of air bubbles in RB convection at four
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aspect ratios I’ = 1.25, 1.5, 2, and 2.5 using experiments and numeri-
cal simulations. We quantified the Lagrangian properties of bubble
motions using 3D particle tracking velocimetry (3D-PTV) and
described the flow and inspected bubble dynamics with numerical
simulations.

Il. APPROACH
A. Laboratory experiments

Experiments were conducted in a box-shaped container with a
square cross section of L = W = 500 mmy; the height H of the RB box
is varied to produce various aspect ratios I' = 1.25, 1.5, 2, and 2.5.
The tank walls are made of double-pane insulated tempered 3.175 mm
thick glass panels separated by a 9.5 mm barrier of inert gas. The tank’s
base has an 800 W, 457.2 mm X 457.2 mm flat silicone heater, adhered
to an 11 mm thick aluminum plate. To further prevent heat leakage,
the bottom side of the heating element is aligned with a high-
temperature patterned silicone matte layer. A temperature sensor was
set in contact with the heating element. A cooling aluminum plate was
placed at the top of the tank with adjustable hanging height and con-
nected to a 1000 W capacity PolyScience refrigerated circulator.
Insulating foam panels were also attached to the top and sidewalls; see
additional details in Ref. 8.

The RB tank was filled with de-ionized water, which resulted in
the Prandtl number of Pr = v/k & 5.4. The various convective flows
were induced with a temperature difference AT = 10 °C, resulting in
Nusselt numbers Nu = QH/AAT ranging from 100 to 200 and
Rayleigh numbers Ra = goATH?/kv ranging from 2.0 x 10° to
1.6 x 10! for the different aspect ratios. Here, v is the kinematic vis-
cosity, « is the thermal diffusivity, 4 is the thermal conductivity, « is
the thermal expansion coefficient of the fluid, Q is the heat flux across
the cell, and g is the gravitational acceleration. The bulk dissipation
rate was estimated as (&) = RaPr—%(Nu — 1)1°/H*, which shows
similar values of about 2.28 x 10~ m* s~ for all I'. The correspond-
ing Kolmogorov length scale was 1 = (1/3/<8>)1/4 ~6.9x 107 m,
and the timescale was 1 = \/v/(¢) = 0.6 s, see basic parameters in
Table I

Air-bubble streams were formed using two porous stones
connected to a 4W air pump. The bubble generator was placed at
s/D = —1/2 and 1/2, where s is the distance along the base diagonal
with origin at the center, and D = 283 mm is the diagonal half length of
the RB tank. Bubbles of diameter d, = 0.96 * 0, 15 mm (1.4n = 0.27)
were released in a single column at a rate of 10.7 bubbles s~ 15 their bulk
rising velocity in a quiescent medium was 1, ~ 0.09 m's~'. The bubble
volume fraction ¢, was about 1 x 107, and the surface fraction ¢, was
about 5 x 1074, resulting in negligible effects on the flow.”

TABLE I. RB cases—basic quantities. H: height; I': aspect ratio; Ra: Rayleigh number; Nu: Nusselt number; (¢), 7, and #: Kolmogorov's dissipation rate, time, and length

scales, respectively.

H r Ra Nu (e) T n

(mm) =) ) =) (m?s7?) (s) (m)

400 1.25 1.61 2.08 x10? 2.28 x107° 5.93 x107! 6.89 x10~*

333 1.5 9.26 x10° 1.73 x10? 2.28 x107° 5.93 x107! 6.89 x107*

250 2.0 3.92 x10° 1.30 x10? 2.27 x107° 5.93 x107! 6.89 x107*

200 2.5 2.01 x10° 1.04 x10? 227 x107° 5.94 x107! 6.90 x107*
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FIG. 1. (a) Basic schematic highlighting the bubble streams at s/D = —1/2 and 1/2; s is the coordinate along the diagonal, D, with origin at the center. (b) Photographs of
bubbles’ paths at various I'; the quiescent medium case is included for reference. The yellow lines highlight the bulk path features.

