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Linear stability analysis of bubble-induced convection in a horizontal liquid layer

Kotaro Nakamura®,"" Harunori N. Yoshikawa®,? Yuji Tasaka®,' and Yuichi Murai

1

! Laboratory for Flow Control, Hokkaido University, Sapporo, Japan
2Université Cote d’Azur, CNRS, Institut de Physique de Nice, 06100 Nice, France

® (Received 15 July 2020; revised 6 October 2020; accepted 15 October 2020; published 2 November 2020)

We investigate with a linear analysis the stability of a horizontal liquid layer subjected to injection of gas
bubbles through a bottom wall. The injection is assumed uniform in space and constant in time. Injected bubbles
ascend in the liquid layer due to the Archimedean buoyancy force and are ejected from the top free surface of
the liquid layer. Modeling this two-phase flow system as two interpenetrating liquid and gas continua, we show
that homogeneous upward gas flows become unstable at large gas fluxes. We determine the critical conditions
of this homogeneous-heterogeneous regime transition and show that the critical modes are made of stationary
convection rolls, either multi- or whole-layered depending on liquid viscosity, the radius of bubbles, and the
thickness of liquid layer. By examining the energy transfer from base to perturbation flows, we indicate that
liquid convective motion is driven by the buoyancy on heterogeneously distributed bubbles. We also reveal that
the lift forces on bubbles have significant stabilizing effects by homogenizing bubble distribution close to the

bottom wall.
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I. INTRODUCTION

Bubbly two-phase flows have attracted much attention in
various fields of scientific research because of their impor-
tance in industrial applications and because of interest in
complex multiscale flow phenomena [1]. The flows occur in
a large variety of applications, e.g., frictional drag reduction
of naval vessels [2,3], ultrasound contrast agents [4], and
efficient delivery system of drugs and genes [5].

Bubble column reactors are widely used in chemical and
biological engineering processes as an efficient gas-liquid
contactor for mass and heat transfer [6,7]. Bubbles injected
to liquids ascend due to Archemedian buoyancy forces, ex-
changing mass and heat at liquid-gas interfaces. Depending
on the bubble size, the flow rate of gas injection, and the
geometrical shape of the reactor [8—10], the system exhibits a
variety of flow patterns resulting from multiscale phenomena
embedded in the dynamics of dispersed two-phase systems.
When the gas flux is small, bubbles can rise in liquid with
a uniform spatial distribution [8,11]. Flows in this homoge-
neous regime are destabilized at large gas flux and become
heterogeneous, where the bubble distribution is no longer
uniform. The transition from homogeneous to heterogeneous
regimes is accompanied by convective motion in the liquid
phase of a length scale comparable with the system size.
This large-scale convection is crucial for the design of re-
actors [12]. Theoretical and numerical investigations on the
generation of large-scale convections have been performed
for semibatch and continuous operation conditions of reactors
[12-14]. Different instabilities associated with the pressure

“nakamura @ring-me.eng.hokudai.ac.jp

2470-0045/2020/102(5)/053102(9)

053102-1

drop in gas injector arrays [12] and with lift forces on bubbles
[13] are reported.

Convection in bubbly flows has also been investigated
from the viewpoint of stability of fluid systems with in-
verse density profiles [15-17]. When a lower zone of a
two-phase layer is richer in bubbles than in the upper zone,
the layer is overturned by gravity-driven instabilities similar
to the Rayleigh-Taylor (RT) instability. The threshold of the
gravity-driven instabilities of bubble layers is often given as
a Rayleigh number Ra based on the Archimedean buoyancy
of the gas-dispersed liquid phase. Experiments on a RT-like
instability of bubble layers show the formation of bubble
plumes. For Ra > 2.5 x 10°, steady counter-rotating convec-
tion rolls were observed by Kimura [15] and Iga and Kimura
[16] (hereafter referred to as IK07). A direct numerical sim-
ulation based on a point bubble model was performed by
Climent and Magnaudet [17] (hereafter referred to as CM99)
for flows developing from a particular two-layer state, in
which a pure liquid layer is superposed on a bubble layer.
The results confirm the formation of convection rolls for
Ra ~ 2.0 x 10°. The point bubble model is based on an Euler-
Lagrange approach. Bubbles are regarded as point sources
of buoyancy subjected to drag and lift forces. A spatially
filtered Navier-Stokes equation is coupled with the equations
of motion for individual point bubbles. This model does not
take into account diffusion-like processes (hydrodynamic dif-
fusion) in the bubble dynamics, which prevents the formation
of highly buoyant bubble clusters [18] and results from direct
hydrodynamic bubble-bubble interactions [19]. The results
of CM99 suggest that no wave number selection exists for
convection roll formation.

