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ABSTRACT

The lattice Boltzmann models, especially the pseudopotential models, have been developed to investigate
multicomponent multiphase fluids in presence of phase change process. However, the interparticle force
between different components causes compressibility error in the non-phase-change component. This restricts
the model capability in quantitative analysis of the physical foaming process, such as expansion rate and
decay time. In the present study, a multicomponent multiphase pseudopotential phase change model (the
MMPPCM) is improved by introducing an effective mass form of high-pressure-difference multicomponent
model in the non-phase-change component. The improved model is compared with the MMPPCM based on
simulations of the phase change process of static and moving fluids, as well as the physical foaming process.
Density variation of non-phase-change component and its effect on flow field characteristics are analyzed
during the phase change process. Simulation results of physical foaming process lead to about 10% ~ 20%
reduction of the compressibility error for the improved model as compared with the results of MMPPCM. The
improved model also enhances the computational stability of phase change simulation of the static droplets.

Keywords: Lattice Boltzmann method; Multicomponent; Multiphase; Physical foaming; Compressibility
error.

NOMENCLATURE
a a parameter in Peng-Robinson equation R a parameter in Peng—Robinson equation of
of state state
b a parameter in Peng—Robinson equation r lattice site
of state ri initial radius of droplets
co a parameter in interparticle force function T temperature
Cs speed of sound in lattice unit Tc  critical temperature
Cv specific heat capacity Twan  wall temperature
ey discrete velocity along a direction t time
F body force ta bubble departure time
F; gravitational force u macroscopic velocity
Foint  interparticle force Us  macroscopic velocity of the component o
flx)  function for calculating the number of Vv velocity magnitude
droplets wesa  Weight coefficient for discrete velocity
Joa density distribution function of the X  number of lattice sites in a computation
component ¢ along a direction domain
X area of a single droplet (bubble) in the
fo.af7  density equilibrium distribution function function for calculating the number of
of the component o along a direction droplets
G gravity vector Y Y coordinates
g - a parameter describing the strength of the y surface tension

oo

Afs« source term in density evolution equation
o time step

A thermal conductivity

density

average density

interaction force
Have average liquid level
he temperature distribution function along «
direction P
he¢  temperature  equilibrium  distribution A3
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function along o direction

i a parameter in effective mass function of

the improved model

j a parameter in effective mass function of

the improved model

k a parameter in effective mass function of

the improved model

m distribution parameter in the function for

calculating the number of droplets
P pressure
Pc critical pressure

1. INTRODUCTION

Phase change of one component of multicomponent
fluids leads to physical foaming process as a
common engineering application, such as foamed
asphalt production (Iwanski et al., 2021; Li et al.,
2020). Because of complex heat and mass transfer,
mechanisms, as well as diverse component-phase
interactions, numerical analysis of the physical
foaming process is challenging. Accordingly, few
studies have been conducted in this scope based on
conventional computational fluid dynamics (CFD)
methods.

In recent years, lattice Boltzmann method (LBM) as
a particle-based discrete fluid simulation method
has attracted more and more attention (Aliu et al.,
2020). In contrast to traditional CFD methods that
solve  the  continuum-based Navier-Stokes
equations, LBM solves the Boltzmann equation and
considers the collision and streaming processes of

mesoscopic  particle  clusters to  describe
macroscopic  hydrodynamic behaviorr. Due to
microscopic  perspective  and mesoscopic

characteristics, LBM is beneficial in simulation of
complex flows such as multiphase multicomponent
flow (Xing et al., 2021; Fogliatto et al., 2019), flow
in porous media (Jourabian et al., 2012; Zhang et
al., 2020), and thermal flow (Lu et al., 2020).

Numerous lattice Boltzmann models have been
employed in simulation of single-component
multiphase fluids. One of them is the free surface
model (Kdrner et al., 2005), which reduces a two-
phase flow problem to a single-phase flow problem.
Although this model has been successfully applied
in multiphase foaming simulations (Ataei et al.,
2021), it is restricted to two-phase flow without
phase change process. Other  multiphase
multicomponent models can be categorized into the
color-gradient model (Gunstensen et al., 1991), the
pseudopotential model (Shan and Chen, 1993), and
the free-energy model (Swift et al., 1996). Among
them, the pseudopotential model has been
developed into a very popular model (Petersen and
Brinkerhoff 2021). This model presumes a non-
local interaction between different components (or
phases) to resolve phase separation automatically.
Although the pseudopotential model is very simple,
it involves the basic characteristics of non-ideal
fluid flow, namely the equation of state (EOS) and
the surface tension. Yuan and Schaefer (2006)
introduced a variety of thermodynamic non-ideal

