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 In this paper, a three-dimensional lattice Boltzmann model is proposed to simulate pool-boiling phenomena at
high-density ratios. The present model is able to predict the temperature field inside the bubble. The three-
dimensional multiphase model is validated against the analytical solution of evaporation d2law problem and
Laplace's law. In addition, effects of different parameters including, Jacob number, gravitational acceleration
(g) and surface tension (σ) on bubble departure diameter are presented for further validation. The bubble
departure diameter is found to be proportional to g−0.354 and σ0.5, and has a linear relation with Jacob number.
These results aremore consistent with previous experimental correlationswhen comparedwith available lattice
Boltzmann literature. Furthermore, the dynamic behavior of multiple bubble formation sites such as micro
convection and vortex ring mechanism are presented to show the capability of presented model for capturing
more complex physical phenomena. To sum up, the proposed three-dimensional lattice Boltzmann model is
feasible and accurate for numerical simulations of pool boiling.
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1. Introduction

Boiling is one of the most important phenomena that occur in
various industrial fields. Pool boiling happens when the heating surface
is submerged in a large body of stagnant liquid. Although a great
number of experimental works have been performed to study boiling
during the past century, its theory is rather complex and not yet fully
understood. Recently by the advancement of computer technologies
and the development of numerical simulations, many techniques have
been developed to simulate pool-boiling phenomenon.

Pool boiling is a complicated multiphase process. Multiphase
flows occur when two or more fluids are in the vicinity of each other
while sharing an interface. To simulate multiphase flows, precise
representation of the interface and capturing its topological changes,
severalmacroscopicmethods have been developed so far. This includes,
but not limited to front-tracking method [1], volume of fluid (VOF)
[2,3], level set method [4], and smoothed particle hydrodynamics
9

[5,6], among others. A comprehensive recent review on available
techniques and their advantages and disadvantages can be found in
[7,8].

In recent years, lattice Boltzmann method (LBM) became a popular
tool to simulate physical phenomena [9]. LBM has great potentials in
modeling multiphase flows and appears to be an effective tool for sim-
ulation of the problems that involve complex boundaries and interfacial
dynamics [10]. Compared to traditional computational fluid dynamics
(CFD) methods, LBM has many advantages such as easy programming
and parallelizing. Besides, in this method, it is not necessary to solve
the poison equation for the pressure field. Thus, LBM can bemuch faster
than common CFD methods.

Several LBM models have been developed to simulate multiphase
flows. Among others one can mention, color-gradient model [11],
Shan-Chan model [12], free-energy model [13], finite difference LBM
[14] and HZN interface tracking model [15]. It is noted that all of these
pioneering works have limitations in the simulation of interfacial
flows with high-density ratios. To overcome such shortcomings several
new models have been proposed in the last decade. For instance,
Inamaru et al. [16] developed a new free-energy model which can
track the interface by applying a diffuse equation which is analogy to
the Cahn–Hilliard (C–H) equation. Although they achieved high-
density ratios, the computation load of their model was heavy due to
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solving the poison equation. Zheng et al. [17] developed a Galilean-
invariant free-energy model which is simpler to the Inamaru's model
and does not require pressure correction as before. Lee [18] proposed
a new model, based on HCZ interface tracking model [15], to handle
the multiphase problems with high-density ratios. In the Lee's model,
intermolecular forces are expressed in the potential forms and the
parasitic current, which is initiated with truncation errors of interfacial
stresses, is eliminated. Safari and Rahimyan [19] developed a model
based on phase-field lattice Boltzmann approach of Lee & Lin [20].
They extend the Lee & Lin model by adding a suitable equation to
account for thefinite divergence of the velocityfieldwithin the interface
region. Furthermore, the convective Cahn-Hilliard equation is extended
to take into account vaporization effects. This model was successfully
validated for varies problems including high-density ratio condensa-
tions and evaporations (see [21–23]).

