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variables at cell centers are given from the solution of macroscopic governing differential
equations (Navier-Stokes equations recovered by multiphase lattice Boltzmann (LB) model)
by the finite volume method. At each cell interface, the viscous and inviscid fluxes
are evaluated simultaneously by local reconstruction of solution for the standard lattice

f:{t‘;gnsc;ltzmann model Boltzmann equation (LBE). The forcing terms in the governing equations are directly treated
Flux solver by the finite volume discretization. The phase interfaces are captured by solving the phase-
Multiphase flows field Cahn-Hilliard equation with a fifth order upwind scheme. Unlike the conventional
Finite volume method multiphase LB models, which restrict their applications on uniform grids with fixed time
Diffuse interface method step, the MLBFS has the capability and advantage to simulate multiphase flows on non-

uniform grids. The proposed solver is validated by several benchmark problems, such as
two-phase co-current flow, Taylor-Couette flow in an annulus, Rayleigh-Taylor instability,
and droplet splashing on a thin film at density ratio of 1000 with Reynolds numbers
ranging from 20 to 1000. Numerical results show the reliability of the proposed solver for
multiphase flows with high density ratio and high Reynolds number.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Multiphase flows of incompressible fluids are ubiquitous in nature and of great interest in both science and engineer-
ing applications [1-4]. To effectively simulate such flows, various numerical methods, including volume of fluid (VOF)
method [5], level set approach [6], front tracking method [7] and diffuse interface methods [8,9] have been proposed. Among
them, the lattice Boltzmann method (LBM) [10,11] received more and more attention in recent years. As a mesoscopic
method with microscopic models, LBM has an instinct kinetic nature and only involves simple algebraic manipulations of
streaming-collision processes. Due to these attractive features, many multiphase lattice Boltzmann (LB) models [12-25]
have been developed for simulating multiphase flows with low- and large-density-ratios [26-30] during the past two
decades.
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The early attempts in the 1990s were focused on the development of reliable multiphase LB models [13-17]. The first
model, also known as color-gradient model, was perhaps proposed by Gunstensen et al. [13]. This model introduces an
additional two-phase collision step to control interfacial interactions caused by surface tension. Later, Shan and Chen [14,15]
developed a potential multiphase LB model for multiphase and multi-component flows by introducing inter-particle
interaction forces. Although it cannot satisfy the momentum conservation law at a local position [14], the Shan-Chen
(SC) LB model has attained much popularity due to its overall accuracy and ease for implementation. Unlike the color-
gradient model, Swift et al. [16] introduced a thermodynamically consistent multiphase LB model based on the free-energy
functional, which successfully satisfies the momentum conservation law. Unfortunately, due to the intrinsic density vari-
ation across the interface in multiphase flows, this model lacks Galilean invariance which plagues its wide application.
He et al. [17] proposed a double-distribution-functions (DDFs) model based on the kinetic theory. One of the DDFs is
adopted for the evolution of pressure and velocity field and the other DDF is used to capture the interface of different
phases.

Due to numerical instability, these multiphase LB models [13-17] restrict their applications for multiphase flows with
low- and/or moderate-density-ratio. There were also several attempts to develop multiphase LB models for multiphase flows
with large-density-ratio [18-23] during the past decade. A projection-like LB model [19] was proposed by enforcing the
incompressibility condition through a pressure-correction process. This model has been applied for binary flows with density
ratio up to 1000. However, the pressure correction step [19] spoils the simplicity and efficiency of the LBM. To get a more
effective model, Lee and Lin [20] and Lee and Liu [21] proposed a stable discretization algorithm for LBE on the basis of the
DDF model [17]. Their method introduces the thermodynamic pressure tensor in a specific form and directional derivatives
to stabilize the solution process. Zheng et al. [22] later proposed an improved LB model, which is able to accurately recover
Cahn-Hilliard equation, i.e., the interface capturing equation. Yan and Zu [23] combined the projection-like LB model [19]
and the free energy model [24,25] to simulate multiphase flows with large density ratio and partial wetting surfaces.

The multiphase LB models mentioned above [12-25] share the same advantages of LBM, such as intrinsic kinetic nature,
simple streaming and collision processes, and explicit feature. On the other hand, the disadvantages of the LBM are also
kept by these models, such as limitation to uniform mesh, tie-up between the time step and the mesh spacing, and complex
implementation of boundary conditions. To eliminate the drawbacks of the LBM, a lattice Boltzmann flux solver (LBFS) for
single phase flows has been recently presented [31-33]. LBFS is a finite volume solver for direct update of the macroscopic
flow variables at cell centers. The single-phase LB model is applied locally at the cell interface to reconstruct the viscous
and inviscid fluxes simultaneously. Due to the local application of the LBM, LBFS not only successfully eliminates the pre-
viously mentioned drawbacks of the LBM but also effectively combines the advantages of the Navier-Stokes solvers and the
LBM.

