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1. Introduction

Gas-liquid two-phase flows including phase changes are used in various industrial devices such as combustion
engines, boilers, heat exchangers, and nuclear reactors. Therefore, accurate prediction of gas-liquid two-phase flows is
necessary to improve the performance of such devices. However, due to the high complexity and small time and space
scales of this phenomenon, complete prediction of this phenomenon by experiments is often difficult. Therefore, prediction
and understanding of this phenomenon by numerical simulation is important.

Different numerical simulation methods have been presented to predict gas-liquid two-phase flows including phase
changes. The most common methods are the Volume of Fluid (VOF) method"), the Level-Set method??), and the Front-
Tracking method?. In recent years, the Lattice Boltzmann Method (LBM)> has been attracting attention as an alternative
to these methods. The LBM is the numerical method to simulate a macroscopic flow field by representing a fluid by a set
of virtual particles and calculating the streaming and collision of these virtual particles using distribution functions. The
LBM has the following features”: high parallel computing performance due to its fully explicit method and local memory
access, high conservation properties due to its fully advective, and ability to treat complex phenomena and boundaries.
Due to these features, the LBM is expected to be applied to gas-liquid two-phase flows. However, when the LBM is used
to simulate the gas-liquid two-phase flows, the calculation at high density ratio tends to be unstable. Therefore, different
improvements have been presented to simulate the high density ratio two-phase flows®!4. Currently, simulations with a
density ratio around 1000 are possible by the LBM. Similarly, when considering phase changes in gas-liquid two-phase
flows by the LBM, numerical stability at high density ratio is a problem.

When simulating gas-liquid two-phase flows including phase changes by the LBM, the pseudopotential LBM which
expresses the gas-liquid interface by introducing a pseudopotential between particles is often used'®. On the other hand,
the Phase Field LBM has been attracting attention for phase change simulations in the viewpoint of adaptation to high
density ratio and thermodynamic consistency'¢'®. In the Phase Field LBM, the gas-liquid interface is modeled as the finite
volume region on a system of fixed grids where properties change continuously and rapidly, and the interface shape is
determined autonomously by solving the Chan-Hilliard (C-H) equation or Allen-Cahn (A-C) equation which are based on
free energy theory. This method is considered to be able to simulate the phase change of the high-density ratio. However,
the validation of this method at high density ratios is limited to the one-dimensional Stefan problems and the droplet
evaporation problems in which interface deformation is almost zero. Hence, the purpose of this study is to develop a
simulation method for two-phase flows including phase changes with large interface deformations, based on velocity-
based Phase Field LBM!#18), which is considered to have high numerical stability at high density ratios among Phase Field
LBMs.

2. Numerical method

2.1 Macroscopic equation

In this study, one-component, incompressible in each phase, the compressibility due to the phase change at the
interface is modeled as a source term'®), gas-liquid two-phase flow is considered. The macroscopic equations are the
conservation of mass (1), the conservation of momentum (2), the conservation of energy (3), and the Conservative-Allen-
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Cahn(C-A-C) equation (4), which determines the interface profile by minimizing the total free energy of the system. The
C-H equation is usually used in the simulations of gas-liquid two-phase flows by the Phase Field Method. In recent years,
however, it has been proposed to use the C-A-C equation in which the effect of the curvature is removed from A-C equation,
and the equation is transformed into the conservative form 2. The C-H equation is a fourth-order partial differential
equation, while the C-A-C equation is a second-order partial differential equation. Therefore, it is said that the C-A-C
equation enables more accurate analysis than the C-H equation. Hence, the C-A-C equation is adopted as the governing
equation in this study. The liquid phase temperature is fixed at saturation and energy equation is solved only in the gas
phase'®). The macroscopic equations are
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where ¢ is the order parameter that indicates each phase, i.e. ¢ =1 indicates liquid phase, ¢ = 0 indicates gas phase,
and 0 < ¢ <1 indicate interface. Besides, u, is the velocity, p is the density, p is the pressure, 7,5 is the viscous
stress, T is the temperature, c, is the specific heat, 1 is the thermal conductivity, M is the mobility, W is the interface
thickness, m"’ is the amount of phase change per unit time unit volume, F; is the surface tension force, and EP is the
body force. The suffix h and [ indicates heavy and light fluids and the suffix @ and f follows Einstein’s summation
convention. The surface tension force F; is modeled by the following potential form and the amount of phase change
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m'"" is modeled based on the energy balance for the interface regions!®:
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where L is the latent heat and 7 is the chemical potential defined as
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where kg and Sy are coefficients related to the interface thickness W and surface tension coefficient o, and are given
by kg =30W/2 and By = 120/W. In this study, the Mach number and temperature changes are assumed to be small,
and the physical properties in each phase are treated as constants. The density and the viscosity are given by ¥ =, +
¢y, — ;) using the order parameter, where 1 = (p, ).