Three high-speed, CMOS 4MP (2048 pixels x 2048 pixels) cam-
eras were mounted on three lateral walls of the tank to track the bub-
bles’ 3D trajectories, see schematics in Fig. 1. LED light bars were
placed in each corner of the box to illuminate the bubbles. Each cam-
era covered an investigation region of L/2 x H, and thus, the total
investigation volume was L/2 x L/2 x H. The flow was left to
develop for at least 30 min to allow stable RB convection before using
the bubble generator. The bubbles on the top plate were removed
before each measurement to minimize local effects on the top. We
tracked the bubbles 10 after the release to minimize transient effects.
For each case, 1800 consecutive three-view-image sets were obtained
at a sampling rate of 200 Hz, which allowed a description of the trajec-
tories at the sub-Kolmogorov timescale. The air bubbles were tracked
using a three-dimensional particle tracking velocimetry (3D PTV),
where a 3D calibration used a planar target placed at multiple loca-
tions.” The pixel-to-distance ratio was ~ 0.18 mm/pixel, and the root
mean square of the difference between reconstructed and true calibra-
tion points was on the order of 1072 mm. For each scenario, approxi-
mately 5 x 10° trajectories with an average of 122 frames and
5.5 x 10° data samples were tracked using the Hungarian algorithm,”’
which were linked using a three-frame gap closing for long trajectories
reconstruction. Nearly 300 bubbles were followed simultaneously,
allowing for the characterization of various initial separations. Bubble
trajectories and temporal derivatives were estimated using fourth-
order B splines, see additional details of the 3D-PTV setup in Ref. 11.

B. Numerical simulations

Complementary numerical simulations of Rayleigh—Bénard
Convection under the same experimental conditions were performed
by solving the Navier—Stokes’ energy and continuity equations under
the Boussinesq approximation, given as follows:

Ju;
ot

(?u;uj 82ui
=——c—tVv> T,
Ox; p Ox; T 8ij +8hTon

1)

8T (?u]T _ 82T 814]' o
- (9x12 »an 8}6] o

o + o 0. ()
Here, u; is the i-component of the flow velocity, t is the time, p is the
fluid density, p is the pressure, f§ is the thermal expansion coefficient,
and 6;; is the Kronecker operator.

A second-order central difference scheme was used to approxi-
mate the spatial terms, and a third-order hybrid Runge-Kutta
method”* was used for the temporal advancement. The Poisson equa-
tion for decoupled pressure was solved directly by using a discrete
cosine transform. A quick scheme was applied in the energy equation
to satisfy the conservation of the passive scalar term. The boundary
conditions included no-slip, u;| 5 =0, at the walls, adiabatic condi-
tions, g—xT | =0, on sidewalls, and constant temperature on the top
and bottom walls. Numerical simulations were performed with a uni-
form grid in the horizontal directions and a hyperbolic tangent grid in
the vertical direction at a resolution of 256 x 256 x 128 grids in all
the scenarios. A non-uniform grid was adopted to capture steep varia-
tions of temperature and momentum in the boundary layer’s vicinity;
the ratio of the horizontal grid range to the vertical grid range is
changed from 1 to 0.4 as the aspect ratio changed from I'=1 to 2.5.
The corresponding grid size relative to the averaged Kolmogorov
length scale is Ax/n ~2 and Az,;,/n ~ 0.3-0.6. Given that the
Batchelor scale is roughly 1/2 of the Kolmogorov scale, our grid
seems marginal. More importantly, the small-scale behavior near the
bottom and top walls, where the major heat transfer occurs, needs
to be properly resolved. Using a non-uniform grid there, we main-
tained Azyin/1pin = 1.0-2.0, where 1,,, is the minimum local
Kolmogorov length scale that is about 1/3 of the averaged
Kolmogorov length scale 1. The momentum and thermal boundary
layer thicknesses near the bottom wall are found in the range of
20-30 mm, and at least 20 wall-normal grids were used to resolve steep
variations. Therefore, as we showed in our previous work,'! the resolu-
tion test with higher resolutions did not make meaningful difference.
Furthermore, the validation with the same grids for a similar problem
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clearly indicated good agreement against the measurements, as dis-
cussed in Ref. 11; it also includes details on the validation of the simu-
lations and application to a similar problem.

The point-particle approximation is one of the methods used to
describe the behavior of particle-laden flows. Various studies (e.g.,
Refs. 25-27) have shown that bubble motions are primarily deter-
mined by gravity, lift and drag forces, added mass, and fluid accelera-
tion. By assuming that the bubbles have a roughly spherical shape and
neglecting finite Reynolds number corrections, the bubbles’ motions
may be described by

dV,‘ Du,— 1
E =3 Dt — E(V,‘ — u,-) — 2g5,‘2 — Sijk(vj — Mj)wk
dxi
and == (3)