Besides above-mentioned works, some researchers studied the sim-
ulation of pool boiling by LBM. Yang et al. [24] investigated transition
mechanism in boiling regime by using the Shan & Chen [12] multiphase
model on vertical and horizontal surfaces. The density ratio reported in
this work was limited to low density ratios. Ryu & Ko [25] performed
the free energy based multiphase LBM to simulate the pool boiling.
Gong & Cheng [26] simulated the bubble growth and departure from a
horizontal surface by using modified pseudo-potential model. More
recently, Li et al. [27] utilized a thermal pseudopotential LB model
for simulating liquid-vapor boiling process. They simulated three
boiling stages (nucleate, transition, and film boiling) as well as the
boiling curve. Zhiqiang et al. [28] simulated the bubble growth and
its departure from a superheated wall with an improved hybrid LBM.
Sun & Li [29] investigated three-dimensional pool boiling from a
horizontal heated wall using a hybrid LBM. Although, according to
the thermal interferometric pattern presented by Beer [30] the temper-
ature inside a growing and rising vapor bubble varies in time, in
the models utilized in these works, the temperature field inside the
bubble were assumed to be constant in these works. Satari et al. [31]
simulated the pool boiling phenomenon by using the combination of
three-dimensional isothermal and two-dimensional non-isothermal
models. A recent review of the applications of LB methods for thermal
flows and thermal multiphase flows with phase change can be found
in [32].

As it can be seen from these works, most of the available literatures
are limited to either low-density ratio models, or the temperature field
is either neglected or miscalculated especially for three-dimensional
pool boiling case. Therefore, in this paper, the modified Lee model
is extended and a three-dimensional LBM is proposed to simulate
pool boiling with high-density ratios on horizontal superheated walls.
The code is validated by three-dimensional droplet evaporation,
Laplace's law and evaporation d2 law problems. The process of the
bubble growth and its topology found to be in good agreement with
available literature. Effects of gravitational acceleration, surface tension
and Jacob number on the bubble departure diameter in three-
dimensional model are also compared with experimental correlations
where it is found that the presented model is in better agreement
with these correlations when compared with available LBM results.
Additionally, the simulations are extended for multi-bubble growth to
show the capability of current three-dimensional model in capturing
more complex physics.
2. Numerical model

In this section we introduce the extended model of Lee [18] with
considering the phase change by incorporating a source term at the
three-dimensional phase interface. This model is originally presented
by Safari and Rahimian [19] for two-dimensional phase change
phenomena and is extended to three-dimension in this work for the
first time according to the authors' best knowledge.
2.1. Governing equation

Considering the system of two incompressible and immiscible fluids
with different densities and viscosities, the continuity equation of Cahn-
Hilliard in the presence of phase change can be written as:

∂~ρi

∂t
þ ∇:qi ¼ � _m‴; ð1Þ

where ~ρi is the local density of the component i (vapor or liquid
phase), t is time, qi and _m‴ denote the mass flow rate per unit volume
of component i and the volumetric mass source term for evaporation,
respectively (qi ¼ ~ρiu and u is the volumetric flow averaged velocity).
In regions close to the interface, the total mass flow rate of each
component is affected by the diffusive mass flow, which is indicated
by ρi ji. Therefore, the volume diffusive flow rate, ji, for ith component
read as:

ρi ji ¼ ~ρi ui−uð Þ; ð2Þ

where ui and ρi are the volumetric flow averaged velocity and density of
the phase i (vapor or liquid phase). Thus, at the interface, the total mass
flow of component i expresses as:

qi ¼ ~ρiu−ρi ji: ð3Þ

The local averaged density (ρ) is a function of local densities (vapor
or liquid component):

ρ ¼ Cρl þ 1−Cð Þρv; ð4Þ

where C ¼ ~ρl=ρl is the liquid phase composition, and ρl and ρv are the
local densities of the liquid and vapor phases, respectively. Note that
the subscripts l and v are used for distinguishing between liquid and
vapor phases, receptively, in the rest of this manuscript. The Cahn-
Hilliard continuity equation (Eq. (1)) is, therefore, separated to two
equations for either component:

∂C
∂t

þ ∇ � uCð Þ−∇ � jl ¼ −
_m‴

ρl
; ð5Þ

∂ 1−Cð Þ
∂t

þ ∇ � u 1−Cð Þð Þ−∇ � jv ¼ −
_m‴

ρv
: ð6Þ

Since jl=− jv, the divergence of the velocity field within the inter-
face is obtained by summing Eqs. (5) and (6) as follows:

∇:u ¼ _m‴ 1
ρv

−
1
ρl

� �
: ð7Þ

Additionally, the volumetric mass source of evaporation can be
obtained by:

_m‴ ¼ K∇T
hfg

� ∇C: ð8Þ

Here hfg is the latent heat of vaporization, K is the thermal
conductivity and T indicates the temperature field. Since the mass flux
is dependent on ∇C, the gas volume generated by evaporation is
increased by increasing the density ratio as a result of Eq. (7). In
order to decrease the maximum value of ∇C and provide a balance in
estimating the evaporation and boiling speed, the interface thickness
should increase as the density ratio increases. Hence, 3, 4 and 5 lattice
unit interface thicknesses are set for density ratios of 10, 100
and 1000, respectively. Cahn and Hilliard assumed that the volume



Fig. 1. Discrete velocity model (D3Q19).

60 R. Sadeghi et al. / International Communications in Heat and Mass Transfer 79 (2016) 58–66
diffusive flow rate is proportional to the chemical potential gradient
∇μ as:

j ¼ −M∇μ; ð9Þ

where MN0 is the mobility factor.
The interactions between the liquid-gas interface and solid surface

appear in the surface integral of the total free energy (ψb+ψs) and is
obtained as follows [18]:

ψb þ ψs ¼
Z

E0 Cð Þ þ k
2

∇Cj j2
� �

dV þ
Z

ϕ0−ϕ1Cs þ ϕ2C
2
s−ϕ3C

2
s þ⋯

�
dS:

ð10Þ

Here, E0=βC2(C−1)2 is the bulk energy, β is a constant, k is the
gradient parameter, Cs is the composition at a solid surface and ϕi

with i=0,1,2 ,… are the constant coefficients. By relating the mixing
energy of an isothermal system to its composition, Lee [18] proposed
the following equation for the chemical potential μ:

μ ¼ μ0−k∇2C; ð11Þ

where μ0 can be obtained from μ0=∂E0/∂C. By combining Eqs. (5) and
(9), the continuity equation reads as:

∂C
∂t

þ ∇ � uCð Þ ¼ ∇ � M∇μð Þ− _m‴

ρl
: ð12Þ

It is noted that in the case of divergence free velocity field, the
volumetric mass source of evaporation vanishes and Eq. (12) reduces
to the classical Cahn–Hilliard equation.

2.2. Three-dimensional discrete Boltzmann equations

The discrete form of Boltzmann equation of a non-ideal fluid can be
written as:

Df α
Dt

¼ ∂
∂t

þ eα � ∇
� �

f α ¼ −
1
λ

f α− f eqα
� �þ 1

c2s
eα−uð Þ � FΓα ; ð13Þ

f eqα ¼ wαρ 1þ eα � u
c2s

þ eα � uð Þ2
2c4s

−
u � uð Þ
2c2s

" #
; ð14Þ

where fα and fα
eq are particle and equilibrium distribution functions,

respectively, eα is the αth-direction microscopic particle velocity, and
cs ¼ c=

ffiffiffi
3

p
is a lattice speed of sound with c=δx/δt being the lattice

speed. Here δx and δt are the lattice spacing and time step, respectively.
Furthermore, λ is the relaxation time and Γα= fα

eq/ρ. For three-
dimensional simulations presented in this work, 19-velocity model
(see Fig. 1), known as D3Q19, is chosen. The weighting coefficients,
wα, for these 19 directions are given by w0=1/3, w1~6=2/36 and
w7~18=1/36. The discrete velocity vector, eα, for either direction is
also set as:

e0; e1; e2; e3; e4; e5; e6; e7; e8; e9; e10; e11; e12; e13; e14; e15; e16; e17; e18 ¼ð
0 1 0 −1 0 0 0 1 −1 −1 1 1 1 −1 −1 0 0 0 0
0 0 1 0 −1 0 0 1 1 −1 −1 0 0 0 0 1 1 −1 −1
0 0 0 0 0 1 −1 0 0 0 0 1 −1 −1 1 1 −1 −1 1