ps  density of the component o
v dimensionless  relaxation
temperature

time  for

7 dimensionless relaxation time for density of
the component o

¢ source term in temperature evolution
equation

x thermal diffusivity

ws  effective mass of the component o

0} an acentric factor in Peng—Robinson
equation of state

gas state equations into the pseudopotential model
to provide a deeper thermodynamic foundation and
a reference for subsequent multiphase phase
transition research.

Phase change process accompanying with heat
transfer in single-component fluids has been
investigated by introducing thermal models into the
pseudopotential multiphase model. Hazi and
Mérkus (2009) adopted the double distribution
function method to define a new pseudopotential
function and simulate phase transition. Méarkus and
Hazi (2011) used their model to study phenomena
such as plate boiling and evaporation have been
studied based on their model. Gong and Cheng
(2012) improved Hazi’s model (Hazi and Markus,
2009) by considering an extra phase change source
term in the passive scalar model to describe the
energy change in the boiling process. They also
studied generation, growth, and separation
processes of bubble during boiling based on this
model (Gong and Cheng, 2013; Gong and Cheng,
2015). It has been a popular model in the literature
due to good computational stability. However, the
above-mentioned LBM-based phase change models
mainly focus on single-component multiphase
flows.

Regarding phase change process in multicomponent
multiphase flows, Li et al. (2017) proposed a
multicomponent multiphase lattice Boltzmann
model to simulate droplets condensation in the
presence of non-condensable gas. Zhang et al.
(2017) developed their own single component phase
change model for multicomponent simulation.
Zheng et al. (2019) developed a multicomponent
multiphase thermal lattice Boltzmann model
considering vapor-liquid phase change to simulate
single droplet condensation in the presence of non-
condensable gas. Liu et al. (2018) also proposed a
multicomponent phase change model, termed as
MMPPCM, relying on the single component phase
change model (Gong and Cheng, 2012). They
simulated phase change process of static and
dynamic droplets under gravitational effects.
However, because of compressibility of non-phase-
change components and computational instability,
few models have been used for foaming process
research. Except the MMPPCM, the non-phase-
change components in the above-mentioned models
are limited to the gas. Liu and Wang (2018)
simulated physical foaming process based on the
MMPPCM, though the results were analyzed
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qualitatively due to existence of considerable
compressibility.

The present study introduces a high-pressure-
difference multicomponent model’s effective mass
form in the non-phase-change component in order
to reduce the compressibility error of Liu’s
MMPPCM (Liu et al., 2018). The paper is
organized as follows. Section 2 first describes the
MMPPCM and investigates the reasons for
existence of compressibility error, and then presents
the improved model. In section 3, the MMPPCM is
first verified. This follows by validation of surface
tension of the improved model based on simulation
of static droplets in binary fluids. Section 4 presents
the results obtained by simulation of phase change
processes of static and moving fluids, as well as
foaming process with orderly distributed droplets.
Both of the improved model and the MMPPCM are
utilized to confirm the incompressibility
improvement. This section also presents simulation
results of physical foaming process with randomly
distributed droplets and bubbles in order to show
capability of the improved model in simulation of
the actual foaming process. Section 5 presents the
concluding remarks.

2. METHODOLOGY

In this section, the MMPPCM is first introduced.
The compressibility error in phase change process
of this model is then analyzed, and the improved
model is finally investigated.

2.1 The MMPPCM model

The MMPPCM is proposed based on phase change
model of Gong and Cheng (2012) as well as the
multicomponent  pseudopotential model. The
standard lattice Bhatnagar—Gross—Krook equation
adopted in the MMPPCM is expressed as follows:

fo‘,a (r+ea5t ’t+6t) - fa"a(rlt) =

—i( f L (r) =23 (rt)+Af _(rt) @

where f5.4(r,t) is the density distribution function of
the component o along the a direction at the lattice
site r and time ¢, while f;,%(r,f) indicates the
corresponding equilibrium distribution function. 7_

denotes the dimensionless relaxation time which is
defined as 1.0. Afzu(r,t) is the body force source
term. e, is the discrete velocity along the «
direction, and eqd: represents the displacement in the
time step J.. The D2Q9 model consisting of nine
discrete velocity vectors in two dimensions is
adopted in all simulations of the present work.
Figure 1 depicts the discrete velocity vectors in the
D2Q9 model. e is expressed as follows:

(0,0);
(1v 0), (011)1 (_11 0)! (Ov _1)1
@,(-12),(-1,-2),1,-D).

a=0;
a=1234; (2)
a=5,6,7,8.

e =

a

The equilibrium distribution function f5,.%(r,f) is
defined as follows:

2
e,.-u (e,-u,)
eq — o,a el o,a ol
e =pW, 1+ —+ n -
C 2c 2
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)

where cs is the sound speed in the lattice unit which
is 1/7/3, and wo, is the weight coefficient for each
discrete velocity vector given by wo = 4/9, wi4 =
1/9 and ws-s = 1/36. The density and velocity of
component o are defined as follows:

po=1, 4)
1

UU = faaeaa (5)
e

Furthermore, the total density and macroscopic
velocity of the multicomponent fluids are expressed
as follows:

ED R (6)
VPl [P
XD o

The force source term Afs«(rtf) is defined using
exact-difference-method force scheme
(Kupershtokh et al. 2009) which is expressed as
follows:

Af_ (rt) =f2 (o, (rt),u+Au) — £ (o, (r,t),u) (8)

where Au=F¢, / p indicates the change of velocity

induced by the body force during o;, and F is
calculated as follows:

F =F,(n+F, ;. () )
where Fgis the gravitational force, and Fo,int is the
interparticle force including both the interaction
between different components and the interaction
between particles of the same fluid component.
These forces are defined as follows:

Fg (r) =G- (p(r) _pave)

Fm(r) = _Col//a(r)z gag(n r I)V‘//g(r )

(10)
(1)

7 4 8

Fig. 1. Discrete velocity vectors in D2Q9 model.

where G is the gravitational acceleration vector and
pave 1s the average density of the multicomponent
fluid, such that pavez(z>< pr)/ X for a

1127



G. Linetal. / JAFM, Vol. 15, No. 4, pp. 1125-1136, 2022.

computational domain consisting of X lattice sites.
In Eq. (11), co = 6.0 and ¢ _- is a parameter

describing the strength of the interparticle force,
where o =g for the interaction between particles
of the same fluid component, and o =& for the
interaction between different components. The sign
of g _- indicates the interaction force direction,

such that the positive and negative signs mean
repulsive and attractive forces, respectively. The
current study only considers the interaction between
neighbor sites. g_- is expressed as follows:

g, |r—r|=1
9,-(r,r) =19, |r-r|=v2; (12)
0, else.

In Eq. (11), we(r) is the effective mass which can be
defined as a function of po(r). Its gradient, i.e.
V- (r'), can be calculated by central second-order

finite-difference method. Wetting boundary is
implemented according to Martys and Chen (1996).
It should be noted that the fluid—solid interaction
strength is set to be zero in this paper. Accordingly,
the contact angle of each fluid is considered to be
90° (Sedahmed et al., 2022).

The present study analyzes the phase change only in
a binary fluid consisting of one phase change
component (the component 1) and one non-phase-
change component (the component 2). Therefore,
density of the component 2 is not affected by
temperature change in simulations, and the effective
mass y2(r) is expressed as follows:

(13)

For the component 1, yi(r) is calculated as follows:

)= [PRO=CA0)
Cogll(r’ r )

where Pi(r) is the local pressure which can be
obtained from the EOS. Based on the Peng—
Robinson EOS which is adopted in the current
study, P1(r) can be calculated as follows:

p(MRT  ap(r)?e()
1-bp(r) 1+ 20p,(r) b2, (r)?

where (T)=[1+(0.374 64+1.542 260-0.269 920" )(1-[T /T, )}

with @ as the acentric factor. The parameters a, b
are expressed as a = 0.45724R’TZ/P. and b =
0.0778RT/P., where Tc and P. are the critical
temperature and critical pressure, respectively.
Following Yuan and Schaefer (2006), the following
parameters are considered in the simulations of
present study: w =0.344; a =2/49; b =2/21; R = 1.

v, (r) = p,(r)

(14)

R(r)= (15)

The actual physical velocity U is calculated by
averaging the moment before and after the collision
as follows:

1 1
U —;[;pgug +E;Faj

(16)

The evolution equation of the temperature
distribution function ha(r,?) is introduced to solve
energy equation and can be written as follows:

ha (r+ea5[‘t+5[) - ha (r,t) =

—i(ha(l’,t)—h;q(r,t))+é'twa¢ a=01--N an
Tr

where 7 is the dimensionless relaxation time for
temperature characterizing by thermal diffusivity. It
can be calculated as 7,=0.5+3y5, /5> , where
x=Al pc, is the thermal diffusivity. p, A, and cy

represent total density, thermal conductivity and

specific heat capacity, respectively. h®%(r,f) denotes

the corresponding equilibrium distribution function
which is expressed as follows:

2 2

he =Twa(1+w+w—u—2

C 2c 2c;

S S

(18)

where 7 is the macro temperature which can be
obtained as follows:

T=>h,

The source term ¢ in Eq. (17) represents the phase
change effect on the temperature field. The source
term proposed by Gong and Cheng (2012) is
adopted in the present work which is expressed as
follows:

(19)

1 oP

¢:T[lip7cv(67T)"]V-U (20)

where P can be obtained based on the EOS of
multicomponent fluid which is given as follows
(Qiu and Wang, 2016):

C
P=pc + 3 20,0 =(otp)C]
C
+EO(911'//1’//1 OV, + ol + UpWol,)
So, the source term ¢ can be calculated after

substitution of Egs. (13), (14), (15) and (21) into
Eq. (20), as follows:

1 pR 9..00,R
PrTl-— (- —+— HV-U  (22)
PC, 1- bpl 911(17 bpl)Wl

The values p2 = 1.0, g = 0.1(or -0.1), and g2 =
0.005, g22 = 0 are set according to Liu ez al. (2013).
As for multicomponent fluids, ¢y is no longer a
constant. It can be defined as the mass average of
the specific heat capacity of each component which
is expressed as follows:

2.2 Compressibility error analysis of the
non-phase-change component

(23)

The MMPPCM can be utilized to simulate the
vaporization of one liquid component in the
multicomponent fluid. However, the compressibility
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error restricts the model applicability in quantitative
analysis of the foaming process. In the MMPPCM,
the phase change components are compressible non-
ideal fluids, while the non-phase-change component
should be configured by an incompressible fluid
with a constant density. However, the macro
equations derived from the basic LBM model are
compressible Navier-Stokes equations (Bespalko et
al., 2012). Especially in multicomponent models,
the separation and diffusion processes between
different components are determined based on the
density, so variable density should be considered for
each component in actual numerical calculations.
Density changes of non-phase-change components
leads to both compressibility errors and numerical
instabilities. Particularly in the phase change
process, vaporization of the phase change
components causes a local pressure rise. This
rapidly increases the pressure difference between
components and changes the density of the non-
phase-change components near the phase interface
in the compressible LBM model. This reveals why
the expansion rate and decay time in foaming
process simulation can not be predicted exactly by
the model. Local density variation of the non-phase-
change components also causes numerical
instability, which limits the density of these
components. This is the reason why the non-phase-
change components in most of the multicomponent
multiphase models are considered as gas.

2.3 The improved model

One possible way to reduce the compressibility
error of the non-phase-change component is to set
g2 > 0 in order to impose a repulsive force inside
the component 2. However, it will increase the
interparticle force at each lattice site in the
computational domain, resulting in further
instabilities. So, it is intended to improve the
effective mass form of the component 2. In order to
reduce the density change of the component 2
during the phase change process, the pressure
difference AP caused by density variation Ap in a
multicomponent fluid should be increased. Liu et al.
(2016) revealed that the effective mass form of the
large-pressure-difference multicomponent model
complies with the requirement. They analyzed the
relationship between pressure difference and
effective mass, and proposed a Sigmoid-like
effective mass function to increase AP near the

interface between different components. This
effective mass function is defined as follows:

k k
w(p)= 24

1+e7 14el

where £, i and j are adjustable parameters. It can be
utilized to simulate multicomponent fluids with
large pressure differences by appropriate tuning of
parameters. According to Liu et al. (2016), the
values £ =0.75, i = -6.0, and j = 4.5 are adopted in
the following simulations. So, Eq. (13) can be
rewritten as follows:

k k

LrerT Trgl 2

v, (r) =

3. MODEL VERIFICATION

3.1 Verification of the MMPPCM model

Liu et al. (2018) simulated the phase change of a
static droplet in binary fluids based on the
MMPPCM. They analyzed the relationship between
radius and density of droplet (or bubble) with time
during the phase change process. In order to
validate the present simulation, the similar problem
is numerically solved and compared.