where x; and v; are the bubbles position and velocity, respectively, w; is
the flow vorticity, & is the permutation tensor, and 7, = d3/24v is
the bubble timescale. A fourth-order Hermite interpolation scheme
is used to estimate the bubble’s velocity and flow vorticity at any time.
The bubbles’ initial velocity was set to as local fluid flow velocity. We
used the one-way coupling approximation; then, there is no additional
force exerted by the bubble motion. A total of 625 bubbles were
released for each scenario. The major limitation of the current model-
ing of the bubble motion is that it is valid only for bubbles much
smaller than the Kolmogorov length scale. Although the bubble size is
comparable with the Kolmogorov length scale in the current experi-
mental settings, the point-particle modeling is believed to capture the
main dynamics of bubbles in turbulence, as shown in the comparison
of the statistics of bubbles such as the RMS velocity between the exper-
iment and simulations. Also, we did not consider the two-way cou-
pling between the bubbles and turbulence in our simulations although
the bubble density is relatively concentrated along the bubble path in
the experiment. As shown in a recent simulation study on the two-
way coupling between bubbles and turbulence,” the modification of
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turbulence by rising bubbles is quite minimal in terms of various sta-
tistics. Therefore, we concluded that the two-way effect is negligible.

lll. DISCUSSION

A first, qualitative inspection into the effect of I" on the features
of the rising bubble streams is shown in Fig. 2(a) with superimposed
3D trajectories. There, the colored trajectories representing the y-axis
velocity component are included to aid insight. The case with a quies-
cent scenario is also included to illustrate the modulation of the vari-
ous RB convection scenarios. The bubbles dispersed approximately
homogeneously in the lateral direction in the quiescent medium as
they rose around the vertical axis crossing s/D = 1/2. However, in
the convective flows, the dominant roll structures modulated by the
aspect ratio I' induced distinct curved trajectories deviating from the
vertical path. It is also worth pointing out that the normalized lateral
velocity component, u;7/n, exhibits distinct distribution affected by
T, whereas this quantity is approximately uniform in the quiescent
case. The time history of the bubbles reaching the vicinity of the top
wall shown in Fig. 2(b) reveals the additional effect of I" in the convec-
tion. Note that the distribution of the bubbles is around the relative
(x0,0) = (0,0) only in the quiescent scenario. Irregular distributions
of the (xo, yo) are dominant in the convective cases. Quantification of
such features along the vertical path is discussed later.

Basic assessment of the characteristics of the background flows
induced by the RB convection at I' = 1.25, 1.5, 2, and 2.5 is given in
Fig. 3 with the numerical simulations of the in-plane velocity u; and
associated standard deviations, 7,;, in the vertical plane coincident
with the box diagonal and motion of the roll convection cell. They
show that the flow structure does not change significantly with the
aspect ratio. However, the standard deviation of the velocity fluctua-
tions undergoes a monotonic increase around the center with an
increase in the aspect ratio. Bailon-Cuba et al.'® noted a transition to
the double roll structure at I" > 2.5, which defined an upper bound of
the exploratory cases studied here.

(b) 50 ‘ Y
So % So
o
250 -50
30 M T=20
E 0 E 0 'T:.;Tﬁ?
r=1.25 5
% 0 50 2 s
x/n '
£ ,
=N i
@C
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FIG. 2. (a) 3D bubble trajectories in a quiescent medium, ¢, and convective flows at various aspect ratios, I'. (b) Time history of the bubbles at an horizontal plane near the
top. Colors show bubbles’ lateral velocity, normalized by the Kolmogorov length and time scales.
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FIG. 3. In-plane velocity field and streamlines in the vertical diagonal plane of the RB box for I" = (a) 1.25, (b) 1.5, (c) 2, and (d) 2.5; (e)—(h) standard deviations of the veloc-

ity fluctuations of the sub-figures at the left.

Distributions of the turbulent stresses along the vertical lines
coincident with the location of the bubbles’ release (S/D = —1/2 and
1/2) provide a quantitative assessment of the second-order statistics of
the flow around the path of the bubbles and help us to understand
quantities associated with the measured bubbles trajectories. Figures 4
and 5 show all the components of the Reynolds stress normalized by
the Kolmogorov scales (t/n)’, where the roll points upward
(S/D = —1/2) and downward (S/D = 1/2). The level of the horizon-
tal velocity fluctuations, (¢'t/) and (v'v'), are comparatively larger
than the vertical counterpart, (w'w'). The horizontal velocity

fluctuations also exhibit larger dependence with aspect ratio with
higher I' inducing higher fluctuations across the vertical span and
maximum values around the center and near the bottom and top
walls. The turbulent shear stresses, (#/v'), (/w'), and (v'w/) are
clearly modulated by the aspect ratio, but their magnitudes are
substantially lower than the normal components. Overall, the tur-
bulent stress profiles do not show very significant differences
between the two locations, indicating that the mean convective
motion of the roll played a dominant role in the features of the
bubbles motions.
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FIG. 4. Reynolds stress components along the vertical line coincident with on the bubble stream release at s/D = —1/2, where the roll points upward. (a) (u'v'), (b) (v'v'),
(c) (w'w'), (d) (u'V'), (e) (Uw'), and (f) (v'w'). = and 1 denote the Kolmogorov time and length scales, respectively.