2.2 Lattice Boltzmann method

In this study, two distribution functions, g; for analyzing the equations (1) and (2) and h; for analyzing the equation
(4), are introduced and numerical simulations are conducted by solving the time evolution equations for each of them. The
time evolution equations for g; is based on velocity-based-LBM!4'), which is considered to achieve high numerical
stability and computational efficiency. Moreover, additional forcing term and the source term are derived to recover the
macroscopic equations (1) and (2) by the Chapman-Enskog theory and added to the time evolution equations. The time
evolution equations for h; is based on the method of Geier et al?), and added the source term to recover the macroscopic
equation (4). The energy equation is discretized and solved by the Euler method and the second-order central difference.
The time evolution equations for the distribution functions are given by
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where Qlfq and QI are the source terms in the LBM, F; is the forcing term in the LBM, and Q;.q and QF are the collision
terms. In the LBM, the collision term is modeled by various ways. The most basic one is the Single Relaxation Time (SRT)
model. In the SRT mode], all distribution functions are assumed to reach equilibrium at the same time. Therefore, the SRT
model is simple, but the numerical stability is low. The Multi Relaxation Time (MRT) model®?? is modified version of the
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SRT model. In the MRT model, distribution functions are transformed into macroscopic physical quantities, and different
relaxation coefficients are applied to each physical quantity. Therefore, the numerical stability and accuracy is increased
by the MRT model. Hence, in this study, the MRT model is applied to the collision term. The source terms in the LBM, the
forcing term in the LBM, and the collision terms are given by
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where N is the transformation matrix to transform the distribution functions into the macroscopic physical quantities, §9
and S" are the following diagonal matrices including the relaxation coefficients applied to each physical quantity, g®?
and h®? are the following equilibrium distribution functions, and F., FF, and FZ are the following forcing term
required to recover equations (1) and (2) by the Chapman-Enskog theory:
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where w; is the weight coefficient, c;, is the discrete velocity, ¢ is the speed of sound in the system, and i is the
discrete velocity number. In this study, we use the D2Q9 model and w;, ¢;, and ¢, are defined as

(0,0) i=0 4/9 =0
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In the LBM, the macroscopic physical quantities are obtained by taking the moment of the distribution functions:

¢=Zhi+%ZQi (23)
p'= Z 9i (24)

3 of 10



E,At
Ug = Z Ciag; t W (25)
i

The gradient of the density in equations (19) and (20) is computed by
dp do
- = — ;) — 26
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The way to compute the gradient of the order parameter in equations (5), (6), (18), and (26) is important for the stability of
the high density ratio. Therefore, in this study, the gradient of the order parameter is computed by the following weighting
of the second-order isotropic finite difference method and the third-order isotropic finite difference method?»2):
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2.3 Initial condition and Boundary condition

The initial conditions for the distribution functions are given by the equilibrium distribution functions (17) and (18)
using the initial conditions for macroscopic physical quantities. The initial condition for the interface profile is given by
the equilibrium solution of C-A-C equation:

1 2s 30
¢ == +2tanh<W) (30)
where s is the signed distance function of the interface located at s = 0.