In this series of work, we aim to develop a multiphase lattice Boltzmann flux solver (MLBFS) for effective simulation of
incompressible multiphase flows with both low and large density ratios. As mentioned above, the multiphase LB model is
usually very complicated due to consideration of forcing terms in the model itself. This drawback can be overcome in the
developed MLBFS since LB model is only applied at each cell interface locally. To be specific, we start from the macroscopic
governing differential equations recovered by conventional multiphase LB models, which will be solved by the finite volume
method. Then we consider the standard LBE without forcing terms and perform the Chapman-Enskog expansion analysis.
From the analysis, we can establish relationships between fluxes in the governing differential equations and density dis-
tribution functions in the standard LBE. These relationships will be used to evaluate fluxes at each cell interface during
finite volume discretization of governing differential equations. The forcing terms in the governing differential equations
are directly treated by the finite volume method. Since the standard LB model is applied locally at each interface, and
flow variables at cell centers are given directly from the solution of macroscopic governing equations, the physical bound-
ary conditions can be directly implemented. Apart from the flow field, the evolution of the interface is modeled by the
Cahn-Hilliard equation, which is solved by the fifth-order upwind scheme. Overall, the MLBES can be effectively applied for
multiphase flows with large density ratios on non-uniform grids, and retains the simplicity and advantages of the standard
LBM. In addition, as compared with the conventional N-S solver, the present method is also much simpler and more flexible
for applications on body-fitted grids by avoiding the application of staggered grid and the pressure-velocity coupling. The
reliability and capability of the MLBFS will be validated by its application to simulate several test examples such as the
two-phase co-current flows with density ratio up to 1000, Taylor-Couette flows in an annulus, droplet spreading on a flat
plate, Rayleigh-Taylor instability and droplet splashing on a thin film.

2. Methodology
2.1. Governing equations

To show the governing equations of the MLBFS, the macroscopic Navier-Stokes (N-S) equations, recovered by the mul-
tiphase LB model [21], are described first. After that, the standard LBE model, which does not involve external forcing
terms, will be analyzed by the multi-scale Chapman-Enskog expansion analysis. From the analysis, relationships between
the fluxes in the governing differential equations and density distribution function in the standard LBE will be established.
These relationships will then be incorporated into the final governing equations.
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Fig. 1. The D2Q9 lattice velocity model.

2.1.1. Macroscopic Navier-Stokes (N-S) equations
The macroscopic governing equations, recovered by the multiphase LB model [21], can be written as:

d
<a—f+u-Vp>+pch'u=O, (1a)
apu T
T+V-(pu®u):—Vp+V[M'(VIH‘(VH) )]+ Fs. (1b)

where p is the fluid density, u is the flow velocity, p is the pressure and F; is the surface tension. Note that, in the recovery
of Eq. (1), complicated external forcing terms are involved in the evolution equations of the conventional multiphase LB
model [20,21]. The existence of these external forcing terms may introduce additional errors and spoil the simplicity of the
LBM. To eliminate this drawback, the standard LBE without any external forcing terms is analyzed and applied to derive the
governing equations of the MLBFS.

2.1.2. Standard lattice Boltzmann equation (LBE) and Chapman-Enskog expansion analysis
The standard LBE for multiphase flows of binary immiscible fluids can be written as:

a (1, 0) — fo(r,0)
= ,

fo(r+eqde, t+8¢) = fo(r,t) +

a=0,1,...,N (2)

where r = (x, y) represents a physical location, f, is the particle distribution function, t is the single relaxation parameter;
8¢ is the streaming time step and e, is the particle velocity in the « direction; N is the number of discrete particle velocities.
f&9 is the equilibrium state of f, given as follows:

ey u (ea-u)2—(cs|u|)2)]

“Ir,ty=w [ + cz( +
fa'(r,0) al| P+ PCg Csz 2(.‘;1

(3)

where the coefficients w, and the sound speed cs depend on the lattice velocity model. There are a number of lattice
velocity models for the two-dimensional (2D) cases. The most popular lattice velocity model is D2Q9 model shown in
Fig. 1, which can be written as