Ruzicka and Thomas [18] discuss the analogy between
the homogeneous-heterogeneous regime transition of bubbly
flows and the Rayleigh-Bénard (RB) instability. The authors
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FIG. 1. (a) Schematic illustration of the problem, and (b) (i) profiles of bubble ascending velocity wg(z) and (ii) gas volume fraction &5(z)
in the base state with different Pr defined as Eq. (19): the gas injection velocities and gas injection volume fractions at z = —1 of the profiles

equal to wg o = 1000 and ¢ o = 0.02, respectively.

consider rising bubbles distributed uniformly in a quiescent
liquid layer, assuming hydrodynamic diffusion in the behav-
ior of bubble swarms. They examine the analogy in detail
and deduce Ra, Prandtl number Pr, and Nusselt number
Nu characterizing bubble convections. Ruzicka and Thomas
[18] estimate the critical value of Ra to be about 10° due
to their experiments [20]. Though the consideration of the
buoyancy-driven instability by Ruzicka and Thomas [18] re-
mains qualitative, the analogy indicates the existence of a
wave number selection mechanism. This contradicts the re-
sults of the afore-mentioned simulation (CM99) of bubbly
flows [17]. This discrepancy might be explained either from
the difference in the base states considered in these studies or
from the effects of hydrodynamic diffusion, which are absent
in CM99 [17].

In the present paper, we revisit the problem of
homogeneous-heterogeneous regime transition to examine the
wave number selection mechanism in the linear stage of tran-
sition by performing a linear stability analysis for ascending
bubbles in a quiescent liquid layer. In contrast to the existing
works on bubble column reactors [12-14], we focus on the
transition provoked by the inherent dynamics of bubbly flows
without any effect of gas injection systems and of lateral
walls. The analysis is based on an Euler-Euler approach by
a spatially filtered Navier-Stokes equation for the liquid phase
coupled with an Eulerian momentum equation for bubbles. In
contrast to the Euler-Euler approach of Ruzicka and Thomas
[18], no hydrodynamic diffusion is taken into account. The
present work would thus determine whether the hydrody-
namic diffusion is essential in the wave number selection
of bubble-induced convection rolls. For simplicity, only the
added-mass, drag, lift, and buoyancy forces are considered in
the momentum exchanges between gas and liquid phases as in
CM99 [17].

The model for bubbly flows is given in Sec. II. We summa-
rize the governing equations (Sec. Il A) and apply them to a
homogeneous flows of bubble rising in a quiescent horizontal
liquid layer (Sec. II B). The Rayleigh and Prandtl numbers
and two other numbers characterizing the bubble layer are
introduced in Sec. IIC with dimensionless versions of the
governing equations. The linear stability problem of the ho-
mogeneous state is formulated in Sec. III. Results of the
analysis are presented in Sec. IV and discussed in Sec. V.
Section VI is concerned with summary.

II. THEORETICAL MODEL

A. Governing equations

We consider two-dimensional bubbly flows in a horizontal
liquid layer generated by uniform injection of monodisperse
spherical bubbles from the bottom wall [Fig. 1(a)]. Bubbles
rise in the layer due to Archimedean buoyancy forces and are
ejected from the top free surface. The velocity W ¢ and flux
Jg,o of gas injection are maintained at constant values. We
model the dynamics of this immiscible two-phase flow system
using the Euler-Euler approach, in which the liquid and gas
phases are regarded as two dynamical continua exchanging
momentum and energy with each other. The model consists
of the following mass and momentum conservation equations
for gas and liquid phases:

de
a—f +V - (sgug) =0, (1)
25 _ e - 2 cpug — uliug —w)
— = — — —Cpllug —u|(ug —u
A" Dt “Dr ~ 8R, P"¢ ¢
—CL(ug —u) x (V xu) —g, 2)
V.ou=0, 3)
Du L Vot vautgteo( 2 ()
— = u eol ——¢g).
Di P prv g ¢ Di g

where e is gas volume fraction, ug = (ug, wg) and u =
(u, w) are the velocity fields of gas and liquid, respectively,
and p is the pressure field. The bubble radius, density, and
kinematic viscosity of liquid and gravitational acceleration
are denoted by Rp, p, v, and g, respectively. The differen-
tial operator D/Dt stands for the material derivative, i.e.,
Dug/Dt = d,ug +ug - Vug and Du/Dt = d,u +u - Vu.

