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Numerical investigation of bubble coalescence
characteristics under nucleate boiling condition by a
lattice-Boltzmann model
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Abstract — A numerical study was performed to investigate the characteristics of bubble growth, detachment and coalescence on
vertical, horizontal, and inclined downward-facing surfaces. The FlowLab code, which is based on a lattice-Boltzmann model of two-
phase flows, was employed. Macroscopic properties, such as surface tension (o) and contact angle (8), were implemented through
the fluid-fluid (G,) and fluid-solid (G,) interaction potentials. The model predicted a linear relationship between the macroscopic
properties (o, ) and microscopic parameters (G,, G;). The simulation results on bubble departure diameter appear to have the same
parametric dependence as the empirical correlation. Hydrodynamic aspects of bubble coalescence are investigated by simulating the
growth and detachment behavior of multiple bubbles generated on horizontal, vertical, and inclined downward-facing surfaces. For
the case of horizontal surface, three distinct regimes of bubble coalescence were represented in the lattice-Boltzmann simulation:
lateral coalescence of bubbles situated on the surface; vertical coalescence of bubbles detached in a sequence from a site; and lateral
coalescence of bubbles, detached from the surface. Multiple coalescence was predicted on the vertical surface as the bubble detached
from a lower elevation merges with the bubble forming on a higher site. The bubble behavior on the inclined downward-facing surface
was represented quite similar to that in the nucleate boiling regime on a downward-facing surface. 0 2000 Editions scientifiques et
médicales Elsevier SAS
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Nomenclature S the number of phase

t nondimensional time
A constant u  velocity vector,(uy, up, u3) . . . . ... ms—1
B dimension of space v nondimensional velocity
b  number of velocity vectors Voovolume . . ..o #h
D noqdimensional bubble diameter W interaction potential
do arbitary constant x  coordinates(xy, x2,x3) . . . ... ... m
e.c latticespeed . .............. Bl

_ndensity distribution function Greek symbols
Foforce.................... kg1-s*2 « inclination angle of heater surface . . . degree
G interaction strength B contactangle . .............. degree
g hondimensional gravity acceleration, v kinematic viscosity . . . . . . ... ... fos—1
body force densit k=3
L nondimensional distance between two p y oo g17
bubble generation sites v relaxationtime ... ........... g

m  molecular weight of component . . . . . fagol—1 ¥ effective number density
P OPressUre . . ... ............. kgls2 Subscripts
Q nondimensional flow rate . . . o

a  index of discrete lattice velocity direction

b  the number of the discrete

* Corespondence and reprints. S the number of phases

yang@ne.kth.se o interaction potential
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t fluid—solid interaction
Superscripts

eq equilibrium
j  index of phase

1. INTRODUCTION

Boiling mechanisms and boiling heat transfer crisis
play an important role in the performance of power
generation equipment, in which evaporation of a coolant
is utilized to achieve high heat removal rate. Nucleate
boiling is the major boiling mode in normal operation. In
contrast, a transition to a film boiling would significantly
decrease the heat transfer through low-conductivity vapor
layer.

In the nucleate boiling regime, several mechanisms
were identified to govern heat transfer from the heated
surface to the coolant. Namely, transient conduction in
the bubble growth zone, evaporation at the vapor—liquid
interface, liquid natural convection in the vicinity of the
growing bubble and at a distance from it (single-phase
circulation). The relative role of these mechanisms in the
boiling heat transfer varies with the boiling conditions.
At higher heat fluxes, evaporation is the dominant mode
in the fully developed nucleate boiling. In particular, the
nucleation site density is increased with the increase of
heat flux or wall temperature.

Clearly, physics of nucleate boiling and boiling heat
transfer crisis is governed by dynamics of the vapor
structure [1], namely, isolated bubble regime, coalescing
bubbles and vapor mushroonfigg(rre ). It was found
that a transition from partial to fully developed nucleate
boiling is associated with merging of uprising bubbles
in the vertical direction and of neighboring bubbles
on the horizontal surface. More importantly, at heat
fluxes well above the first transition value, the surface
becomes covered with large vapor mushrooms, which
significantly reduce the heated area available for liquid
cooling. Further coalescence of vapor structures leads to
departure from nucleate boiling to boiling crisis.