0 a=0,
ey =1 (cos[(ox — 1) /2], sin[( — 1)1 /2])c a=1,2,3,4, (4)
V2(cos[(a — 5)7 /2 4 7 /4], sin[(« — 5)7w /2 + 7 /4])c «=5,6,7,8.
Here ¢ = 8x/d:, 8y is the lattice spacing. For the D2Q9 model, the coefficients w, and the sound speed cs are given as
wo=4/9, Wi =wy =w3=wg=1/9 and w5 = wg = w; = wg = 1/36, ¢cs =c/+/3.
The particle distribution functions f, and their equilibrium states fo! satisfy the mass and momentum conservation
laws at any physical location:

N N
P=_f'= fu. (52)
a=0 a=0

N N
,oucf = Z foiqeoz = Z folq. (5b)
a=0 a=0
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The multi-scale Chapman-Enskog expansion analysis to Eq. (2) gives the following equations (details are shown in Ap-
pendix A):

—+V (Zeaf ) (6a)

dpctu
ot

+V.1=0, (6b)

where [T is the momentum flux tensor defined by

N
e 1 ne
Hﬁy = Z(ea)ﬂ(ea)y[faq + (1 - E) o q:|’ (73)
a=0
nel d e
2 =—rat(at +eq- ) 2. (7b)

As shown in Appendix A, after some manipulations, the above equations can be rewritten as

3
a—p +V - (pctu) =0, (8a)
3
% +V(pu@u) = —Vp+ V[u(Vu+ v —m¢/c?)], (8b)
where
1 3 3
= pci(t —1/2)é;. (10)

It can be seen that both the mass and momentum equations of Eq. (8) recovered by the standard LBE deviates from the true
N-S equations given by Eq. (1). Due to this discrepancy, the standard LBE model cannot be directly applied for simulation
of multiphase flows. To accurately recover Eq. (1), the conventional multiphase LB models usually add complex external
forcing terms into the LBE. As indicated earlier, the inclusion of external forcing terms may spoil the simplicity of the LBM
and introduce additional errors. In addition, the compatibility conditions for mass and momentum conservations shown in
Eq. (5) also become more complicated by including some gradient terms. To eliminate these drawbacks and effectively make
use of the advantages of the standard LBE model, we can incorporate the relationships of the standard LBE model into the
macroscopic governing equation (1).

2.1.3. Governing equations of MLBFS
By comparing Eq. (6) and Eq. (8), we can have the following relationships,

N

puct =Y fi'eq (11a)
a=0

(pu@u) +Vp — u(Vu+ (V") = (11 — n11¢)/c? (11b)

Substituting Eq. (11) into Eq. (1) gives

_+V (Zeafa)—i—u V(p — pcZ) =0, (12a)

dpuc?
at

+ V([T — pul1®) — Fsc2 =0, (12b)

where IT and I71¢ are respectively shown in Egs. (7) and (9). Note that in Eq. (12), the distribution function f, is given
by the standard LBE. Eq. (12) is the governing equation for the application of MLBFS. In the next section, we will discuss
numerical discretization of Eq. (12) by using the finite volume method.
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Fig. 2. Local reconstruction of LBE solution at cell interface, W = (p, pu, pv).

2.14. Finite volume discretization
A cell-centered finite volume method is applied in the MLBFS to solve Eq. (12) so that the flow variables
(W = (p, ,oucf, pvcg)) can be marched in time at the cell centers. Integrating Eq. (12) over a control volume £2;, we have
the following formula:
dw; 1

— ReASy + Fr, 13
i Avi; kASk + FE (13)

Fp=(—u-V(p—pc?),2Fe, 2Fy)’, (14)

where AV; is the volume of £2;, and ASj is the area of the kth control surface enclosed £2;. The detailed expression of the
flux Ry at an interface depends on the lattice velocity model. The D2Q9 lattice model shown in Fig. 1 is applied here. If we
define the distribution functions f} as

1
fo= §q+<1—5) a (15a)

a
szz—r&(5;+ea-V> P (15b)
then the flux Ry can be written in detail as:

(e (f77 = f57 4 f57 = f&' = F77 + f5D +ny (7 = f37 + f57 + fg' = f77 = fg)]
Rio=| nx(f{* + f3 + f§ + f& + 7 + f — -7 +ny(fg = f§ + f7 = f8 — - 1155) (16)
n(f8 = f§ + 7 = fg — - I3 +ny(f + 2 + &+ [+ [+ fg — - TT3)) |,

where n, and ny are the x and y components of the unit outer normal vector on the kth control surface. In Eq. (15), T is
defined by the kinematic viscosity v:

1
v:c?(tu—§>-8t. (17)

To evaluate the flux Ry at the cell interface, the unknowns are f}' and Hj?k according to Eq. (16). As shown in Eq. (9), Hj?k
only includes the velocity and first order derivatives of the density and pressure. The numerical value of IT¢, can be easily
calculated at the cell interface by discretizing these terms directly. The key issue, to evaluate the flux Ry, is the evaluation

of f{ at an interface between two adjacent control volumes. Details of the evaluation procedure are given below.