In the gas momentum equation [Eq. (2)], the effects of
bubble-bubble interactions inducing bubble clustering and
hydrodynamic diffusion have been omitted, assuming dilute
bubbly flows. We have supposed spherical nondeformable
bubbles, assuming the Galilei number Ga = /gR,R;/v and
Eo6tvos number Eo = ,ogR,%/y are sufficiently small: Ga <
102, Eo < 10! [21,22]. These hypotheses are satisfied, e.g.,
for bubbles of R, ~ 0.5mm in water at room temperature.
The first to third terms on the right-hand side of Eq. (2) arise
from the momentum exchange with liquid phase. These terms
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represent the effects of liquid inertia, drag, and shear-induced
lift on bubble motion, respectively. The added-mass and lift
coefficients, C4 and Cp, are assumed constant and given by
1/2, supposing small bubbles [23]. For simplicity, the drag
coefficient is modeled by

Co= 2 ithRe, = 2RelUe —ull (5)

(9 %

where Re,, is the bubble Reynolds number (for the effects of
the Cp model, see AppendixA). This drag model has been
obtained by computing the viscous energy dissipation around
a spherical bubble in a steady potential flow [24]. The bubble
Reynolds number is of O(10?) for bubbles of R, ~ 0.5mm
ascending in water at room temperature with the terminal
velocity.

In the liquid mass conservation (3) and the liquid momen-
tum (4), we have assumed dilute bubbly flows and considered
liquid flows effectively incompressible. We have also re-
stricted our attention to flows at scales larger than the mean
distance between bubbles. Bubbles affect the dynamics of the
liquid phase only through the mesoscale cumulative reaction
force, eg Du/Dt, and buoyancy force, —esg [25]. The same
equation has been used in a Lagrangian analysis of the influ-
ence of bubbles on a carrier phase [26] and in an investigation
on the liquid-gas interfacial coupling in a free-shear flow of
a dilute bubble suspension [27]. Mazzitelli et al. [28] and
Oresta et al. [29] model, respectively, bubble-laden isotropic
turbulent flows and RB convection with vapor bubbles as the
same momentum equation as Eq. (4), though the reaction from
bubbles and buoyancy forces are coupled with the motions of
point bubbles determined in a Lagrangian approach.

The upper surface of the liquid layer is assumed as flat
and shear free for simplicity. At the bottom wall, no-slip
conditions on the liquid velocity, constant gas velocity, and
constant gas flux are imposed,

ou w
P = 07 =07
0z T ox v

u=0, weg=Wso, e¢Ws,0 = Js,0,

atz =d, (6)

atz=—-d. (7)

B. Base state

Two-dimensional flows would respect the translational
symmetry of the system along the x direction when the flux
of gas injection is small. We thus assume a steady bubbly flow
in the homogeneous regime, where the flow fields are laterally

uniform:
u=0, e = Eg(2). (®)

The unit vector in the z direction is denoted as e,. For these
fields, Eqs. (1) and (2) read

uc = wg(z) e,

d
d—(EG@G) =0, 9)
z
dwg 18vwg
—_— = 2g. 10
e i 3 +2g (10)

We have invoked Eq. (5) for the drag force. The boundary
conditions (7) read

we = Wso0, EcWg=Jgo, atz=—d. (11)

The momentum equation (10) indicates that the gas phase is
accelerated toward the terminal velocity Vo, = gRi /9v. Some
profiles of velocity wg calculated from Eq. (10) are shown in
Fig. 1(b)(i). The gas velocity increases in a sublayer attached
to the wall. Outside this sublayer the gas flows at a constant
velocity V.

According to Egs. (9) and (11) the gas volumetric flux
gWg is constant and given by Ji 0. The volume fraction &g is
thus calculated from wg as

g = 200, (12)

e

Some profiles of &g are shown in Fig. 1(b)(ii). As expected
from Eq. (12) and from the wg profiles in Fig. 1(b)(i), a
sublayer rich in bubbles is formed on the bottom wall. As
W¢ increases from W o to Vo, the volume fraction decreases
from Jg,0/Ws.0 to a smaller value Jg0/Vo in the sublayer.
The stratification in the mean density of liquid-gas mixture is
potentially unstable to the gravity inside the sublayer.