2
4

3
5

ð15Þ

In Eq. (13), F represents the intermolecular force and reads as:

F ¼ ρc2s−∇p−C∇μ Cð Þ; ð16Þ
where p is the dynamic pressure to enforce the incompressibility. In
order to consider body source effects, one can add the following source
term to the previous equation:

FB ¼ g ρl−ρvð Þ
0

ρl ≠ 0
ρl ¼ 0

�
; ð17Þ

where g is the gravitational acceleration.
Eq. (13) is the discrete Boltzmann equation (DBE) for obtaining

the mass and momentum distribution functions. A new distribution
function, gα, transforms this equation into a DBE for the evolution of
pressure and momentum:

gα ¼ f αc
2
s þ p1−ρc2s

� �
Γα 0ð Þ: ð18Þ

Therefore, the new equilibrium distribution function gα
eq is defined

as:

geqα ¼ f eqα c2s þ p−ρc2s
� �

Γα 0ð Þ ¼ wa pþ ρc2s
eα :u
c2s

þ eα :uð Þ2
2c4s

−
u:uð Þ
2c2s

 !" #

ð19Þ

Safari and Rahimian [19] defined an additional distribution function
hα=(C/ρ)fα, for capturing the interface. Here, the modified DBEs for
gα and hα, originally reported in [21], are adopted for our three-
dimensional simulations as:

∂gα
∂t

þ eα � ∇gα ¼ −
1
λ

gα−geqα
� �þ eα−uð Þ � ∇ρc2s Γα−Γα 0ð Þð Þ−C∇μΓα

	 

þ ρc2s _m‴ 1

ρv
−

1
ρl

� �
Γα 0ð Þ

ð20Þ

and

∂ha
∂t

þ ea � ∇ha ¼ c
p

−
1
λ

f a− f eqa
� �þ ea−uð Þ � F

c2s

� �
Γα ¼ −

1
λ

hα−heqa
� �þ eα−uð Þ

� ∇C−
C
ρc2s

∇pþ C∇μð Þ
� �

Γα þ M∇2μ−
_m‴

ρl

� �
Γα :

ð21Þ

Image of Fig. 1


Fig. 2. Computational domain and boundary conditions of the vaporizing droplet
simulation (ρl/ρv=1000 and Nx×Ny×Nz=100×100×100).
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By applying the trapezoidal rule, the following discrete forms
for modified momentum and composition distribution functions (gα
and hα) can be derived:

gα xþ eαδt; t þ δtð Þ−gα x; tð Þ ¼ −
1

τ þ 0:5
gα−geqα
� �

x;tð Þ þ δt eα−uð Þ
� ∇ρc2s Γα−Γα 0ð Þð Þ−C∇μΓα
	 


x;tð Þ

þ δt
2
ρc2s _m‴ 1

ρv
−

1
ρl

� �
Γα 0ð Þ

 x;tð Þ

þ δt
2
ρc2s _m‴ 1

ρv
−

1
ρl

� �
Γα 0ð Þ

 xþeαδt;tþδtð Þ
ð22Þ

hα xþ eαδt; t þ δtð Þ−hα x; tð Þ ¼ −
1

τ þ 0:5
hα−h

eq
α

� � x;tð Þ
þ δt eα−uð Þ

� ∇C−
C
ρc2s

∇pþ C∇μð Þ
� �

Γα


x;tð Þ

þ δt
2

M∇2μ−
_m‴

ρl

� �
Γα


x;tð Þ

þ δt
2

M∇2μ−
_m‴

ρl

� �
Γα


xþeαδt;tþδtð Þ

ð23Þ

where τ is the nondimensional relaxation time τ=λ/δt and is obtained
by evaluating the kinematic viscosity v=τcs2δt [18]. Additionally,
the gradient and laplacian terms for the hypothetical quantity O/ are
equal to:

∂O=
∂Xi

¼
X

α≠0

wαeα :̂i O= xþ eαδtð Þ−O= x−eαδtð Þ	
2cs2δt

; ð24Þ

∂2O=

∂Xi
2 ¼

X
α≠0

wα O= xþ eαδtð Þ−2O= xð Þ þ O= x−eαδtð Þ	
cs2δt2

; ð25Þ

in which î is the unit vector pointing along the ith-coordinate axis (i.e. x,
y or z axis). The convective diffusion equation for the temperature field
can be solved with a separate distribution function, sα, here defined as:

∂sα
∂t

þ eα :∇sα ¼ −
1
λT

sα−seqα
� � ð26Þ

with a new equilibrium distribution function sα
eq:

seqα ¼ wαT 1þ eα :u
cs2

� �
: ð27Þ

The discrete form of Eq. (26) reads as:

sα xþ eαδt; t þ δtð Þ−sα x; tð Þ ¼ −
sα−seqα
� �

2τT
xþeαδt;tþδt−

sα−seqα
� �

2τT



x;t

;ð28Þ

where τT=λT/δt is the nondimensional relaxation time and is obtained
by considering the thermal diffusion coefficient α=cs

2τTδt. Thus the
modified distribution function sα is defined as:

sα x; tð Þ ¼ sα x; tð Þ þ sα x; tð Þ−seqα x; tð Þ
2τT

: ð29Þ

Finally, the macroscopic fluid and flow properties can be computed
using the zero and first order moments of modified distribution
functions as follows:

C ¼
X
α

hα ð30Þ

ρu ¼ 1
c2s

X
α

eαgα−
δt
2
C∇μ ð31Þ

p ¼
X
α

gα þ δt
2
u � ∇ρc2s ð32Þ

T ¼
X
α

sα : ð33Þ

Here, Eqs. (30) to (33) are used to compute composition, momen-
tum, pressure and temperature, respectively.

3. Result and discussion

3.1. Code verification and model validation

The pressure difference across the interface of a static spherical
droplet under the surface tension force, without and with evaporation
condition (i.e. the evaporation of static droplet) is used for validating
the accuracy of the proposed three-dimensional multiphase model.
These test cases are used to evaluate the Laplace law and the evapora-
tion d2 law, respectively. The computational domain for this test case
is a cube with Nx×Ny×Nz=100×100×100 grid points with the initial
liquid droplet radius of 20 lattice units. The simulations are performed
for the constant density ratio of ρl/ρv=1000 and the surface tension
of σ=0.0001 [N/m]. The outflow boundary condition is considered at
the cubic faces. At the initial time step, a uniform temperature field
inside the droplet and surrounding vapor are fixed to be Tsat and Tgas,
respectively. A schematic of computational domain and boundary
conditions of static droplet evaporation is illustrated in Fig. 2.

For the first test case, quiescent droplets with different radii are
generated inside the computational domain. There is no temperature
gradient at the interface. Therefore, Stefan number, defined as the
ratio of sensible heat to the latent heat st=cpg(Tgas−Tsat)/hfg, is equal
to zero and the droplet radius remains constant. Under this condition,
the pressure difference across the droplet interface should follow the
Laplace law. Fig. 3 presents the pressure difference across the droplet
interface under the influence of the surface tension force for several
droplet radiuses, R. As can be seen the numerical results are in good
agreement with the analytical solution confirming the accuracy of the
code for quiescent droplets.

Image of Fig. 2


Fig. 3. The comparison of numerically computed pressure difference as a function of
inverse droplet radius with the Laplace's law for the static spherical droplet with
σ=0.0001 [N/m]. and ρl/ρv=1000.