2.15. Evaluation of f} at a cell interface by MLBFS

Consider an interface between two adjacent control volumes shown in Fig. 2. The evaluation of f is performed at
the middle point of the interface. According to Eq. (15), both the equilibrium density distribution functions fs! and non-
equilibrium density distribution functions fy*' are included in f}. The evaluation procedure for fg' and fy* are illustrated
respectively.

Through Taylor-series expansion to Eq. (15b) with the second order of accuracy, fy°! can be approximated by fs! at the
cell interface and its surrounding points:

[ ) ==t [ [ 0) — ol (r—eqde. t — 8p)] (18)

Here in Eq. (18), r represents the mid-point of an interface between two adjacent control volumes. Following the convention
of the LBM and according to Eq. (3), fol(r — eqd:,t — &) can be computed from p, u and p at (r — ey d;,t — 8;). As shown
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in Fig. 2, if r; and r;;q are defined as the physical positions of the two cell centers respectively, p, u and p at the location
r — eyd; can be calculated by interpolation with given flow properties at these cell centers. One possible interpolation
formulation for p, u and p can be given as:

i —eydt —ri) -V i), — eyl isi ;
w(r_eaét’t_at)z{w(r)ﬂr ead —Ti) - VY (1) when r — e, 8 is in 2 o)

Y(rip1) + (r —egde —rip1) -V (rip1), whenr —eyd; isin 244

where 1 represents the flow variables p, u and p. After interpolation of these flow properties, fol(r —eqd;,t — &) can be
computed using Eq. (3).

The only left unknown is fel(r, t). In a similar way to those for fol(r —eqd;, t—8), fol(r,t) can also be computed by p,
u and p at (r,t) using Eq. (3). p(r,t) and p(r,t)u(r,t) can be constructed by the LBM solution as [31-33]:

N
par.ty=Y  fa'(r—equd,t—5), (20)
a=0
N
pr,Our, 0c; =" fol(r—eqd,t —8)eq, (21)
=0
N
Pt ="y Wop(r— eyt —5), (22)
a=0

where, fol(r — eqd:,t — &) has already been evaluated and wy is the coefficient given in Eq. (3). Note that Eq. (22) has
the second order of accuracy in space due to the isotropic property of the first rank lattice tensor. By applying Egs. (3)
and (20)-(22), fo(r,t) can be calculated.

Once fg'(r —eyd, t — &) and f5'(r,t) are obtained, fy*! can be computed by using Eq. (18) and then f' can be easily
calculated by applying Eq. (15a).

Once fJ' and H;?k are obtained, the flux at any interface can be evaluated according to Eq. (16). Then, the flow variables
at the cell center can be updated by solving Eq. (13) with a well-known temporal scheme such as the third order TVD (Total
Variation Diminishing) Runge-Kutta temporal scheme [34].

2.2. Cahn-Hilliard model for interface capture

In addition to the pressure evolution and momentum equations (12) for the pressure and velocity filed, the Cahn-Hilliard
model is applied in this work to capture the interface of two incompressible immiscible fluids in multiphase flows. The
governing equation of this model can be written as [21]:

aC )
o TV @O =MVpc, (23)

where C is noted as the volume fraction of heavier fluids in the range of [0, 1]; M is known as the constant mobility or
diffuse flow rate; the local density p is taken as a linear composition of the heavier and lighter fluids (py and pr) by the
volume fraction C:

p=Cpy+(1—-0)pr. (24)

In Eq. (23), ¢ represents the chemical potential determined by the total free energy of fluid-fluid or fluid-wall interfaces.

F(C,VC) =f(E0(C)+ §|VC|2>dV +/¢(cs)ds, (25)
Vv S

where the bulk free energy can be defined by Eg = BC%(C — 1) with a constant of 8; « is a fixed gradient parameter;
@ (Cs) represents the wall free energy per unit area. When an equilibrium state of the interface interactions is reached, the
total free energy is minimized. With this condition, the chemical potential  can be determined by:
dEp 2 2
/LCZY—KV C=2B8C(C—-1)(2C —-1) —kV-“C. (26)