C. Dimensionless governing equations

Adopting scales d of length, v/d of velocity, d?/v of time,
and Jg od /v of bubble volume fraction, we nondimensionalize
the governing equations (1)—(4) to obtain

880

o + V- (ecug) =0, (13)
DllG _ Du 18([1 u)
Dt "Dt 2 ¢

b

18
—(ug —u) x (Vxu)+ ——7e, (14)
Pr-r

)

V.ou=0, (15)
Do vpia
— = u— e
Dt p Pr-r} ¢
pegR (DU O (16)
& —_— —F€ .
““9pr \ Dr Pr-r? :

The boundary conditions (6) and (7) read in dimensionless
form

du  Jdw
B0, w=0, atz=1, (17)
0z ax

u=0, wg= wgo, EcWgo =1, atz=—1. (18)

We have introduced the following four dimensionless param-
eters:

v 9y2 gdzjg,o 81vd2](;,0
Pr = = —, a = = .
Vood — gRd VZv gR}
weg,o = R (19)
v d

The first two parameters are Prandtl and Rayleigh num-
bers. They compare characteristic timescales: Pr = T /T, and
Ra =T,Tx/ TBZ, where Ty is the bubble residence time Tz =
d/Vs, T, is the momentum diffusion time 7, = d? /v, and
Tg is the buoyancy time Tz = /d /g, with a reduced gravity
8r = (J6,0/Vo) g IKO7 [16] and CM99 [17] employ Pr and
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Ra similar to Egs. (19) in their numerical investigations on
bubbly convection flows. Throughout the present work, the
injection velocity wg ¢ and bubble radius r, are assumed to be
wg.o = 1000 and r, = 0.01. Some results for other values of
these parameters are given in Appendix B.

III. STABILITY ANALYSIS
We consider perturbations around the base state,

/ - / = /
u=u, ug=wce +Ug &= +téeg (20)

where perturbation components are indicated by primes and
v =u'e, + w'e, u; = use, + wge, (e.: the unit vector in
the x direction). Substituting Eqs. (20) into Egs. (13)—(16) and
linearizing the resulting equations with respect to perturbation

fields, we have

dey a du ou,
26 _ ‘(“’Ga— N ﬂ)gc_gcﬁ
<

ot dz ox
_ (“SGa% N %)“’5’ @1
= 388—:/ — i—;(u’G —u)+aglle, (22
V.u =0, (23)
o’ Va4 A+ EGRa -r;du’  , Ra

— — —e,, 24

ot 9Pr ot T Pr? & 24)
where ¢’ is the liquid vorticity perturbation, ¢’ = 9,1’ — 9w/,
and 7’ is the perturbation of a reduced pressure. The bound-
ary conditions on the perturbation fields are obtained from
Egs. (17) and (18). They are

o' ow

OO =0, atz=1, 25
oz oax az 25)
W=w =w;=¢;=0, atz=-L (26)

We perform a modal analysis to determine the stability of
the base state, expanding the perturbation fields into normal
modes:

(U/G,u’,8’g)=f (b, 0, 86) " dk, 27)
—00

where k is the wave number and s = o + iw is the complex
growth rate consisting of a growth rate o and a frequency w.
Hatted quantities are the complex amplitudes of perturbation
fields.

For a mode of wave number k, Eqgs. (21)—(26) can be cast
into the following form:

A(k,Pr,Ra, wgo, 1) X = sBX, (28)

where X = (ig, @1, 8G)"". A linear differential operator A
with respect to z depends on the wave number k and the
parameters (Pr, Ra, wg.o, 1p). The coefficient matrix B is con-
stant. We discretize the eigenvalue problem (28) with the
Lobatto-Gauss-collocation method based on Chebyshev series
expansion and determine eigenvalues s by the QZ decomposi-
tion.