Comparison of the measured and simulated mean y-axis velocity
component, u,, and associated standard deviation, ¢, profiles with
height, z/H, are shown in Fig. 6 for the various I". The mean velocity
profiles normalized with Kolmogorov scales (t/n) show a relatively
good agreement between simulations and experiments. The deviations,
particularly at high I', may indicate instability of the dominant roll
structure at a high I'.'>?” Also, and similar to the work of Kim ef al.,'!
numerical results of the standard deviation of the bubbles’ lateral
velocity are relatively underestimated due to the absence of two-way
coupling on the simulations and distinct phenomena, including path
instability of bubbles and the associated effect on the convective turbu-
lence. In particular, path instability of a millimetric bubble has been
known to aggravate in a turbulent environment according to Shim
et al.”” For all aspect ratios, the standard deviation of the bubbles lat-
eral velocity shown in Fig. 6(b) indicates insensitivity to the aspect
ratio in the current simulations, which is incapable of simulating path
instability. However, the measured standard deviation exhibits quite
irregular variation along the height, which might be due to the
enhanced path instability of millimetric bubbles by turbulence.”’ Even

the measured mean velocity shows wildly oscillatory behavior as
shown in Fig. 6(a), more pronounced for I' = 1.5 and 2, for which the
measured standard deviation overestimates the simulation result. The
coincidental agreement for I' = 2.5 seems to be due to suppressed
path instability in the experiment. The differences in these two quanti-
ties between measurements and simulations provide insight into the
approximation of one-way vs two-way bubble coupling and sensitivity
with aspect ratios.

A close look at the modulation of the aspect ratio on the charac-
teristics of the bubble motions can be obtained with bulk features of
the experimentally measured bubble streams. This includes, at a given
height, the location of the center of mass of the bubbles, L, the mean
lateral deviation of the bubbles with respect to the center of mass, R,
the collective vertical, u,, and lateral, u;, velocity components, and the
associated velocity ratio, u,/uy, which is a measure of the bubble
stream expansion. These quantities are shown in Figs. 7 and 8 for the
bubble streams at s/D = —1/2 and s/D = 1/2, respectively. They
reveal remarkable features of the effects of the I'-modulated roll
structures. Indeed, the maximum mean deviation of the bubble stream

(@ ! (b) ! (© ! (@ ! (e) ! M !
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FIG. 5. Reynolds stress components along the vertical line coincident with on the bubble stream release at s/D = 1/2, where the roll points downward. (a) (v'v'), (b) (V'V},
(c) (w'w'), (d) (U'V'), (e) (Uw'), and (f) (vV'w'). = and 1 denote the Kolmogorov time and length scales, respectively.
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FIG. 6. Comparison of the (a) lateral velocity, u, and (b) standard deviations, o, of the rising bubbles in the y-direction at various I". = and # denote the Kolmogorov time
and length scales, respectively.

occurred at half height in the scenario with the lowest aspect ratio superimposed trajectories, increased with height. This is consistent
(I = 1.25) for the s/D = —1/2 stream, where the roll contributed to with the roughly regular velocity ratio, u,/uy, across the vertical. It
the motion of the bubbles around the middle span; however, it was was on the order of 5-7, which indicates an angle of expansion with
near the top in the highest I" (=2.5). Note that the bulk mean devia- respect to the vertical of o = tan™!(u,/u;) ~ 8°-10°. It is worth

tion with respect to the center of mass, or bulk radius of the noting the effect of roll motion on the velocity of the bubbles; indeed,
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FIG. 7. Bulk features of the bubble stream at s/D = —1/2 for various I". (a) Bulk lateral distance (center of mass, L); (b) mean lateral deviation with respect to the center of
mass, R;; (c) vertical, v,, and (d) lateral v, velocity components; (e) velocity ratio, v, /v;.

bubbles roughly rose with u,7/n ~ 60-80 when the flow (roll) moved Quantification of the pair dispersion, R?, of the rising bubbles in
upward; however, u,7/1 ~ 50 in the case roll motions opposed to the the various convective flow scenarios and comparison with the base
bubbles. Also, in this case, I" did not substantially affect u,. However, case (quiescent medium) contributes to uncovering distinct dynamics
this was not the case in the scenarios with the roll contributing to the of the bubbles and the effect of the aspect ratio. In particular, the verti-
bubble motions; comparatively, higher velocity occurred at the highest cal component of the pair dispersion, R2, is illustrated in Fig. 9. This
aspect ratio. It is worth stressing the dominant effect of the relative quantity was not affected by the aspect ratio, showing a consistent
motion of the roll with respect to the bubbles mean deviation, R.. As temporal power-law dependence R? o * regardless of I" [Fig. 9(a)]. It
pointed out, the turbulent stresses along the vertical lines at s/D = indicates that the vertical pair dispersion is mainly influenced by the