If the thickness of an interface £ and the interfacial tension force o are given, the constants 8 and « in Eq. (26) can be
determined by the following two equations:

o=\2kB/6; Kk =PpE*/S. (27)
With the aid of the Cahn-Hilliard model, the expression of surface tension force applied in Egs. (12)-(14) can be written as:
Fs = (Fs, Fsy) =—CVpu. (28)
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In this work, Eq. (23) is solved by the finite difference scheme. In particular, the convective term V - (uC) is discretized
by the fifth-order Weighted Essentially Non-Oscillatory scheme (WENO) [35] and the diffusive term is approximated by the
central difference scheme. For regular domain with uniform grid, the WENO scheme and the central difference scheme are
applied directly in the Cartesian coordinate system. For curved boundary and non-uniform grids, Eq. (23) is transformed to
the form in the curvilinear coordinate system (computational space) first by using the body-fitted coordinate transformation.
As uniform mesh is used in the computational space, the conventional WENO scheme [35] and the central difference scheme
are applied to discretize relevant convective and diffusive terms. As an example, the convective term V - (uC) is taken to
illustrate the process. With coordinate transformation from the physical space (x,y) to the computational space (&, n),
V - (uC) can be written in the computational space as,

1] 0 ~ 0 ~
V~(uC)=—[—F+—G] (29)
JLog on
where F = g—%(uC) - g—;(vC), GC= —g—g(uC) - g—g(vC) and J = g‘%g_? - g—gg—; For numerical discretization, the first order

derivatives of F and G in Eq. (29) can be approximated by the WENO scheme [35] on the uniform mesh (in the computa-
tional space). The above process is also applicable to the diffusive term.

When a solid wall is encountered in the multiphase flow, numerical solution of Eq. (23) needs two physical boundary
conditions for interactions between the wall and fluids. Firstly, to ensure the mass conservation law, the boundary condition
for VZjuc at wall is given by the chemical potential gradient:

n- Vil =0, (30)

where n is the unit outer normal vector. Secondly, to minimize the total free energy contributed to the specified wall free
energy, the boundary condition for V2C are applied [21]:

1 VClyar = ©(Cwan — C21)v/28/k, (31)

where w is the non-dimensional wetting potential determined by Young’s Law. The equilibrium contact angle ¢ at the
three phase contact line can be computed by:

cos0% = —w. (32)

The contact angle 97 is determined by the material properties of the fluids and solid wall and can be given in advance.
2.3. Computational procedure

The overall computational procedure of the present MLBES for simulation of multiphase flows is summarized as follows:

(1) Firstly, specify the streaming distance 8y (8x = &;) at each interface. As shown in Fig. 2, the constraint that the location
of (r — e, d;) should be within either the cell £2; or the cell £2;11 must be satisfied;

(2) For any considered interface position r, calculate p, u and p at (r — eyd;) using Eq. (19) and further compute
fo' (r — g8, t — &) using Eq. (3);

(3) Obtain p, u and p at the cell interface using Eqs. (20)-(22), and further calculate f(r, t);

(4) Calculate the single relaxation parameter t using Eq. (17);

(5) Calculate fy*, and f§ by using Eqgs. (18) and (15a) respectively;

(6) Compute the tensor I7¢ using Eq. (9) and the source terms in Eq. (14);

(7) Evaluate the fluxes Ry at the cell interface by Eq. (16);

(8) Discretize Eq. (23) using the WENO scheme;

(9) Apply the 3rd order TVD Runge-Kutta temporal scheme to solve Eqgs. (13) and (23);

(10) Repeat steps (2-9) until converged solutions are obtained.

3. Numerical results and discussion

In this section, the MLBFS is validated by simulating several benchmark test cases. First, the two-phase co-current flow
with density ratio up to 1000 in a channel is simulated. The obtained results are compared with the analytical solutions.
Secondly, the flow of droplet spreading on a flat plate is simulated to examine the reliability of the MLBFS with complicated
boundary conditions. After that, to further examine the MLBFS for unsteady multiphase flows, the Rayleigh-Taylor instability
is investigated. This flow will be studied at both low and high Reynolds numbers. The fourth test case is droplet splashing
on a thin film with density ratio of 1000. This problem is studied to examine the performance of the present solver for
high-density-ratio multiphase flows.
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Fig. 3. Configuration and computational grid of the two-phase co-current flows.

3.1. Immiscible two-phase co-current flow in a 2D channel

The co-current flow in a 2D channel driven by an external force Fy is considered. The configuration and non-uniform
computational mesh of this flow are displayed in Fig. 3. In this figure, the non-wetting fluid 1 of density p; is placed in
the region |y| < a of the channel while the wetting fluid 2 of density py is within a < |y| < b. Fine grids around the phase
interface and near the wall are adopted. The analytical solutions of this flow can be found in [36,37].