IV. RESULTS
A. Stability diagram

The growth rate o of the least stable mode determined from
the eigenvalue problem (28) changes its sign from negative
to positive with increasing Rayleigh number Ra from zero at
a given wave number k. Determining the marginal stability
condition where the sign of o changes for different wave
numbers while keeping r, and wg o constant, we obtain the
marginal stability curve o (k, Ra) = 0 [Fig. 2(a)]. The curve
shifts downward with decreasing Prandtl number Pr chang-
ing its shape. It has only a single minimum point for Pr >
4.13 x 1077, while there exist two local minima otherwise. At
Pr = 3.25 x 10~ (=: Pr*) the two minima are found at the
same value of Ra = 645 (=: Ra*). Marginally stable modes
are stationary except for a range of k found at small Pr (see
the lowest curve in the figure).

Eigenvectors of some marginal modes are shown in
Fig. 2(b) for the gas volume fraction &;; and liquid velocity
u’. The perturbation gas volume fraction ¢;; exhibits different
structures consisting of horizontal arrays of bubble-rich and
bubble-poor cells [Fig. 2(b)]. For stationary modes [Fig. 2(b)
i—viii], the horizontal flow of the liquid phase converges and
diverges in cells of large and small &, respectively. In the
lowest layer attached to the bottom wall, where the unstable
density stratification is the most significant, the liquid moves
upward inside bubble-rich cells and downward inside bubble-
poor cells. Convection rolls on the bottom do not extend to
the top free surface of fluid layer for large k [Fig. 2(b) i—
iii, v, vii]: multilayer convection rolls are observed, though
the flow in convection rolls away from the bottom wall is
much weaker than that in the rolls on the wall. For small
k, in contrast, convection rolls on the wall occupy the entire
fluid layer [Fig. 2(b) iv, vi, viii]. We call them whole-layer
convection rolls. The gas velocity field uy; exhibits the same
flow patterns as the liquid velocity field u’. The slip velocity
u;; —u' is only on the order of a few percent of u'. Pr de-
termines the types of convection rolls, i.e., either multi- or
whole-layer mode, at critical conditions. Oscillatory eigen-
modes [Fig. 2(b) ix] are also composed of multilayer cells
of gas volume fraction. The perturbation flow rises and falls
in bubble-rich and bubble-poor cells attached to the bottom,
respectively. In contrast to stationary modes, the structures of
cells and flows of oscillatory modes lack x — —x reflection
symmetry.

Variations of the critical parameters (k., Ra,) determined
from the marginal curves are shown in Fig. 3. The critical
Rayleigh number Ra, increases with Pr, while the critical
wave number k. varies nonmonotonically. The behavior of
(k., Ra.) for Pr < Pr* is distinct from the behavior for Pr >
Pr*, since whole-layer and multilayer modes are critical in the
former and latter cases, respectively. At the codimension-two
point Pr = Pr*, both types of modes are critical.

Whole-layer convection rolls were observed in the nu-
merical simulation by CM99 [17]. These authors reported
convection rolls of different geometrical characteristics for
the same set of parameter values (Pr,Ra,r,) = (2.5 x
1074, 2.07 x 10°, 2 x 1073). The aspect ratio I' of the
wavelength of observed convection pattern to the fluid layer
thickness is either 1 or 0.5. For this Prandtl number and bubble
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FIG. 2. (a) Marginal stability curves, above which the quiescent state is unstable, for different values of the Prandtl number Pr in the k-Ra
space. The gas injection velocity and the bubble radius are fixed at wgo = 1000 and r, = 0.01. The temporal natures of marginally stable
mode are indicated on curves by s (stationary) and o (oscillatory). (b) Eigenvectors at the local minimum points (i)—(ix). The liquid velocity
u' = (u', w’) and the gas fraction g are shown by vectors and colors, respectively. Bubble-rich and bubble-poor cells correspond to red and
white zones. Some streamlines are also shown in (b) to visualize the structures of liquid flows.

radius, the present linear stability analysis does not predict any
instability.