It should be mentioned that all variables in the
current work are considered in terms of the lattice
units. All the simulation settings are the same as
those presented in Liu ef al. (2018). Two types of
components are initially considered in a 200 x 200
lattice field in absence of gravitational effects,
including a static liquid droplet of the component 1
at the center of the field surrounded by the
component 2. The initial diameter and temperature
of droplet are 40 and 0.827c. The initial density of
the component 1 is 7.0, which corresponds to
saturated liquid density at the initial temperature.
The initial temperature of the component 2 is set to
2.0Tc to provide the required heat for phase change
of the component 1. The initial density of the
component 2 is 1.0. A non-equilibrium
extrapolation scheme (Guo et al., 2002) is used to
maintain constant temperature and pressure over all
boundaries. Temporal variation of the bubble radius
as well as component density during phase change
process is illustrated in Fig. 2. A quite good
agreement can be observed between the simulation
results of the present study and those of Liu et al.
(2018).

140 4

1204 —— D in the simulation

pin the simulation
o Din Liu's work (Liu et al., 2018)
e pin Liu's work (Liu et al., 2018) |1

100

80

60 4

404

204 -~

T T T T
100000 150000 200000 250000

t
Fig. 2. Temporal variation of the bubble radius
(D) as well as density (p) during phase change
process

T T
0 50000

3.2 Validation of the improved model

Since the effective mass function in the
multicomponent model is modified and the
interparticle force between the components is
changed, the surface tension should to be verified.

Verification is applied based on simulation of static
droplets. Initially, a static droplet of the component
1 is placed at the center of a 200 x 200 square
gravity-free lattice field consisting of the
component 2. The simulation is performed in the
isothermal condition with the temperature of
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0.82Tc. The density of the component 1 is set as the
saturated liquid density at the corresponding
temperature 7. Heuristic scheme is utilized to apply
periodic boundary conditions at all boundaries in
the simulation. The surface tension y can be
obtained according to the Laplace law, which states
the relationship between the pressure drop across
the droplet interface (Pin-Pout) and the droplet radius
r. The Laplace law is expressed as follows:

AP=P P, =L

n out r (26)
Several simulations are carried out based on
droplets with different radii. The relationship
between AP and 1/r as well as the curve obtained by
linear fitting are shown in Fig. 3. The coefficient of
determination of the fitted curve is 0.9998, which
indicates that the surface tension obtained by the
improved model is in good agreement with the
Laplace law.

0.04
0.03 *
H
o 0.02-
e
0.01f
0 . . .
0.01 0.02 0.03 0.04 0.05
1/r

Fig. 3. Relationship between Pin—Pout and 1/r for
static droplets in binary fluids.

4. RESULTS AND DISCUSSION

In this section, phase change process of static and
moving fluids, and physical foaming process with
orderly distributed droplets are simulated based on
the improved model. The results are compared with
the outcome of MMPPCM to confirm the
simulation enhancement by the improved model.
Physical foaming process with randomly distributed
droplets and bubbles is finally simulated based on
the improved model to show the model ability in
numerical study of the actual foaming process.

4.1 Phase change of a static droplet in
binary fluids

In order to compare the compressibility errors
obtained by the improved model and the
MMPPCM, the phase change of a static droplet in
binary fluids is also simulated by the improved
model. The initial and boundary conditions are
identical to those described in Section 3.1. Figure 4
shows the density field of the component 1 in phase
change process. As can be observed, the droplet
phase change originates gradually from the interface
between two components and grows towards the
droplet’s interior region, which is similar to the
results obtained by the MMPPCM. The droplet
volume steadily expands continuously until
reaching an equilibrium state based on the interior-
exterior pressure difference of the bubble after
phase change process. Finally, the flow field

involving the bubbles of the component 1 and the
component 2 reaches a steady state condition at
about 220 000 time steps.

+=0

t=10000

t=220000

Fig. 4. Temporal evolution of the density field of
the component 1.