Intensive investigations of boiling heat transfer crisis
have been conducted for the last 40 years. The objective
of the research was to develop a plausible physical and
mathematical model which enables generalization of the
data base on critical heat fluxes (CHF) for reliable predic-
tions of CHF in various flow, pressure and geometry con-
ditions. Several fruitful approaches were proposed and a
number of models were developed and validated (see [2]
for a comprehensive review). It should be noted, however,
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that the physical picture and assumptions on which these
models were based were quite different. In any case, the
phenomena of bubble merging and coalescence are be-
lieved to govern the boiling dynamics at high heat fluxes
and have a profound effect on the initiation of the boiling
crisis. Current understanding of the bubble coalescence is
however limited due to difficulties in local and instanta-
neous measurements of thermal hydraulic parameters in
the vicinity of the merging bubbles and vapor structure.

In the present work, an advanced flow-modeling meth-
od, namely lattice-Boltzmann (LB) equation method,
is employed to perform numerical investigation of the
bubble growth and detachment behavior, and the bubble
coalescence under different nucleate boiling conditions.
Focus is placed on regimes of the bubble coalescence and
the effect of the flow-surface configuration on the bubble
coalescence dynamics.

2. THE LATTICE-BOLTZMANN METHOD

2.1. Introduction to lattice-Boltzmann
method

The lattice-Boltzmann (LB) method [3] has been de-
veloped quite recently. As an extension of the lattice
gas automata (LGA), the LB method describes macro-
scopic complex flows by dealing with the underlying
micro-world. It has important advantages over its ances-
tor, LGA. First, the white noise of the LGA model, com-
ing from statistical nature of the automata, is eliminated
in the LB method. Second, the LB method can over-
come two physical artifacts of the original LGA, i.e. the
lack of Galilean invariance, and the velocity-dependent
pressure term. The LB method recovers the Navier—
Stokes equations in the incompressible flow limit. The
LB method has proved to be competitive with the tra-
ditional CFD (computational fluid dynamics) methods.
Moreover, since the LB method can be considered as
a mesoscopic approach, lying in between microscopic
molecular dynamics and conventional macroscopic fluid
dynamics, it can be useful when microscopic statistics
and macroscopic description of flow are important, e.g.,
in problems involving surface tension, capillarity and
phase transition in multiphase multicomponent systems.

2.2. Model formulation

The idea of the lattice-Boltzmann approach originates
from kinetic theory of gases, according to which, the
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Figure 1. Gaertner’s [1] identification of vapor structures in nucleate boiling.

dynamics of flow is described by an integro-differential
Boltzmann equation:

%—i-u«Vf:Z(x,u,t)

o 1)

wherex andu are vectors of three-dimensional space co-
ordinator and velocity, respectivelyis time, f (x, u, t)

is the density distribution function, which represents a
density of particles inside an infinitesimal volumey =
Ax;Au;, of 6D phase space(, x;, i =1, 3). The right-
hand side of the Boltzmann equation (1) is a collision
integral, which describes the source/sink of particles
(due to collision) in the infinitesimal volumAV. The
simplest model for the collision integral, which is valid
in the case of small deviation of the system from the
equilibrium state, has the following form:

1
D =—=(f = f*)

wherer has the meaning of relaxation (towards equilib-
rium) time, f€%is the equilibrium density distribution.
Typically, Maxwell-Boltzmann equilibrium distribution
is employed.

(2)

In the lattice-Boltzmann approach, an analog of Boltz-
mann equation (1) is solved on a regular lattice, which
fills the physical space under consideratidigure 2
shows the typical two-dimensional nine-speed (D2Q9)
lattice scheme. In the lattice-Boltzmann method, the fol-
lowing conditions are employed:

e particle populationsf may move only with discrete

velocitiese,. The corresponding populations are denoted
byn,, a=0,...,b;

e to redistribute populationg, a single relaxation time
operator (equation (2)) is applied;

Figure 2. Lattice geometry and velocity vectors of D2Q9 model.

o the equilibrium velocity distribution function is written
as a truncated power series of the macroscopic flow
velocity.

The discrete-velocity-Boltzmann equation for multi-
component and multiphase flow is written in the form of
the Boltzmann equation (1) [4]:

nh(x +eq,t +1) —njx, 1)

1. .
= ——[mate.0) =i x.0)] (3)
Wheren‘[’,'(eqJ (x, 1) is the equilibrium distribution aty, ¢),
superscriptj denotes the fluid component=1, ..., S,
and subscript: indicates the lattice velocity direction,
a=0,...,b. We should note that equation (3) is normal-
ized by the lattice spacingyx, and the reference lattice
speede = Ax/At.