The unknown distribution functions on the boundary need to be given as boundary conditions. For the no-slip
boundary condition, the Bounce-Back condition is used to obtain the unknown distribution functions on the boundary.
For the periodic boundary condition, the distribution functions that flow out from the opposite boundary are used to
obtain the unknown distribution functions on the boundary. For the outlet boundary condition, the equilibrium
distribution functions obtained from the macroscopic physical quantities on the boundary are used to obtain the
distribution functions in all directions on the boundary.

All physical variables used in this study are made dimensionless using characteristic length L, characteristic particle
speed cy, reference fluid density p,, reference temperature T, reference specific heat c,o, and characteristic time scale
to = Lo/co. In this study, L, is taken as the lattice width.

3. Results and discussions

3.1 Stefan problem

The validity of the phase change model and employing the C-A-C equation to phase change simulations is verified
by the Stefan problem? for which an analytical solution exists. Fig. 1 shows the computational model. As an initial
condition, a thin vapor phase is placed next to the heating wall at the temperature T,, which is slightly higher than the
saturation temperature, and a liquid phase at the saturation temperature Ty, is placed next to it. As times passes, the
energy which is transferred from the heating wall to the vapor phase causes a phase change, and the vapor phase region
expands. In this process, the densities of the vapor phase and the liquid phase are assumed to be equal, and each of the
vapor phase and liquid phase can be regarded as stationary. Therefore, in this study, the validity of the phase change
model and employing the C-A-C equation to phase change simulations is verified by assuming equal density and
neglecting the fluid field. Table 1 shows the computational conditions.

Tw — Periodic Boundary
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Interface Periodic Boundary
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X
Fig. 1 Computational model for Stefan problem
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Table1l Computational conditions for Stefan problem

Parameter Symbol Value
Specific heat ratio Con/Cpi 1.0
Thermal conductivity ratio An/ Ay 2.0
Stefan number St 1.0/0.5/0.1
Grids Ly X Ly 128 x 16

where Stefan number St is the dimensionless number defined as
_ Cph(Tw B Tsat)
L

The analytical solution for the interface position x;; is given by solving the heat conduction equation for the vapor phase
under the moving boundary condition using the similarity transformation:

St @31

Tw — Tsar
AV
Fig. 2 shows comparison between the analytical solution and the simulation results by the present method for the evolution

of liquid-vapor interface location. The simulation results agree well with the analytical solution. Therefore, the phase
change model and employing the C-A-C equation to phase change simulations is valid.

Al &2
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Fig. 2 Evolution of the liquid-vapor interface location for Stefan problem. The lines indicate analytical
solutions by Eq. (32) and the dots indicate present numerical results for each Stefan number.

3.2 Droplet evaporation

The validity of the method to simulate the flow field by the LBM is verified by the droplet evaporation problem?? for
which an analytical solution exists. Fig. 3 shows the computational model. As an initial condition, a droplet at the
saturation temperature Ty, is placed at the center of the computational domain and surrounded by a vapor phase at the
temperature T,, which is slightly higher than the saturation temperature. A droplet size change due to the phase change
at the interface is simulated. To ensure symmetry, the computational domain is divided into four parts, and one of these
regions is simulated using the symmetric boundary condition. In addition, at the outlet boundary, the temperature is given
as T,,, the pressure is given as zero, and the normal gradients of velocities and order parameter are given as zero. Table 2
shows the computational conditions.
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Fig.3 Computational model for Droplet evaporation
Table2 Computational conditions for Droplet evaporation
Parameter Symbol Value
Density ratio Pn/0 1000 / 100
Viscosity ratio Un/ 10
Specific heat ratio Con/Cpi 1.0
Thermal conductivity ratio /M 10
Stefan number St 0.1
Laplace number La 10000
Prandtl number Pr 1.0
Grids 4D x 4D 128 x 128

where Laplace number La and Prandtl number Pr are the dimensionless numbers defined as

oppD
o= (33)
h
Unc
pr =t (34)
The analytical solution for the droplet diameter is given by following d?-law?:
dd? 84 In(1+ cy(T, — Toqe)/L) 35)
dt  pucy In(8D/d,)

where d, is the droplet diameter. Fig. 4 shows comparison between the analytical solution and the simulation results by
the present method for the evolution of droplet diameter. The simulation results agree well with the analytical solution.
Therefore, the method to simulate the fluid field by the LBM is valid.
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Fig. 4 Evolution of the droplet diameter during evaporation. The lines indicate analytical solutions

by Eq. (36) and the dots indicate present numerical results for each density ratio.