Firstly, to examine the accuracy of the present solver, the flows at four different density ratios of R, = py /01 = 10, 20,
100 and 1000 are considered. The flow parameters are set as: v{ = v, = 0.01, a=50, b=100, py =1 and Fy=1 x 1072,
The external force Fy is exposed on either Fluid 1 or Fluid 2. A fine non-uniform grid size of 50 x 200 is applied for these
four cases. Figs. 4 and 5 show the velocity profiles for cases of the external force being exposed respectively on Fluid 1
and Fluid 2. Also included are the analytical solutions. It is seen that the present results agree excellently well with those
analytical solutions, which successfully validates the reliability of the present solver.

After that, we further examine its efficiency. A density ratio of R, = 10 is considered and the flow parameters are set the
same as those in the previous cases. Three non-uniform grid sizes of 41 x 11, 81 x 11 and 121 x 11 and one uniform grid
size of 121 x 11 are applied. Numerical simulations are carried out on Lenovo Laptop (Intel I3 core with 2.53 GHz and 4 GB
RAM). The time step is set locally for each simulation case. The maximum horizontal velocity Umnax and the computational
time on different grids are compared in Table 1. It can be seen that, the relative error between the present result obtained
on a non-uniform grid size of 81 x 11 and analytical solution is 1.33%, which is lower than 2.01% obtained on the uniform
grid size of 121 x 11. The computational time for the grid size of 81 x 11 is 547.9 s, which is improved by 62.6% as compared
with that of 1465.2 s on the uniform grid size of 121 x 11. Even for the same grid size of 121 x 11, the computational time
for non-uniform grid is much less than that for uniform grid due to the use of local time step.

3.2. Two-phase Taylor-Couette flows in two concentric cylinders

To further display the capability of the present solver for flows with curved boundary, the two-phase Taylor-Couette
flow is considered. The schematic diagram and typical body-fitted grid for this problem are depicted in Fig. 6. Two layers of
fluids are filled in the annulus. The inner cylinder of radius Ry is rotating with angular velocity w while the outer cylinder
of radius Ry is kept stationary. The interface is located at the middle of the annulus, which forms a circle with radius R;.
The dynamic viscosity of Fluid 1 and Fluid 2 and their ratio are denoted respectively as w1, 2 and M,/ = 2/ (1.

In the present study, the geometrical and flow parameters are set as: Ry =1, R; =2, R; = 1.5 and w = 0.05. With these
parameters, the analytical solutions for this problem at low Reynolds number can be given as follows:

{A1r+B1/r, r<1.5

Apr+ By/r, r>15 (33)

Ug =
where A} = (7—-16M)w/(20M +7), B; = 36wM/(20M +7), A; = —9w/(20M +7) and A; = 36w/(20M + 7). Three different
viscosity ratios of My, /., =1, 2 and 10 are tested and a grid size of 81 x 81 is applied. The no-slip boundary conditions are
applied on the cylinder surfaces in the same way as those in N-S solvers. Fig. 7 compares the numerical results with the
analytical solution. Obviously, good agreements have been achieved, which demonstrates one of the advantages of MLBFS,
that is, flexible for application on non-uniform mesh.
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Fig. 4. Velocity profiles of the two-phase co-current flows with py/p; = 10,20, 100 and 1000: forces on Fluid 1 (*Note that the velocity in panel (d) is
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3.3. Droplet spreading on a flat plate

In this section, we further examine how to implement the wetting condition in the MLBEFS. First, the no-slip
boundary condition should be applied on the wall. Besides, Eqs. (29)-(30) should be implemented when solving the
Cahn-Hilliard equation. Actually, the wetting condition is controlled by the non-dimensional wetting potential w in
Egs. (31).

In our simulations, a rectangular domain with a grid size of 200 x 100 is used. A horizontal wall is placed on the bottom
of the computational domain. The densities of liquid and gas are py = 1.0, pr = 0.1, the interface thickness is & = 3 lattice
unit and the surface tension is o = 0.001. A liquid droplet with radius of 25 lattice units is generated at the center of the
plate. Due to surface tension and the adhesion force between fluids and the wall, at beginning, the contact point moves
and the droplet deforms. When the droplet reaches an equilibrium state, the contact angle 8¢9 becomes constant. Through
specifying different w, four different contact angles of ¢4 = 30°,90°, 120° and 150° can be obtained as shown in Fig. 9.
Through measuring the equilibrium contact angles using a geometric formula, the measured contact angles are compared
with analytical ones in Fig. 8. It is seen that the contact angles obtained from MLBFS agree well with the theoretical
predictions.
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Table 1
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Comparison of computational efficiency on different grids for the co-current flows at density ratio of 10.