Table 1 presents the density and bubble diameter of
the component 1 after the phase change based on
the improved model and the MMPPCM. Similar
simulation results can be observed based on
different models. The typical density ratio obtained
by both models is about 10. This indicates that the
change of effective mass form of the component 2
slightly affects the physical properties of the
component 1 during the phase change process.

Table 1. Density and bubble diameter of the
component 1 after the phase change

Simulation model Density Bubble
diameter
MMPPCM 0.70 124
Improved model 0.69 123

Figure 5 shows the maximum density of the
component 2 (pamax) over time during the phase
change process based on the two models. Similar
variation trend can be seen for the two models.
Endothermic expansion of the component 1 leads to
increase of the density of component 2 increases.
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The highest value of p2max for both of the models
occurs at £ =20 000. After this time, p2max decreases
and finally tends to a stable condition. However, the
variation of pamax in the simulation is significantly
lower for the improved model. More specifically,
the density variation of the component 2 based on
the improved model is about 0.7 times of that of the
MMPPCM at ¢ = 20 000. When the flow field is
stable, this ratio can even be reduced to 0.65. This
means that the improved model can improve the

incompressibility of the  non-phase-change
component.
1.003 T r
A the MMPPCM
1.0025 - :\‘ the improved model | 1
e gy
1
1.002 - 1 b
I
2max 1
10015 1
1.001 - b
1.0005 - b
l I r I r
0 50000 100000 150000 200000 250000
t
Fig. 5. Variation of maximum density of

component 2 (p2max) With time.

Figure 6 presents temporal variation of the
maximum velocity (Umax) during the phase change
process based on the two models. It can be observed
that the highest value of Umax for both models
occurs at about ¢ = 20 000, and then it gradually
decreases towards a steady state condition. The
stabilized condition of Umax corresponds to the
maximum spurious velocity in the flow field. In
comparison with the MMPPCM, the improved
model can slightly reduce the maximum spurious
velocity in the steady flow field after the phase
change process. More importantly, the maximum
value of Umax at £ = 20 000 is reduced significantly.
Therefore, utilization of the improved model leads
to enhancement of computational stability. In
summary, the improved model can enhance both the
incompressibility of non-phase-change components
and the numerical stability in simulation of the
phase change process of a static droplet in binary
fluid.

x 10

4
----- the MMPPCM
3 A the improved model
U 25 1

l [ -
0 r r r r

0 50000 100000 150000 200000 250000

t
Fig. 6. Variation of maximum velocity (Umax)
with time during the phase change process.

4.2 Phase change of a water droplet in
binary fluid under gravitational effect

In order to evaluate properties of the improved
model in moving fluid simulations, the phase
change of water droplets in binary fluid is
investigated under gravitational effect. The
simulation results are compared with Liu et al.
(2018) at the same settings. Initially, the 200 x 400
lattice domain is occupied by the component 2
except for a 10 x 10 square lattice area at the
bottom center region of the overall domain which is
occupied by the component 1. The bottom boundary
of the computational domain is set as a constant
temperature wall (Zwan = 2.07¢) with a constant
velocity inlet (v = 0.05) for the component 1, and
other given data at the inlet include 7ine=0.82Tc,
printet = 7.0 and painlet = 0.. The bounce-back and the
non-equilibrium extrapolation schemes (Guo et al.,
2002) are adopted at the wall and the inlet for the
density solution, respectively. And the non-
equilibrium extrapolation scheme (Guo et al., 2002)
is adopted for the temperature solution. Periodic
boundary conditions are applied at the right and left
sides of the computational domain using the
heuristic scheme for both the density and the
temperature  solutions. Constant pressure and
constant temperature boundary conditions are
applied at the top boundary, such that Tip=2.0Tc,
piop = 0 and paop = 1.0. The non-equilibrium
extrapolation scheme (Guo et al., 2002) is used for
both the density and temperature solutions. The
initial temperature of the components 1 and 2 are
0.827¢c and 2.07¢, respectively. It should be noticed
that the inlet is closed at + = 300 to facilitate
formation of droplets of the component 1. After this
time, the bottom boundary condition is replaced
with a constant temperature wall and the inlet
boundary condition is removed. The gravitational
effect of component 1 in the present simulation is
imposed by a different approach than Eq. (10), such
that it is expressed follows:

0, p, <01

F,(r)= 27
b (0) {G(p(,(r)—pa,.), else @)
where ps; denotes the saturated liquid density of
component ¢ at the temperature 0.827c.