The functional form for the equilibrium distribution is
chosen as
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i ; 1-—dp B
)% (x) =nf(x)[ St gl
N B(B +2) ) B
——€,€6, .Ul — u
204 ¢ 2bc?
fora=1,...,b (5)

wheren/ = Zla’:lni,, do is an arbitary constant3 is

the dimension of space,is the reference lattice speed,
eqe,.uu= (e, -u)(e, -u). The above form of LB equa-
tions is developed for the two-dimensional hexogonal
(b = 6) and four-dimensional face-centered-hyper-cube
(FCHC) (b = 24) lattices. Following Qian et al. [3], the
four-dimensional FCHC lattice can be projected into two
dimensions, resulting in a rectangular D2Q9 (2D and
nine-speed) model. The dimensionless equilibrium equa-
tions (4) and (5) for the D2Q9 lattice model are, then,
transformed into

. _ 3
n®? (x) = Agn (x) [1 - §u2j| (6)
né(em (x) = Aan’ (x) |:1 +3e,-u
3
+ E(?:eaea Tuu — u2)1|
fora=1,...,b @)

where Ag = 4/9 (the rest populations), i = 2,4,6
and 8,A, =1/9, and ifa = 1,3,5 and 7,A, = 1/36.
In the above expressions, the arbitrary constnin
equations (4) and (5) was chosen &8 [5].

Physical quantities of flow, such as fluid density
o’ (x,1) and fluid velocityu’, can be obtained from

ol (x,1) =ijni’;(x,t) (8)

w0 =ml Yy nix.nea  (9)
a
wherem/ is the molecular mass of thegh component.

As it has been shown analytically by Shan and
Chen [4], the above choice of the equilibrium distribution
functions and fluid velocity enables each of components
to obey the isothermal Navier—Stokes equations with an
ideal gas equation of state.

2.2.1. Interaction potential

Shan and Chen [4] proposed to introduce nonlocal
interactions among the particles, in order to simulate the
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equation of state for a non-ideal gas. The interaction
potentialW (x, x’) is defined as

Wx, x') =Gy (09! () (10)
wherey/ is a function ofn(x) and plays the role of the
effective number density for componeit G ;; is the
interaction intensity. If only nearest-neighbor interactions
are involved, the rate of change of momentum at each site
is simply

dp/

dr (11)

s b

=—y/ Y Gy v/ (x +edea
J a=0

whereP is the pressure.

As shown in [4], with the above definition of the
interaction potential, the equation of state can be written
as

2 b .
P= % [Z(l —do)p’ + Z Gyl } (12)
J JJ

where the first term on the right-hand side is a kinetic
contribution, while the second term is a contribution due
to the inter-particle interaction. With interaction potential
properly chosen, any equation of state can be modeled.

It is straightforward to introduce external body force
as
dpr/ o
- Y
ar (x)+g'p
where P andg are pressure and body force (or gravity).

In such a case, after a collision, the new net momentum
at sitex for the jth component becomes

o/ el x) = ol o)1 | S0+ 7| 1)

where u'/ is the new velocity used in equations (6)
and (7).
2.2.2. Fluid-solid interaction

Martys and Chen [5] proposed to introduce the inter-
action force to describe the interaction between a fluid
and a wall, which is defined as

Fi(x)=—nl(x) ) Gls(x +ea)(es)  (14)

wheres = 0 or 1 for a pore or a solid, respectively.
By adjusting the interaction strengii/ (positive for



Numerical investigation of bubble coalescence characteristics

nonwetting fluid and negative for wetting fluid) for
each fluid, one can control which fluid wets a surface
preferentially.

Applying the Chapman—Enskog expansion procedure

to the lattice-Boltzmann equation (3), one obtains the
following mass and momentum equations for the fluid
mixture treated as a single fluid [6]:

a

P o Vou=0 (15)

at

du VP S

" +uVu=——+ fogf +vV2u  (16)

Jj=1

wherep = Zle o’ is the total density of the fluid mix-

ture,x/ = p/ /p is the mass fraction of the compongnt
The kinematic viscosity of fluid can be obtained from

Sxici —1/2
Y Y xltT
e e ——

B+2 (7

wheret is the relaxation time in the LB equation. By
choosing propet, the viscosity of fluid can be obtained.