413

Grid Unmax Relative error (%) CPU time (s)
Present Analytical
41 x 11 0.001452 32 128.1
Non-uniform 81 x 11 0.001480 0.0015 133 547.9
121 x 11 0.001487 ’ 0.86 907.1
Uniform 121 x 11 0.001469 2.01 1465.2

(a)

Fig. 6. Schematic diagram and typical computational mesh of the two-phase Taylor-Couette flows.

3.4. Rayleigh-Taylor instability

(b)

The Rayleigh-Taylor instability of binary fluids under gravity involves very interesting phenomenon and has been in-
vestigated extensively by many researchers [17,38-44]. This benchmark case is also simulated here to test the proposed

MLBFS.

Consider a rectangular box of 2 =[—d/2,d/2] x [—2d, 2d] filled with two layers of fluids, heavy fluid (density oy) on
top of light one (density pr). This box is exposed under gravity. Periodic boundary conditions are applied to the left and
right boundaries. The wall boundary conditions are applied to the upper and lower boundaries. Initially, a perturbation
is generated through specifying the position of interface y(x) = 0.1d cos(2rx/d). Two non-dimensional parameters of this
problem can be defined based on the characteristic length d and time T = \/dTg: the Reynolds number Re = \/@ -d/v and
the Atwood number At = (py — p1)/(pu + p1). The kinematic viscosity v is identical for two fluids. The following parameters
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Fig. 8. Comparison of the equilibrium contact angles between the present results and the analytical data.

are applied for simulations: d = 200, \/@ =0.01, At=0.5 and p; = 1. A grid size of 200 x 800 is applied. In present study,
cases of Re =256 and 3000 are simulated.

For the case of Re = 256, the interface positions and velocities of bubble front of light fluid and spike tip of heavy fluid
are plotted in Fig. 10 respectively. Also included in these figures are the results obtained by the conventional LB solver of
He et al. [17] and Navier-Stokes solver of Nourgaliev et al. [43] for comparison. It can be seen that the present solutions
lay between those of Refs. [17] and [43]. The evolutions of the interface at different times are illustrated in Fig. 12, where
19 equally spaced density contours are plotted in each picture. At early time, the falling spike of heavy fluid and rising
bubble of light fluid are formed. After initial evolution, two counter-rotating vortices are generated adjacent to the falling
spike due to the rolling-up of the heavy fluid. As the evolution continues, these two vortices are slough off and a pair
of secondary vortices are formed at the tails of the roll-ups. The roll-ups and secondary vortices can be explained by the
Kelvin-Helmholtz instability [40]. All these observations agree well with those in the literature [17,38-41].

For the case of Re = 3000, the simulation is more challenging because the convective terms in the N-S equations dom-
inate the flow and may encounter numerical instability. We try to simulate this problem at high Reynolds number to
verify the capability of MLBFS. The present numerical results of the interface positions at Re = 3000 are shown in Fig. 11.
The Navier-Stokes solutions of Ding et al. [44] by using the high order WENO scheme and those of Guermond and Quar-
tapelle [41] by applying a projection FEM are also included for comparison. Good agreements are reached among the results.
The instantaneous patterns of the interface positions at different time are displayed in Fig. 13. Similar phenomenon, like roll-
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Fig. 10. Positions and velocities of the bubble and spike fronts for the Rayleigh-Taylor instability at Re = 256.

ups and secondary vortices at low Reynolds number of 256, can be clearly observed. These comparisons and observations
validate the reliability of the present solver for multiphase flows at high Reynolds numbers.

3.5. Droplet splashing on a thin film

In this section, the problem of a droplet splashing on a thin film is investigated to further validate the present solver for
multiphase flows with large density ratio and high Reynolds numbers. Previous studies of this problem [45-47] show that,
when splashing occurs, the impact radius defined in [45] obeys a power law. This law will be used to further validate our

scheme.
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The schematic diagram of this problem is depicted in Fig. 14, which shows a liquid droplet moving downward with
velocity U to a thin film in an ambient vapor field. The radius of the droplet and the height of the thin film are given
respectively as R and H. The density and viscosity of the liquid droplet and vapor are noted respectively as (oy, ny) and
(pr, mr). This problem can be normalized by two non-dimensional parameters: the Reynolds number Rey = 2pyUR/uy
and the Weber number Wey = 2pyU%R/c, where o is the surface tension. Since the flow is symmetric, the computational
domain in present study only involves half of the flow field to reduce the computational cost. The flow parameters are set
as U =0.004, R =100, pyg =1 in lattice units, and py/pr = 1000, @y /mr = 40Wey = 2000.