Experiments on a RT-like instability of bubble layers by
IKO7 [16] showed the formation of whole-layer convection
rolls at Pr = O(1072), Ra = O(10%), and r, = O(1073). The
numerical simulations performed by these authors showed
also the formation of whole-layer convection for experimental
values of Pr and Ra. The ratio I" was found to increase with
Ra and to take a value 2.7 close to the onset of convection
formation. For the critical modes reported in Fig. 3, the ra-
tio I' (= & /k.) is smaller than 1.3 for multilayer mode and
between 1.5 and 3.1 for whole-layer mode. Bubbly convec-
tion observed by IK07 [16] might correspond to whole-layer
modes in the present work. The present linear stability theory

T 7.0

1of L 160
I 4 1so

£ 10° * A{A T40<
¥ m““f“ ‘ 130
I T2.0
10% & / e S 4 1.0
10°° 1074

Pr

FIG. 3. Variation of critical parameters (k., Ra.) as function of
Pr. The whole- and multilayer modes are critical on the left and right
of a codimension-two point Pr = Pr*, respectively. The best-fitting
power laws Ra, o Pr" are shown in dashed lines. The exponent 7 is
2.68 and 1.93 for the left and right lines.

predicts, however, no instability at Ra ~ 10° for the values
of (Pr, rp) considered by IKO7 [16]. In fact, for tiny bubbles
in a viscous liquid such as considered in IK07 [16], the base
state (8) has a uniform bubble distribution throughout the fluid
layer, £; = const, so that the density stratification is stable to
gravity. The instability investigated by IK07 [16] would be
related to a particular initial configuration, i.e., an unstable
superposition of a pure liquid layer over a bubble layer, and
would be distinct from the instability considered in the present
work.

B. Energy budget analysis

We consider the energy transfer from the base to pertur-
bation flows in order to obtain insights into the instability
mechanism. The transfer to liquid perturbation flows will be
similar to that in RB convection because of the similarity
of Egs. (23) and (24) with the corresponding equations for
thermal convection [30]. The perturbation flows gain and lose
energy due to buoyancy and viscous energy dissipation, re-
spectively. To confirm this scenario we can derive an evolution
equation for the kinetic energy of liquid flows by taking the
inner product of Eq. (24) with w’. After integrating the result-
ing equation over the whole liquid layer and averaging it with
respect to the horizontal direction, we obtain

dK

— =Wz — Dy,
dt B |4

(29)

where the kinetic energy K, the power of the buoyancy
force Wp, and the rate of viscous energy dissipation Dy are
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are marked on the k axis. The temporal natures of marginally stable mode are indicated by s (stationary) and o (oscillatory) at the top of each
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defined by
Ra -2\ u? + w?
K=((1-¢ b : 30
(-eSet) =)o
Ra , |
Wp = F(t’?cw ) (31
Dy = (®), (32)

where the dissipation function ® is given as ® = 2(d,u)*> +
(3.4’ + d,w’)*> + 2(d,w’)* and the angle brackets denote the
following integral operation:

k[l o[k
(o):—/ / e dxdz. (33)
2 J 1 Jo

Equation (29) confirms that convection develops when the
buoyancy overcomes the viscous energy dissipation.

We should now turn to the energy transfer in gas phase, as
the driving buoyancy effect Wj is created by a heterogeneous
distribution of the gas phase due to perturbation gas flows.
By similar procedures used to obtain Eq. (29), we derive the
following evolution equation from Eq. (22).

dKg

7=WI+WD+WL, (34)
where the kinetic energy Ks and the powers of the liquid
inertia Wy, of the drag Wp, and of the lift Wy, are defined by

2 2
Kg = <uG+—wG>’ (35)
2
_ 9 ugl?  dwg - ou’

W, = —{we— et 3(— - 36
! <wGaz 2 T dz S + ot ug). (36)

18 ! / /
Wp = _r_2<(“G —u')-ug), (37)

b

W = (w6 ug). (38)

Energy budgets of the gas flow are computed for marginal
modes for different values of Pr (Fig. 4). For stationary modes,
the liquid inertia provides energy to perturbation flows (i.e.,
W; > 0) regardless of the type of convection roll, while the
drag and lift have stabilizing effects (i.e., Wp, W, < 0). The
liquid inertia and the lift become stabilizing and destabilizing
for some oscillatory modes, e.g., when Pr = 1.84 x 103 for
wave numbers k between 2.9 and 3.8.