Figure 7 illustrates the density field of the
component 1 obtained by the improved model with
el = cw= 1.0. It can be observed that the
component 1 droplet gradually evolves into a
bubble and rises from the bottom wall due to
gravitational effect. Several simulations are
performed with different values of cu1.

Figure 8 presents the relationship between ¢y and
the bubble departure time #4 for the two models. The
departure time is the duration in which the bubble
leaves the bottom wall. It can be considered as the
time when there is a point » with p1(r) < 0.1 on the
central axis of the inlet such that the ordinate of that
point r is less than the ordinate of the point
corresponding to the maximum density of
component 1. As can be seen from Fig. 8, the
bubble departure time obtained by the improved
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model increases non-linearly with the increase of
cv1, which is consistent with the simulation results
of Liu et al. (2018). However, the departure time
obtained by the improved model is shorter than that
of the MMPPCM. This is because the improved
model enhances the incompressibility of component
2, and due to the periodic conditions, the force
between the components increases.

t=1000 ¢=10000
+=730000 +=40000

Fig. 7. Contour plots of the density field of the
component 1 at different times during phase
change process

6 T
the improved model /)

""" the MMPPCM J

C
vl
Fig. 8. The relationship between cv1 and the
bubble departure time (za)

4.3 Physical foaming process with orderly
distributed droplets

The advantages of the improved model in the
foaming process simulation are addressed by
comparative study of the MMPPCM in
multicomponent  physical  foaming  process.
Expansion rate and decay time are two quantitative
indicators for the study of foam flow, which can be
evaluated by variation of liquid level of the
component 2 during the simulation. The simulation
is performed in a 200 x 150 computational domain.
Initially, the region located above the line Y= 100 is

occupied by the gaseous component 1, while the
region below this line is filled by liquid fluids. Six
droplets of the component 1 are uniformly dispersed
in the lower fluid (component 2) as illustrated in
Fig. 9 at ¢ = 0. The initial temperature of droplets of
the component 1 is 0.827c, while the initial
temperature of both the component 2 and the
gaseous component 1 is 2.07¢c. Configuration of the
top boundary is identical to that applied in the
previous simulation, while the other boundaries are
considered as constant temperature walls with 7 =
2.07c. The bounce-back and the non-equilibrium
extrapolation schemes (Guo et al. 2002) are applied
for the density and the temperature solutions,
respectively. Figure 9 illustrates the simulated
physical foaming process based on the improved
model. The blue area belongs to the component 2,
while the red spots and the green region correspond
to the droplets and bubbles of the component 1,
respectively. It can be seen that as droplets of the
component 1 vaporize, the multicomponent fluid
expands and liquid level of the component 2 rises
initially. When the bubbles reach to the liquid upper
surface and burst, the liquid level descends.

+=7000

Fig. 9. Temporal evolution of the physical
foaming process

t=12000

Figure 10 presents temporal variation of the
averaged the average liquid level height of the
component 2 during the foaming process based on
the two models. Three different contents of the
component 1 are considered (with the initial radius
riof droplets as 3, 5 and 6). The stepwise descend of
the level is due to the collapse of large bubbles as
mentioned by Jenkins (2000). Comparison of three
parts of Fig. 10 indicates that by increase of the
content of the component 1 increases, whereas the
level decays faster. It can also be observed that the
maximum height of the liquid level of component 2
is greater for the improved model simulation. In
contrast, the minimum heights obtained by the two
models are approximately identical, because the
expansion rate obtained by the improved model is
more significant. This is exactly due to effect of the
improved model on reduction of the compressibility
error in comparison with the MMPPCM.

Table 2 presents the variation of liquid level during
the foaming process in each simulation. The ratio of
the liquid level variation of the improved model to
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Fig. 10. Temporal variation of the averaged
liquid level height of the component 2

Table 2 The variation of liquid level during the
foaming process

the variation of =3 | ri=5 | ri=6
liquid level

The improved model | 16.7 | 335 | 42.9

The MMPPCM 13.7 | 30.7 | 39.6

Variation ratio 1.22 1.09 1.08

that of the MMPPCM model is about 1.1 ~ 1.2. This
indicates that 10% ~ 20% of compressibility error is
corrected by the improved model.