3.3 Film boiling

The film boiling® is simulated as a phenomenon in which the interface shape changes significantly. Fig. 5 shows the
computational model. As an initial condition, a thin vapor phase is placed above the heating wall at temperature T,, which
is slightly higher than the saturation temperature, and a liquid phase at the saturation temperature T, is placed above
it. In this situation, the liquid changes to vapor near the heating wall, and vapor region increases. Moreover, the gravity
and density differences cause the Rayleigh-Taylor instability. These cause the release of bubbles from near the heating
wall. This phenomenon is simulated by the present method. At the outlet boundary, the temperature is given as T, the
pressure is given as zero, and the normal gradients of velocities and order parameter are given as zero. The body force
EP = (0, (pp, — p) gy) is applied to the fluids. Table 3 shows the computational conditions. Two cases are simulated, Casel
and Case2. Casel is a condition that is often used as a benchmark problem. Case2 is a high density ratio condition assuming
water-water vapor. However, the surface tension coefficient is set smaller than the real value to avoid turbulence flow.
The initial interface shape and the container length D are given as following to facilitate bubble detachment, and Grashof
number Gr is the dimensionless numbers defined as following:

- (2mx\\ D
y = (4 + sin (T)) o (36)
D=2 30 (37)
=271 |—M8M8M8M8M—
9y(Pn — p1)
— D3
Gr — phgy(phz p1) (38)
Hp
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Fig.5 Computational model for Film boiling

Table3 Computational conditions for Film boiling

Parameter Symbol Casel Case2
Density ratio Pn/0 40 1600
Viscosity ratio Un/ 20 25
Specific heat ratio Con/Cpi 2.0 2.0
Thermal conductivity ratio /M 40 25
Stefan number St 0.2 0.01
Grashof number Gr 18635 1.0 x 10°
Prandtl number Pr 1.0 2.0
Grids D x 2D 128 x 256 128 x 256
Amplitude coefficient V1 128 32

Fig. 6 shows the visualization results of the evolution of liquid-vapor interface of Casel by present method and Level-
Set method as reference®. The results show that the phase change occurs near the heating wall, the gas phase region
increases, the Rayleigh-Taylor instability is enhanced, the gas phase region rises, and bubble detachment occurs. In this
process, the interface profile is almost same as reference, but there are little gaps. When the bubble rise problem without
phase change is simulated by Phase Field method and Level-Set method respectively and compared?29, there are also
little gaps. Therefore, the gaps in this study are within a valid range. Fig. 7 shows the visualization results of the evolution
of the interface profile and temperature field of Case2. The results show that film boiling can be simulated even at high
density ratios by the present method.
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Fig. 6 Evolution of the liquid-vapor interface for Casel. The blue line indicates liquid-vapor interface
at ¢ = 0.5. (a) indicates reference result by Level-Set method?. (b) indicates present result.
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Fig.7 Evolution of the liquid-vapor interface for Case2. The white line indicates liquid-vapor interface
at ¢ = 0.5 and color indicates temperature. The temperature is made dimensionless as

T = (T" — Tsqr)/(Ty — Tsqe) Where T* is the dimensional temperature.

4. Conclusions

In this study, the velocity-based Phase Field LBM is improved to simulate high density ratio two-phase flows
including phase changes with large interface deformations. The macroscopic equations are derived based on the C-A-C
equation and the phase change at the interface is modeled as a source term!®). The LBM is improved by adding forcing
terms and the source terms based on the Chapman-Enskog theory to simulate these macroscopic equations. Moreover, in
order to improve the numerical stability at high density ratios, the collision term is changed and the method of calculating
the gradient of the order parameter is improved. These methods are verified by the Stefan problem, the droplet evaporation
problem, and the film boiling problem. These results show that the present method is valid. Moreover, it is shown that the
present method can simulate high density ratio two-phase flows including phase changes with large interface
deformations.
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