V. DISCUSSION

The results for the critical parameters presented in Sec. IV
are in marked contrast with the observations for the RT-like in-
stability by CM99 [17]. These authors observed the formation
of whole-layer convection of different aspect ratios (I' = 1
and 0.5) for the same set of parameter values (Pr,Ra) =
(2.5 x 107*,2.07 x 10%) and suggested the absence of wave
number selection. The present results (Fig. 2) show, in con-
trast, that a unique mode, either a multilayer mode (I" < 1.3)
or a whole-layer mode (I' = 1.5-3.1), is selected depending
on Pr. Like the present work, CM99 assumes no hydrody-
namic diffusion and is based on the same governing equations
as Eqgs. (1)—(4) except for the Lagrangian approach to the bub-
ble dynamics. The absence of wave number selection would
hence not be related to the absence of hydrodynamic diffu-
sion. Our analysis showed that the selection mechanism exists
even in the absence of bubble-bubble interactions. Different
convection patterns observed in CM99 would thus indicate
the multistability of the bubbly flow system rather than the
absence of wave number selection. Different attractors would
be present under a given flow condition. A nonlinear bifurca-
tion analysis and a stability analysis of secondary flows could
elucidate this point.

As the energy budget equation (29) shows, the instability of
bubbly flows found in Sec. IV is provoked by the buoyancy.
More buoyant lower fluid overturns less buoyant upper fluid,
once the buoyancy overcomes the stabilization by the viscous
force. This principal mechanism is similar to that of thermal
instabilities. There exist, however, essential differences be-
tween these instabilities in the transport of buoyancy sources.
In thermal convection, the heat diffusion tends to homogenize
temperature fields to produce stabilizing effects. In bubble
convection, in contrast, stabilization arises from the transport
of bubbles by the lift forces as shown by the energy budget
analysis in Sec. IV B. In fact, the lift force wg¢'e, in the
gas momentum equation (22) is directed from bubble-rich to
bubble-poor cells on the wall [see Fig. 2(b), noting that ¢’ > 0
and <O inside clockwise and counterclockwise convection
rolls, respectively]. Thus, the lift force tends to homogenize
the bubble distribution in the bottom layer of fluid where the
buoyancy drives convection [31]. Stabilizing effects of lift
force are also reported in the literature on bubble columns
[32].

053102-6



LINEAR STABILITY ANALYSIS OF BUBBLE-INDUCED ...

PHYSICAL REVIEW E 102, 053102 (2020)

The transport of buoyancy sources in bubble convection
can give rise to multilayer convection rolls, even though
the mean density increases monotonically in the base state
[Fig. 1(a)]. Multilayer convection rolls are observed in double
diffusive systems and have been investigated in geophys-
ical and astrophysical contexts. For example, a variety of
convection patterns can be produced in the Earth’s mantle
depending on the competition between destabilizing thermal
density anomaly and stabilizing chemical density anomaly
[33]. When the former effect predominates the latter one,
whole-layer convection rolls develop. Otherwise, multilayer
convection rolls emerge [34,35]. In ordinary thermal convec-
tion, superposed convection rolls can be observed in particular
configurations, e.g., above a localized heat source in a sta-
bly stratified fluid layer [36], where the thermal stratification
is unstable to gravity only slightly above the heat source.
Otherwise, multilayer structures are rarely formed even for
nonlinear temperature profiles due to internal heating [37].
In the present two-phase system, critical multilayer modes
are observed for small Pr. The formation of multilayer con-
vection could be explained from the perturbation in bubble
distribution. In contrast to the ordinary thermal convection,
the cells of buoyancy sources, i.e., the cells of positive ¢; [see
Fig. 2(b)] attached on the bottom wall extend only up to half
the height of convection rolls. Above each of these cells, there
is a cell of negative buoyancy sources, i.e., cells of negative
&g, in which the upward motion of convective flow is impeded
by a net downward force resulting from a small number of
bubbles. This implies a stabilizing effect at the upper part
of convection rolls as in double diffusive systems exhibiting
multilayer convection rolls.

VI. SUMMARY

In the present paper, we have revisited the problem of
homogeneous-heterogeneous regime transition by performing
a linear stability analysis for ascending bubbles in a quies-
cent liquid layer. We determined marginal stability curves
Ra = Ra(k) for different values of Pr. While the curves have
single minima for Pr > 4.13 x 1073, there exist multiple min-
ima otherwise. The marginal modes are stationary except for
limited ranges of wave number at small Pr. Critical conditions
(kz, Ra,) for Pr < Pr* = 3.25 x 1072 are distinct from those
for Pr > Pr*. In the former and latter cases, the critical modes
consist of whole-layer and multilayer convection rolls, respec-
tively. At a condimension two point (Pr, Ra) = (Pr*, Ra*),
both multi- and whole-layer modes are critical. These results
show that the mechanism of wave number selection exists
even in the absence of bubble-bubble interactions. Different
convection patterns observed in CM99 [17] indicate the mul-
tistability of the bubbly flow system. A nonlinear bifurcation
analysis could elucidate the presence of different attractors
and their stability.