2.2.3. Two-dimensional nine-speed D2Q9
lattice

Two-dimensional nine-speed D2Q9 lattice is em-
ployed in the present study. Tlg, the nine discrete ve-
locities, are defined by

0, a=0
c(cos%, sin %) a=1,357

Vae(cof 222 + 3], sir{ 2= 1 5]).
a=2,4,6,8

(18)

e, =

The lattice geometry and discrete velocities are shown in
figure 2

Care must be taken while projecting from the four-
dimensional FCHC lattice to the two-dimensional D2Q9
model, since the interaction potential, equation (11), is
different for these two lattices. In this case,

dpi SO ,
GV G G e (19)
j a=0
4G, forle, =1-¢, a=1,3,57
Gli=1G, forle.=+v2-c a=2468

0 otherwise
whereG,, is a constant of interaction potential.
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Figure 3. Evaluation of surface tension for two-phase flow.

2.3. Evaluation of fluid physical
properties in the LB method

In the LB method, the fluid density and kinematic vis-
cosity can be simulated directly. The surface tension of
fluid in two-phase flow can be evaluated from the inter-
action potentialG, [4]. Figure 3 shows the simulation
results of surface tension for different interaction poten-
tial parameters by the LB method. In the calculation, the
lattice number is 5%51, the density is assumed to be
similar in two fluids. The dependence of surface tension
on the interaction potentiali, is nearly linear in this
model.

The contact angle of bubble interface on a solid
surface depends not only on the fluid properties, but also
on the fluid—solid interface. In a previous work [7], it has
been shown that the static contact angle of two phases
in the pool can be reasonably well predicted by equation
(14) of [5]. By measuring the contact angle in the density
distribution figure, obtained from the LB simulation with
the 41x 81 lattice, it is found in the present work that
the static contact angle is a linear function of the fluid—
solid interaction parametef; (figure 4. In this case,
densities and the relaxation time are set to 1 for both
fluids. For Gy = 0 the solid surface is totally wettable
by both fluids. In contrast, a zero contact angle indicates
that the solid surface becomes unwettable by one of the
fluids. In general, a bigger contact angle is predicted for
the fluid with larger surface tension coefficieat{t G,)
(figure 4.

Successful applications of the FlowLab code and
model to two-phase flows with accounting for surface

5
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Figure 4. Evaluation of contact angle of two-phase flow in a
pool.

tension and wettability were reported in [7] and [8]. Note
that all the parameters and physical symbols in the LB
simulation are nondimensional.

3. BUBBLE GROWTH AND DETACHMENT

This section presents the results of LB simulation for
single bubble growth and detachment from a nozzle on
a horizontal surface. The bubble detachment diameter is
measured from results of simulations performed for dif-
ferent values for body force (gravity), surface tension
and wettability (contact angle). The calculated results
were then analyzed and compared to experimental and
theoretical dependences of the bubble departure diame-
ter. Excellent agreement between the calculated results
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Figure 5. The body (gravity) force effect on bubble departure
diameter, G, =0.06, G;=0.005 v=0.1.

the influence of the bubble growth rate on the departure
diameter, Staniszewski [10] modified the Fritz equation
to obtain the departure diameter correlation

20 \ Y2 aD
Dg=0.00718 <—“) <1 + 34.3—> (20)
gAp at

whered D/dt is the bubble growth rate, which increases
with the gas flow rate.

3.1. Effect of the body (gravity) force

Effect of the body (gravity) force on the bubble growth
and detachment has recently received significant atten-

and the experimental dependences was achieved, which tion owing to the emerging interest in boiling heat trans-

serves as the basic validation for the two-phase flow-
modeling method and code employed in further simula-
tions.

Generally, when a bubble forms at the horizontal solid
surface, its growth characteristics and time of detachment
depend on both liquid—solid interface condition (wetta-
bility effect) and the balance of forces, which include
gravity (body force), surface tension, and inertial force
of gas injection.

The most widely used correlation for the departure
diameterDq of bubble on the horizontal surface is that
proposed by Fritz [9] in which the bubble departure

fer under microgravity conditions. In the literature, it was
established that the bubble departure diameter is propor-
tional to the inverse square root of the gravitational accel-
eration coefficientD ~ g~1/2 (equation (20)). However,
most of related experiments were terrestrial. It is there-
fore of interest to evaluate this dependence for a wide
range of the gravity coefficienEigure 5depicts LB sim-
ulation results. The bubble departure diameter calculated
for different gravity forces was fit into a function of the
form D ~ g~0514 This resultis in a very good agreement
with the previous theoretical and experimental correla-
tions. It should be noted that at low gravity conditions,

was determined by a balance between the buoyancy and the relative role of surface tension and wettability on the

surface tension forces acting normal to the solid surface.

Based on his experimental measurement of the departure

bubble departure diameter increases.
Figures 6and7 show essentially similar behavior of

diameter over a range of pressures and on observation of bubble growth calculated for two different body forces.