As for the decay time, it can be seen from Fig. 10
that the required time to return to the minimum
liquid level is slightly shorter for the improved
model in all three sets of comparative simulations.
In other words, bubbles rise faster when the
improved model is implemented in simulations. The
reason for this phenomenon is the same as that
discussed in the previous simulation case which is
the increase of incompressibility of the component
2. Overall, it can be seen from the simulations that
the improved model is more suitable for

quantitative analysis of the physical foaming
process.
4.4 Physical foaming  process  with

randomly distributed droplets and

bubbles

In the previous case, droplets of the component 1
were arranged in an ordered manner during
initialization stage. However, in the actual foaming
process, distribution of the component 1 in the

component 2 is often disordered, and the
component 1 may exist in both gas and liquid
phases. Content of the component 1 is the only
adjustable feature. In this case, the foaming process
with randomly distributed droplets and bubbles is
simulated. The computational domain consists of
400 x 500 cells, and the simulation settings are the
same as the previous case except for the initial
distribution of component 1. According to
Hailesilassie (2016), the relationship between the
number of droplets (bubbles) f(x) and their size is
represented by the following exponential function:

f(x) = me *®

(28)
where x denotes the area of a single droplet (bubble)
and m represents the distribution parameter, which
can be obtained based on the total area for a certain
radius condition. The radius of droplets (bubbles) of
the component 1 is set in the range of 1-4 in this
case. The number of droplets (bubbles) with
different radii is obtained based on the total content
of the component 1 and using Eq. (28). A random
distribution algorithm is utilized to ensure that the
droplets (bubbles) of the component 1 do not
coincide with each other during the initialization
stage. Initially, 80% of the component 1 is
considered as the liquid phase, and the rest is the
gas phase. Based on this configuration, the foaming
process with four contents of the component 1, i.e.
2%, 3%, 4% and 5% is simulated (3 simulations
under each condition).

Figure 11 illustrates temporal evolution of the
foaming process when the content of the component
1 is 4%. The black area in this figure is the
component 2, and the white area corresponds to the
component 1 with the liquid or gas phases. Merging
and breaking of the bubbles of component 1 as well
as variation of the liquid level height of the
component 2 can be clearly observed during the
foaming process.

t=0 t=500

t=1000 t=2000
t=2500 t=4000 t=7000 t=17000

Fig. 11. Temporal evolution of the physical
foaming process with randomly distributed
droplets and bubbles (the content of the
component 1 is 4%)

Figure 12 presents temporal variation of the
averaged liquid level of component 2 for different
contents of component 1 during the physical
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Fig. 12. Temporal variation of the averaged

liquid level of component 2 for four different

contents of component 1 during the physical
foaming process.

foaming process. By increase of the content of the
component 1, the foam expansion rate increases and
the decay time shortens. These trends are consistent
with those observed in the previous case, and they
are also consistent with the effect of water content
on foamed asphalt in terms of expansion rate and
half-life (Jenkins, 2000). It is also evident that the
expansion rate obtained from the three simulations
with similar conditions is basically the same, while
the decay time changes significantly under certain
conditions (such as the case with 5% content for the
component 1). This is explained by the fact that the
initial distribution of the component 1 affects the
foam stability. If the distribution is too concentrated,
large bubbles are generated easily during the initial
foaming process, and this accelerates the foam
attenuation (Jenkins, 2000). Therefore, in order to
conduct a quantitative comparison with the actual
foaming process, the initial bubble distribution must
be accurately described.

5. CONCLUSION

In the present study, we propose an improved
multicomponent multiphase pseudopotential model
was proposed for physical foaming simulations. It
was a modification of the MMPPCM by introducing
an effective mass form of the high-pressure-
difference multicomponent model in the non-phase-
change component. The proposed model improved
the  incompressibility = of  non-phase-change
component in multicomponent fluid, and reduced
the errors of expansion rate and decay time in the
physical foaming simulations. The improved model
was verified based on simulation of a static droplet
in binary fluids. It was utilized to simulate the phase
change process of static and moving fluids, as well
as the physical foaming process. According to the
results, about 10% ~ 20% reduction of
compressibility error was observed for the improved
model as compared with the MMPPCM. The
improved model also enhanced computational
stability of phase change simulation of the static
droplets. The present study simulations were
conducted based on 2D foaming process, 3D
simulation and quantitative comparison of the
results with the actual foaming process will be
presented in our future research.
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