Fig. 5. The variation of non-dimensional squared diameter as a function of time step for
two Stefan numbers (evaporation d2 law problem).
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For the second test case, the evaporation is initiated by the temper-
ature gradient at the interface, i.e. TgasNTsat. Therefore, the radius of
spherical droplet is reduced due to the evaporation. Contours of velocity
magnitude (in lattice units) and velocity vectors at the box mid-plane
after 20,000 time steps are presented in Fig. 4. The time variations of
the dimensionless droplet diameter for two different Stefan numbers
namely, st=0.1 and st=0.2, are plotted in Fig. 5. As expected, the
droplet evaporation rate increases with increasing the Stefan number.
Additionally, the squared diameter ratio and as a consequence the
droplet area reduces linearly with time satisfying the evaporation
d2law.
3.2. Computational domain of bubble growth in pool boiling

A cubic domain is used for the simulation of pool boiling in the
current work (see Fig. 6). The bounce back boundary conditions for

momentum and composition distribution functions gα and hα are
applied at the bottom surface. A second order extrapolation is
implemented for the evaluation of unknown distribution function at
the lateral boundaries. This is done based on the value of the distribu-
tion functions on the first and the second evaluation point layers inside
Fig. 4. (a) Contours of velocity magnitude (in lattice units) and (b) velocity vectors at the t
of the fluid. No mass flux at the solid boundaries, necessitates zero
chemical potential gradients in the normal direction:

n � ∇μ s ¼ 0j ; ð34Þ

where n is the unit vector normal to the surface. Another boundary
condition is obtained by neglecting the terms higher than second
order in ψs and minimizing the total energy (ψs + ψb) against C:

n � ∇C
s
¼ −

ϕ1

k

 ð35Þ

The angle between liquid-vapor interfaces and solid wall is called
contact angle and is given as a boundary condition in the present
study. Briant [33] proposed a partial wetting model based on free
energy Boltzmann method. According to Young's law, this angle is
calculated as:

cos θw ¼ σ SG−σSL

σGL
¼ 1þΩð Þ32− 1−Ωð Þ32

2
ð36Þ
ime step 20,000. Here, σ=0.0001[N/m], ρl/ρv=1000, st=0.2 and R0=20 latticeunit.

Image of Fig. 3
Image of Fig. 4
Image of Fig. 5


Fig. 6. Schematic of computational domain
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with

Ω ¼ ϕ1=
ffiffiffiffiffiffiffiffiffi
2kβ

p
ð37Þ

where θw is a contact angle and ismeasured from the liquid side.σSG and
σSL are the solid-gas and solid-liquid surface tension respectively (the
contact angle is assumed to be 93.1 in this work) and also Ω is known
as wetting parameter.

An outflowboundary condition is set at the upper side of the compu-
tational domain. A constant temperature is applied on the bottom
surface. The effect of gravity acceleration is presented by applying a
density dependent body force in the vertical direction. In the following
calculations, a density ratio of ρl/ρv=1000 is applied. A spherical bubble
with the radius of two-lattice unit is rested at the center of superheated
wall domain.

3.3. Convergence study

The only way to gain confidence in the adequacy of grid resolution
is to conduct a mesh refinement study. Therefore, in this section, a
convergence study for the current numerical study is performed. The
simulation results of two different meshes are compared. We have
investigated the effect of lateral interaction between bubble and bound-
ary condition on the bubble growth and its departure for two different
mesh sizes namely, 40 × 40 × 70 and 80 × 80 × 140, in order to make
sure that the domain size and mesh resolution have minimum effects
on the bubble departure diameter and its dynamics. Boundary condi-
tions for two grid resolutions are identical.

As can be seen in Fig. 7-a the coarse mesh result is almost identical
with the fine one in the stage of bubble departure when the bubble
diameter is smaller than half of domain lateral size. However, lateral
interactions have some effects in the stage of bubble separation
(Fig. 7-b). Therefore, it is better to use the fine mesh in the latter
Fig. 7.Domain size effect using two different resolutions (40× 40 × 70 and 80× 80× 140)
with ρl/ρv=1000, Ja=0.0092, σ=0.002 and g=0.006.
stage. Since the simulation results of both meshes in the bubble growth
stage and before its separation is the same (i.e. has no effect on depar-
ture diameter, shape and time), we perform our simulation in domain
sizes 40 × 40 × 70 for the sake of time and memory optimization.