We have also examined the energy transfer from the base
to perturbation flows in order to understand the instability
mechanism. Liquid perturbation flows gain and lose energy
due to buoyancy and viscous dissipation, respectively. The
driving buoyancy is created by a heterogeneous distribution
of bubbles. For critical modes, gas perturbation flows, which
generate this nonequilibrated bubble distribution, gain energy

from the inertial forces on bubbles. The lift forces on bubbles
tend, in contrast, to damp the gas flows through homogeniza-
tion of the bubble distribution close to the wall. The drag
forces are also found to have stabilizing effects.
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APPENDIX A: EFFECTS OF DRAG COEFFICIENT MODEL

The model of drag coefficient affects the stability of
the bubbly flow system, as the inverse density profile
in the base state is different between models. In addi-
tion to the stability analysis obtained with Cp = 48/Rey,
we have performed similar analyses with different mod-
els of drag coefficient: Cp = 16/Re;, [38,39] for bubbles
in a pure liquid in the low Reynolds number limit, Cp =
24/Re;, [40] for bubbles in a liquid contaminated by sur-
factants also in the low Reynolds number limit, and Cp =

(24/Rep){2/3 4+ [12/Rep, + 0.75(1 + 3.315/«/Reb)]71} [41]
which interpolates smoothly Cp for bubbles in a pure liquid
from the low Reynolds number limit (Cp = 16/Re,) to the
large Reynolds number limit (Cp = 48/Re;). Marginal sta-
bility conditions are quantitatively different between models.
For models giving larger drags (i.e., for models with a larger
value of CpRey), the inverse density profile is confined in a
thinner sublayer of fluid on the bottom wall and the critical
value of Ra becomes larger. The analyses predict, however,
the qualitatively same behavior of the bubbly flow system as
that reported in the main text. In all the analyses, multi- and
whole-layer critical modes are observed, and the transition
between these two modes is predicted with varying Pr (Fig. 5).

12500 AN
s Pr=3.88 x 104
/\ 3.23 x 104
. s
v}
~ 2.38 x 104
5000 \/\ s_____—
2500 PRt
S
Ns ST o—
0 N~y —— . ———0"7"38x10°5
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k

FIG. 5. Marginal stability curves, above which the quiescent
state is unstable, for different values of Prandtl number Pr in the k-Ra
space. The bubble radius and the bubble injection velocity are fixed
at r, = 0.01 and wg, o = 1000. The drag coefficient is modeled by
Cp = 16/Re, [38,39].
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APPENDIX B: EFFECTS OF THE BUBBLE RADIUS r, AND
THE INJECTION VELOCITY wg,o

The value of the r;, affects the stability of the bubbly flow
layer significantly, as the inverse density profile in the base
state is sensitive to r,. For example, the critical value of Ra is
Ra, = 73.96 for r, = 0.014 and Ra, = 2997 for r;, = 0.006
(Fig. 6). These values are, respectively, 0.22 times smaller
and 8.91 times larger than the critical Ra for r, = 0.01.
However, the predicted behavior of the bubbly flow system
is qualitatively the same as that reported in the main text.
Multi- and whole-layer critical modes are observed, and the
transition between these two flow patterns is predicted with
varying Pr.

The inverse density profile of the base state changes only
slightly with varying the injection velocity wgo. As a con-
sequence, the variation of wg ¢ does not affect the stability,
unless wg,o is very close to the dimensionless terminal ris-
ing velocity vy, = Vi /v/d. For example, no qualitative and
quantitative difference is produced by a variation of wg  in a
range 0 < wg,0/Voo < 0.15 for Pr = 2.65 x 1073,

3000 s ry = 0.006
2500
2000
<
1500 \
s 0.008
1000 ~ ., —
0.010
500ty /T 0012
L — ]
RS =——y o O—— 014

0
1.0 2.0 3.0 4.0 5.0
k

FIG. 6. Marginal stability curves for different values of bubble
radius r, in the k-Ra space. Prandtl number Pr and the injection
velocity are fixed at Pr = 2.65 x 10~° and wg,o = 1000. The tem-
poral natures of marginally stable mode are indicated on curves by s
(stationary) and o (oscillatory).
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