—1/2 and s/D = 1/2 did not differ substantially (see Figs. 4 and 5); buoyancy rather than the convective motion."' However, the lateral
however, the mean bubble deviation showed large differences at the pair dispersion in the y-direction, R? following Ref. 11, shows distinct
two s/D locations. This quantity exhibited regular trends with weak characteristics with respect to I' [Fig. 9(b)]. As I increases, the magni-
dependence with I" at s/D = —1/2, i.e., where the roll roughly moved tude of lateral pair dispersion decreases while the bulk behavior follows
in with the bubbles. In contrast, R, showed irregular, I'—dependent R} o t3/? regardless of I at the ballistic regime /7 < 1. However, in
patterns at s/D = 1/2, i.e., where the roll roughly moved against the the diffusive regime t/t > 1, the dispersion rate decreases as I'

bubbles. increases. It is worth noting that in the case of I = 2.5, the pair
7 1
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FIG. 8. Bulk features of the bubble stream at s/D = 1,2 for various I". (a) Bulk lateral distance (center of mass, L); (b) mean lateral deviation with respect to the center of
mass, R;; (c) vertical, v,, and (d) lateral v, velocity components; () velocity ratio, v, /v;.
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FIG. 9. (a) Vertical (R?) and (b) lateral (R?) non-dimensional pair dispersion in the convective flows at different aspect ratios, T.

dispersion at the diffusive regime nearly collapses with that of the qui-
escent medium. It shows that at a high I', the comparatively reduced
roll structure has a minor effect on the bulk dispersion in the diffusive
regime.

The lateral pair dispersion, R? over a wide range of initial separa-
tions r,/H = 1/10, 2/10, 3/10, 4/10, and 5H/10 is illustrated in Fig. 10
to further highlight various phenomena. For all aspect ratios, the lat-
eral pair dispersion tended to increase faster with larger initial separa-
tions. This trend is particularly evident at I = 1.25, compared to
other cases. In addition, the pair dispersion at a large initial separation,
for example, r > 4H/10, is affected by the overall convective roll
structure, showing a clear trend with respect to the aspect ratio. As I’
increases, the pair dispersion decreases, particularly at large separation
times, /7 > 1. Finally, it is worth highlighting that the lateral pair dis-
persion exhibits a clear trend with respect to the aspect ratio when the
initial separation is larger than 4H /10, see Fig. 11 for selected instants.
It decreased as the aspect ratio increased, particularly, near the transi-
tion regime t/7 ~ 1.

IV. CONCLUSIONS

We have experimentally and numerically explored and char-
acterized the dynamics of air bubbles in Rayleigh-Bénard
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convection at various aspect ratios of I' =1.25, 1.5, 2, and 2.5
under Rayleigh numbers ranging from 2.0 x 10? to 1.6 x 10'% with
similar Kolmogorov microscales. The characterization of the bulk
features of the superimposed bubble trajectories using the center of
mass, mean deviation, vertical and lateral velocities, and their
ratios allowed one to capture distinct modulation of the roll struc-
ture and, consequently, I'. In particular, these quantities showed
the effect of the motion direction of the convective roll in the
velocity of the bubbles, and stream expansion. Also, they provide a
simple view of the effect of I on the mean bubbles’ trajectories.
The aspect ratio showed a minor effect on the vertical pair disper-
sion of the rising bubbles, where the buoyancy dominates over the
convective motion. However, the lateral pair dispersion showed
correlated trends with the aspect ratio, particularly at large initial
separations and times. As the aspect ratio increased, the magnitude
of dispersion decreased. It indicates the effect of the different-sized
roll structures modulated by the aspect ratio. Pair dispersion as a
function of the aspect ratio at various initial separation and time
further highlights the bubble dynamics in RB convection at differ-
ent aspect ratios. Future work will include an investigation of bub-
ble dynamics with the coexistence of multi-roll structures and
non-canonical RB convection.
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FIG. 10. Dimensionless lateral pair dispersion in the y-direction for various initial separations, r, ranging from H/10 to 5H/10 for " = (a) 1.25, (b) 1.5, (c) 2.0, and (d) 2.5.
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