3.4. Pool boiling on a horizontal superheated wall

Figs. 8 and 9 present the single bubble time evolution and their
corresponding temperature profiles over time, respectively. As can be
seen in Fig. 8 vapor bubble grows in a nearly spherically shape on the
superheated wall. The bubble nucleus attaches to the wall since the
volume of bubble is small. At this stage the surface tension is dominant.
During time, the bubble grows and its volume increases. Eventually, the
bubble develops to a point where it detaches from its stem due to the
buoyancy force.

It is noted that the bubble diameter increases rapidly until it reaches
the stage of separation, then the upward movement of bubble slows
down when the bubble neck is formed. Afterward, the entire vapor
mass separates into two parts of different sizes where the upper part
gets away from the superheated surface. Comparing with Mukherjee
and Kandlikar [34], it can be seen that the process of bubble growth as
well as its three-dimensional buoyant topology are in good agreement
with the experimental results of single bubble growth. This confirms
the accuracy of the current three-dimensional lattice Boltzmann
model presented in this work.

Fig. 9 shows the temperature field evolution of the rising bubble
while it grows. It can be seen that the bubble is superheated with an
initially non-uniform temperature field. Afterward, when the bubble
leaves the wall, the temperature reaches to the value that is slightly
below the saturation temperature. This behavior is in good agreement
with the experimental thermal interferometric patterns and two-
dimensional non-isothermal lattice Boltzmann results presented,
respectively, in [30] and [21]. It is noted that most of the previous
multiphase lattice Boltzmann studies were not able to predict the
temperature field inside the bubble where it is assumed to be constant
[28,29]. However, from this figure it is illustrated that themodified Lee's
method presented in the current study is capable of predicting the
temperature field inside and outside the bubble successfully.

3.5. Bubble departure diameter

To further validate the presented three-dimensional model, effects
of different parameters including, Jacob number, gravity acceleration
(g) and surface tension (σ) on the bubble departure diameter are
studied in this part.

One of the most widely used correlations for the relation between
the bubble departure diameter (D) and physical parameters including
gravitational acceleration and surface tension (σ) is proposed by Fritz
[35]:

D ¼ 0:0208θ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
g ρl−ρvð Þ

r
; ð38Þ

where θ is the bubble contact anglewith the surface. Kocamustafaogullari
and Ishii [36] modified this expression in the following form:

D ¼ 2:64� 10−5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
g ρl−ρvð Þ

r
ρl−ρv

ρv

� �0:9

: ð39Þ

It is noted that this correlation is independent of the contact angle.
Gorenflo et al. [37] proposed an experimental correlation which
includes the effect of thermal diffusivity of liquid (αl) as well as Jacob

Image of Fig. 6
Image of Fig. 7


(a) Time steps =75 (b) Time steps =240 (c) Time steps =285

(d) Time steps =315 (e) Time steps =330 (f) Time steps =345

Fig. 8. Single bubble growth on a superheated wall before detachment (ρl/ρv=1000, Ja=0.0185,σ=0.002 and g=0.006).
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number (Ja):

D ¼ C1
Ja4α2

l

g

 !1=3

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2π

3Ja

s" #4=3
; ð40Þ

where π=3.14 and C1 is a liquid dependent constant.
(a) Time steps =150 (b) Time steps =

(d) Time steps =630 (e) Time steps =

Fig. 9. Single bubble temperature profile over time (ρl
Kocamustafaogullari [36] and Fritz [35] suggested that the bubble
departure diameter varieswith g−0.5, however, in Gorenflo's correlation
[37] the bubble departure is a function of g−0.334.

The effect of gravity acceleration on the bubble departure diameter
is presented in Fig. 10. It is observed that the bubble departure diameter
increases with decreasing the gravity acceleration. This decrement is
proportional to g−0.354 which is in mesh with the correlation proposed
480 (c) Time steps =570

660 (f) Time steps =690

/ρv=1000, Ja=0.0185,σ=0.002 and g=0.006).

Image of Fig. 8
Image of Fig. 9


Fig. 10. Effect of gravity acceleration on the bubble departure diameter (ρl/ρv=1000,
Ja=0.0185, σ=0.002).