6
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Figure 6. History of bubble growth and detachment for relatively low body (gravity) force, G, =0.06, g =0.001, Q =0.125 G;=
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Figure 7. History of bubble growth and detachment for relatively high body (gravity) force, G, = 0.06, g =0.01, Q =0.156 G = 0.005.

3.2. Effect of the surface tension

Figure 8 depicts results of LB simulations for differ-
ent values of the surface tension coefficient. A regres-
sion function of the calculated bubble departure diame-
ter depending on the fluid—fluid interaction potential has

the form D ~ G(l,/z. Recalling results presented fig-

ure 3 regarding the linear relation between the surface
tension coefficient and the fluid—fluid interaction po-
tential G, it can be concluded that the lattice-Boltzmann
method employed is able to predict the well-known re-
lation D ~ 01/2. The bubble departure diameter is thus
smaller at elevated pressures since the surface tension is
associated with the density gradient over the interface of
contacting fluids.
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Figure 9. Wettability effect on bubble departure diameter,
g=0.01 v=0.1, G, =0.06.

3.3. Effect of the fluid wettability

The fluid wettability on a solid surface is a nanoscopic
phenomenon, which has usually been quantified, macro-
scopically, in terms of the static contact angle at the triple
fluid—fluid—solid join point. In the LB modeling, the wet-
tability is implemented through the fluid—solid interac-
tion potentialGt. Figure 9shows the linear dependence
of the bubble departure diameter on the fluid—solid in-
teraction potentialD ~ Gt. Taking into account the cal-
culated results presentedfigure 4 it can be concluded
that the LB method is able to describe the linear rela-
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Figure 10. Flow rate effect on bubble departure diameter for
relatively low body (gravity) force, G, = 0.06, g =0.001, G;=
0.005.
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Figure 11. Flow rate effect on bubble departure diameter under
relatively high body (gravity) force, G, =0.06, ¢ =0.01, G;=
0.005.

tic contact angle as previously established in experiments
(D~ B).

3.4. Effect of gas flow rate

Figures 10and11show the bubble departure diameter
calculated for two valuesg(= 0.001 andg = 0.01)
of the body force. The dependence of the departure

tion between the bubble departure diameter and the sta- diameter on the flow rat@® can be seen in both cases.
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In the intermediate rangeQ(= 0.1-0.2), the effect
of the gas flow rate @ = 0.1-0.2) on the bubble
departure diameter is profound and can be evaluated,
approximately, a® ~ QY3 or D ~9D/dt . Thisisin a
good agreement with experimental data obtained, in the

bles produced from a single nozzle merged in a liquid
pool. Under low gas flow rate condition, experiments
show that the formation and detachment of distinct bub-
bles and their rise in a pool of water or in mineral oil is

periodic [12]. With an increased gas flow rate, the bub-

past, on bubble departure diameter in a wide range of gas bles start to rise in pairs. For high flow rates, members

injection rates. On one hand, it can be stated that such

of a bubble pair interact with each other, forming a dou-

dependence reflects the correction required to the contact blet. For even higher flow rates, the lower bubble often

angle due to bubble growth inertia. On the other hand,
it may simply indicate the need to consider the effect of
the dynamic force balance during the fast bubble growth
upon the bubble departure.

It was predicted that at both very low and very high

momentarily protrudes into the top bubble. Further in-
crease in the flow rate causes the second bubble to pene-
trate the first one appreciably. In most cases, however, the
two bubbles completely coalesce at a distance above the
nozzle, yielding a single, large, irregular bubble. As the

gas flow rates, the bubble departure diameter appears to flow rate further increases, the coalescence takes place
feature another dependence on the gas flow rate. At very closer and closer to the orifice, until the bubbles coales-

high gas flow rates, the gas injection regime may well
be in the jet mode, where surface tension governs the
stability and breakup of the jet stream. Therefore, the

cence occurs right at the nozzle exit. The same results
were reported by Kyriakides et al. [13], who also pro-
posed a classification of bubbling regimes into (i) single

bubble departure diameter remains constant for this range Pubbling, (i) pairing and single coalescence, (iii) double

of the gas flow rate. At very small gas flow rates, the
bubble growth inertia may be considered negligible.