Fig. 12. Effect of the Jacob number on the bubble departure diameter (ρl/ρv=1000,
σ=0.002 and g=0.006).
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by Gorenflo [37]. This is in contradiction with the recent lattice
Boltzmann results presented in [35,36] where the authors found the
dependency of g−0.5 for their bubble departure diameter. It is noted
that the latter (correlation presented by Gorenflo [37]) takes the effect
of Jacob number, the ratio of sensible to latent energy absorbed during
liquid-vapor phase change, into account; therefore, one may expect
more accurate predictions from this correlation when compared with
its counterparts presented in Fritz [35] and Kocamustafaogullari's [36].
This further confirms the superior results drawn by the present model.

The effect of surface tension on the bubble departure diameter is
presented in Fig. 11. The bubble departure diameter and surface tension
have the proportionality of σ0.5 which is in good agreement with
Eqs. (38) and (39). Finally, Fig. 12 shows the effect of Jacob number on
the bubble departure diameter. As expected, following Eq. (40), the
bubble departure diameter increases linearly with increasing the Jacob
number.
Fig. 11. Effect of surface tension on the bubble departure diameter (ρl/ρv=1000,
Ja=0.0185, g=0.006)
3.6. Multiple bubble departure

To further show the ability of the present model in capturing more
complex physics, the simulation result of multiple bubble formation
sites is shown in Fig. 13. As can be seen the air bubble rises due to the
pressure difference between its top and bottom. The higher the pressure
difference, the faster the rising velocity of the bubble. This creates an
upward fluid jet at the center of the bubble. When the energy of this
jet reaches a certain level, it is able to create a vortex ring around the
bubble. If three sites of bubble columns are far enough apart to coalesce
or have an effect on each other, their growing process is similar to that
of a single bubble case in terms of the bubble departure diameter time
and departure geometry. While, if the bubbles are close to each other,
as it is in Fig. 13, the central bubble departure is delayed because of
the vortex rings of the neighboring bubbles. The vortex rings of adjacent
bubbles interact with the bubble in themiddle and push it downwhich
cause a postponement in the central bubble departure time. This
phenomenon which is called micro-convection or bubble pumping,
caused by bubblemotion, is also reported in [25]. It isworthmentioning
that although the micro-convection phenomenon causes a delay in the
departure of the middle bubble, as seen in Fig. 13-c, it increases the
heat transfer amount from the heated wall. It is noted that the physical
and constant parameters in this simulation is the same as the single
bubble formation problem presented in Section 3.3.

As can be seen in this figure the dynamic behavior of such system as
well as complex physical phenomena such as micro convection
and vortex ring mechanism on the bubble growth and bubble depar-
tures from superheated wall are predicted very well which further
confirms the capability of presentedmodel for capturingmore complex
phenomena.
4. Conclusion

In this article, a modified three-dimensional lattice Boltzmann
multiphase model was presented and its feasibility for different pool
boiling problems was investigated. The presented model was based on
the modified multiphase Lee's model, which is capable of simulating
the problems with high-density ratios. The three-dimensional multi-
phase model is validated against the analytical solution of evaporation
d2 law and Laplace's law. Then, the flow and temperature fields around

Image of Fig. 10
Image of Fig. 11
Image of Fig. 12


(a) Time steps =75 (b) Time steps=240 (c) Time steps =660

Fig. 13. Multi bubble growth and departure (ρl/ρv=1000, Ja=0.0185, σ=0.002 and g=0.006).
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bubbles are obtained during the pool boiling process. We showed that
the present model is capable of predicting the temperature field inside
the bubble. The dynamic behavior of a single bubble was presented in
order to further assess the accuracy of the present model. The bubble
departure diameter was found to be proportional to gravitational
acceleration and surface tension, respectively, as g−0.354 and σ0.5

which is consistent with available literature. Furthermore, the simula-
tion results of bubble departure diameter were linearly proportional
to the Jacob number, as predicted by Gorenflo [37]. Finally, the simula-
tion ofmultiple bubble departure phenomenawas performed to further
show the capabilities of the presented model in capturing more
complex physical phenomena such as micro-convection and vortex
ringmechanism. The model will be used for simulation of more sophis-
ticated physical systems in our future works.
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