We note here that the hydrodynamic behavior of
a single gas bubble injected through a nozzle may
be used as the first-order approximation model of a
vapor bubble formed in the fully developed nucleate
boiling regime. It has been established that, at heat
fluxes close to CHF, boiling heat transfer is mainly
governed by evaporation of the liquid microlayer in
between the bubble and the heated surface [11]. As a
result, the nucleate-boiling bubble growth is essentially
driven by the vapor generation in the lowermost fraction
of the bubble. More importantly, it is believed that
the evaporation of microlayer and gas-phase addition
mode hardly effect the bubble merging and coalescence
investigated in the present work. It is because that
actions of the bubble coalescence occur at a sufficient
(macroscopic) distance from the location of the vapor
generation or gas injection.

4. BUBBLE COALESCENCE
CHARACTERISTICS

4.1. Bubble generated on a horizontal
surface

4.1.1. Bubble coalescence in the vertical
direction

coalescence, (iv) triple bubble formation, (v) quadruple
bubble formation, (vi) coalescence at the nozzle exit and
triple or quadruple bubble formation, (vii) chaining and
(viii) jet formation. It was observed that for a nozzle with
diameter of 2 mm, the single coalescence occurs at a gas
Reynolds number of 160.

Under nucleate boiling conditions, phenomena of
bubble coalescence in the vertical direction may be
significantly different from that observed in the case of
the single nozzle. In particular, interaction of bubbles
generated in neighboring nucleation sites may effect the
bubble coalescence characteristics.

In the present work, the focus is placed on the multi-
nucleation-site effect on the coalescence of bubble in
the vertical direction. Bubble generation is simulated by
injecting the gas through three nozzles merged in the
liquid pool, using the FlowLab code.

Figure 12shows the site distance effect on the bubble
coalescence. For the case bf= 17 (L is the distance
between the neighboring bubble generation sites, in
lattice number), as the gas flow rate (the velocity at
each nozzle entrance is set to 0.1) is relatively low,
bubbles detached from each nozzle appear to behave
independently. For the case df = 15, the distance
between neighboring detached bubbles is close enough
to effect the liquid downward flow in between rising
bubbles. In this counter-current two-phase flow regime,
the interfacial drag force is sufficient to cause the rising
bubble to slow down.

It is seen that the bubble coalescence is predicted to

Numerous experiments and analyses have been per- occur even when the second bubble has not fully devel-

formed to study the phenomena of coalescence of bub-

oped at the nozzle site. The coalescence however ap-

9
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Figure 12. The effect of the distance between neighboring bubble generation sites on the vertical bubble coalescence (g =0.003 v =
0.1, G, =0.06, G;=0.007, lattice size is 45x 90for L =15; 51x 99 for L =17).

pears to cause early detachment of the second bubble mechanism of bubble coalescence was observed in ex-
from the nozzle exit. Apparently, the surface tension periments [1] and was used to developed a theoretical
force in this case is sufficient to overcome the adhesion model for CHF [14]. In this model a vapor layer at a
of the bubble to the nozzle configuration. As a result, a distance from the heated surface is assumed to be re-
large bubble is formed at some distance from the noz- sponsible for causing the transition from nucleate boil-
zle exit. Again, due to the surface tension, the bubble ing to film boiling. In fact, the formation of the vapor
enlarges in its span, leading to a higher probability for layer leads to a rapid evaporation of the liquid layer un-
neighboring bubbles to coalesce. These phenomena are derneath the vapor layer, rendering a heat transfer cri-
predicted in the present LB simulation. Previously, this sis.

10
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force (gravity) causes earlier coalescence in the lateral
direction. When the gravity is large enough, the bubbles
will remain discrete during the whole process.

4.1.2. Bubble coalescence in the lateral
direction

In a model for critical heat flux (CHF) proposed by
Haramura and Katto [15] a macrolayer is assumed to
form when vapor bubbles form, grow and coalesce prior
to their detachment from the heated surface. A similar
model developed by Liaw and Dhir [16] was found to
successfully predict CHF on the vertical surface. The
argument for these models is based on experimental In comparison with the study of dynamics of bub-
observations that large mushroom bubbles with several bles generated on the horizontal surface, less attention
stems form on the heater surface near CHF. Under has been paid to the coalescence of bubbles generated on
nucleate boiling conditions, the nucleation site density the vertical surface, even though the boiling heat trans-
increases with heat flux, and causes a higher frequency of fer both in the vertical tubes and on the vertical sur-
bubble coalescence. The vapor bubble hovering over the faces have extensively been examined. Most of the past
heater surface becomes larger, with many stems feeding works on bubble behavior on the vertical surface em-

4.2. Bubbles generated on a vertical
surface

the vapor. As liquid replenishment is depleted under the
center part of this vapor cloud, momentary dry patches
begin to form. For this regime, the heat flux approaches
the CHF [17].

The bubble coalescence in the lateral direction de-
pends on the influence area of bubble, which is related to
the bubble size and the hydrodynamics of the two-phase
flow near the bubble regiofrigure 13shows the simu-
lation results of the LB method of the effect of bubble
generation (nucleation) site density on the bubble coales-

ployed small test section with few bubble generation sites
(e.g., in [18] the heater size is 80 mm long and 40 mm in
diameter, in [11] only four nozzles are employed). It has
been shown that bubble behavior near CHF condition is
significantly dependent on the bubble movement trajec-
tory [11].

In the present LB simulation, three bubble generation
sites are employed in the computational domain. How-
ever, setting the periodic boundary condition at both up-
per and lower sides of the domain enables simulation

cence behavior. In the case of a smaller distance between of the large surface area. The different bubble genera-

neighboring bubble generation sites, which represents the
larger bubble generation site densities (the cade-efl1

in figure 13, the bubbles start to merge during the early
stage of their growth, and eventually, the coalesced bub-
bles cover the surface. When the bubble generation site

tion site density can be obtained by changing the dis-
tance between neighboring bubble generation Siig-

ure 15shows the results of LB simulation on the bub-
ble coalescence behavior for the different bubble gen-
eration site densities. For the cases with larger bubble

density decreases, the bubble coalescence is predicted togeneration site density (the casks= 11 andL = 13

occur in a later stage of their growth (the casd.cf 15

in figure 13. After bubble coalescence, the liquid stems
form on the surface between neighboring bubble genera-
tion sites. With further decrease of the bubble generation
site density (the case @&f = 17 infigure 13, the bubbles
remain discrete while departing the surface. They may
still coalesce at a distance from the surface due to the
motion of the bubbles and their deformation. However, at
a low nucleation site density, the detachment and rising
of bubbles are visually independent, although the liquid
flow in between the bubbles remains affected by the dis-
tance between neighboring sites.

Parameters, such as body force (gravity), surface
tension, wettability, and flow rate of gas generation,
can affect the bubble influence area, which is related
to the bubble departure size. The LB simulation results
indicate that the effect of these parameters on the bubble
coalescence is similar to that on the bubble departure
size. Fromfigure 14 it can be seen that smaller body

in figure 19, the bubbles start to merge at their earlier
stage of growth, then gas covers all the surface. When
the bubble generation site density decreases (the case
L = 15 in figure 15, the bubbles are coalesced at the
later stage of their growth, the liquid stem forms between
the two bubble generation sites. These behaviors are al-
most the same as those for the horizontal surface (e.g.,
figure 13. When the bubble generation site density de-
creases further, firstly, the bubbles are detached, move
upward, then merge into the gas stem of bubble gener-
ation site at the upper position, forming a larger bubble.
If the distance between the two bubble generation sites is
not large enough, the coalesced large bubble may merge
into one at the upper bubble generation site. As a result, it
forms a big mushroom with liquid stems (the cdse- 17
in figure 15.

Figure 16 shows the LB simulation results on the
bubble coalescence behavior on the vertical surface under
different body force (gravity) condition. For the case

11
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Figure 13. The lateral bubble coalescence behavior for different distances between neighboring bubble generation sites on the

horizontal surface (g =0.003 v =0.1, G, = 0.06, G; = 0.005, lattice size is 33 x 66 for L =11, 45x 90 for L =15; 51 x 99 for
L =17, 57 x 114for L =19).

with lower body force (gravity) (e.g., the case= the coalescence process, the surface may become fully
0.005 infigure 16, the bubble coalescence occurs before covered by gas layer (the cage= 0.005 infigure 18.

the bubbles are detached from their generation sites.

If the body force (gravity) is large enough, the bubble 4.3. Coalescence of bubbles generated

will be detached with small size. The detached bubbles on an inclined downward-facing

move upward, then merge into the gas stem at the their surface

upper bubble generation site. Larger bubbles form, and

are detached again. After their second coalescence, the  According to the experimental results on the effect of
coalesced bubbles may detach again. As a result of inclination of heater surface on the boiling curve [19], the

12
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Flgure 14. The lateral bubble coalescence behavior on the horizontal surface under different the body (gravity) forces (v = 0.1,

G, =0.06, G;=0.005, lattice size is 45 x 90).

partial nucleate-boling heat fluxes are generally higher
on a downward-facing surface, but in fully developed
nucleate boiling the surface orientation has little effect.
It is because in the partial nucleate boiling regime the
heater inclination can significantly effect the convective
heat flux, so the total heat flux. However, experimental
results [20] revealed that the CHF increases with the
inclination angle of the downward-facing heater surface.
It is believed that the bubble trajectory on the inclined

downward-facing heater surface is effected significantly
because of the different magnitudes and directions of
gravity force for different inclination angles of heater
surface.

Figure 17 presents the LB simulation results on the
bubble coalescence behavior on the downward-facing
surface with different inclination angles The inclina-
tion anglex is reflected irfigure 17through the direction
of body force (gravitational acceleration) related to the
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Figure 15. The bubble coalescence behavior on the vertical surface for different distances between neighboring bubble generation
sites (g =0.005 v=0.1, G, =0.06, G; =0.01, lattice size is 38 x 33for L =11; 44x 39 for L =13, 50x 45 for L =15; 56 x 51 for

L=17).

bubble generation surface, which faces downward. It can bubbles tend to merge earlier. However, if the inclination
anglex is close to 90 degrees (vertical), the bubbles may
be detached, but then merge into another bubble generat-
ing at a site downstream.

be seen fronfigure 17that for the cases with smaller in-
clination anglex, as the magnitude of body force (grav-
ity), which acts on the bubble at its moving direction,
is smaller, bubbles tend to stay longer at the generation
site. As a result, bubble’s influence area is smaller, which
delays the bubble coalescing. As the inclination angle
of surface increases, the bubble influence area becomescorrectly reflects the tendency of dependence of CHF on
larger in both growth and detachment stages, so that the the inclination angle of the downward-facing surface.

14

In general, it is found that the LB simulation results
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Figure 16. The bubble behavior on the vertical surface under different body (gravity) force conditions (v=0.1, G, =0.06, G; =0.01,
lattice size is 45x 50 and L = 15).

5. SUMMARY ence in physical properties, it was found that this ap-
proach provides a realistic picture of the single and mul-

In the present work, the FlowLab code, based on the ltiPle bubble behavior. In particular, analysis of the LB
D2Q9 lattice Boltzmann model for two-phase flow, is ~ Simulation results revealed that the major parametric de-
employed to simulate the behavior of bubble coalescence pendencies of the bubble departure diameter on various
dynamics on vertical, horizontal and inclined downward- physical parameters (body force) and physical properties
facing surfaces. (surface tension, wettability) are correctly predicted. The
Within the current limitations of the lattice-Boltzmann ~ bubble departure diameter of bubbles on the horizontal

technique in handling fluid pairs with significant differ-  surfaces, calculated by the LB simulation, was found in
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Figure 17. The effect of inclination angle of surface on the bubble behavior (¢ =0.01, v =0.1, G, =0.06, G; =0.01, lattice size is

45x50and L =15).

excellent agreement with experimentally established de-
pendences.

Hydrodynamic aspects of bubble coalescence are in-
vestigated by simulating the growth and detachment be-
havior of multiple bubbles generated by the nozzles on
different surfaces. It was observed that not only the bub-
ble generation (nucleation) site density but also the sur-
face position have a profound effect on the bubble coa-

surfacesd¢ < 9(°), the friction between the bubbles and

the wall boundary appears to lead to significantly large
size of bubbles before enabling their upward slipping mo-
tion. Apparently, this behavior is responsible for an ear-
lier bubble coalescence, and therefore, lower values of
maximum heat removal rates, in a similar nucleate boil-
ing regime on a downward-facing surface. Multiple coa-

lescence characteristics. For cases with downward-facing lescence was predicted on the vertical surface as the bub-
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ble detached from a lower elevation merges with the bub-

ble forming on a higher site.

More interestingly, three distinct regimes of bubble
coalescence were predicted in the LB simulation: lateral
coalescence of bubbles situated on the surface; vertical
coalescence of bubbles detached in a sequence from
a site; and lateral coalescence of bubbles, detached
from the surface. These three regimes were predicted
at different combinations of governing parameters and
properties. In fact, observations of all three regimes in
boiling experiment were reported. These observations
then served as fundamental hypotheses for different
models [2, 21, 22] of critical heat flux in pool boiling

on horizontal surfaces.

It should be noted that the present work was performed
to explore the capability and limitation of the lattice-
Boltzmann method, in general, and the FlowLab code, in
particular, for multiphase-flow modeling. The encourag-
ing results of the present study serve as a starting point for
a continued study on boiling regime transition by means

of the lattice-Boltzmann method.
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