At first, a grid independence study is carried out on three different grids of 251 x 501, 376 x 751 and 501 x 1001 for
this problem at Re = 500. Fig. 15 shows the liquid-gas interfaces at T = 1. As shown in the figure, the interfaces obtained
on the finest grid of 501 x 1001 coincide well with those obtained on the grid of 376 x 751 except for a small fraction near
the finger tip of the splashing fluid. This indicates that the grid of 501 x 1001 is fine enough to capture the interface details
for this case.

After that, numerical simulations of this problem at six different Reynolds numbers of 20, 100, 200, 400, 500 and 1000
are carried out to demonstrate the performance of the present solver for multiphase flows at large density ratio and high
Reynolds number. The evolutions of the instantaneous interface positions for Re = 20, 100, 400 and 1000 are shown in
Figs. 16-19 respectively. When the Reynolds number is low (Re = 20), an outward-moving surface wave can be observed
from Fig. 16, which is also known as a deposition process. The splashing is not formed in this case. As the Reynolds number
is increased to 100, a liquid sheet coming out of the neck is observed from Fig. 17. Two liquid fingers at the end rim of
the splashing are generated after the impact of the droplet. These liquid fingers are strong enough to withstand the surface
tension force and viscous force so that instability or breakup of the splashing liquids does not occur at this Reynolds number.
As Re =400, similar splashing phenomenon can be observed from Fig. 18 as those at Re = 100. However, the thickness of
the fingers becomes smaller and instability occurs at the end rim of the liquid sheets. As Re is further increased to 1000, two
liquid fingers at the end rim of the splashing shown in Fig. 19 become even thinner, which forms a thin film in the direction
perpendicular to the plane. At T = 1.2, a tiny liquid droplet can be observed near the end rim of the liquid fingers. At T =2,
due to effects of the surface tension force and viscous force, these fingers are so instable that a breakup occurs at the end
rim of the liquid sheet. It can also be seen from Figs. 16-19 that the interface curve in the middle part is disappeared after
some time. The reason may be that air entrainment phenomenon occurs in a narrow region between the droplet and the
thin film immediately after the impact of droplet on the liquid film. As the impact continues, the narrow zone occupied by
air gets thinner and thinner since the air is being drained out from the neck of the region. This phenomenon has also been
found experimentally in [48]. As the impact continues further, some air is entrapped in a much narrower region and/or
scattered zone. The scale of the entrapped air, which is comparable or smaller than the interface thickness, is so small that
it is not visible (disappear). This can also be found in the reference of Lee and Lin [20]. As pointed out in [44], this is a
common feature that the DIM (diffuse interface method) restricts its ability in resolving small interfacial structures whose
scale is comparable to the interface thickness.

To quantify the present results, the non-dimensional impact radius r/(2R) is examined, the definition of which is given
in Ref. [45]. Previous studies [45,46] show that the impact radius generally follows the power law r/(2R) ~ a,/Ut/2R,
where the constant « is about 1.0 according the theoretical predictions [45]. The present results of the impact radius are
depicted in Fig. 20 as a function of non-dimensional time Ut/2R. As can be seen, the present numerical results agree well
with the prediction of the power law r/(2R) =~ /Ut/2R.
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Fig. 12. Evolution of the fluid interface for the Rayleigh-Taylor instability at Re = 256.

4. Conclusions

This paper presents a multiphase lattice Boltzmann flux solver (MLBFS) for effective simulation of incompressible multi-
phase flows with large density ratio and high Reynolds number. The MLBFS applies the finite volume method to solve the
N-S equations. Both the viscous and inviscid fluxes are evaluated in a simple and easy way at the cell interface by the local
reconstruction of the LBE solutions. The external forcing terms are handled directly in the solver. Due to the local application
of the LBM and the finite volume method, the present solver has the following advantages: (1) it retains the advantages of
the standard LBM in the flux reconstruction process; (2) it can be effectively applied on non-uniform grids with more stable
temporal schemes while the conventional multiphase LB model restricts its applications on uniform grids with fixed time
step; (3) it has a much simpler and more straightforward way to deal with external forcing terms and boundary conditions.

The MLBFS has been validated through several numerical tests of the two-phase co-current flows with density ratio up
to 1000, two-phase Taylor-Couette flows in an annulus, Rayleigh-Taylor instabilities at the Reynolds number of 256 and
3000, and droplet splashing on a thin film at density ratio of 1000 with a Reynolds number ranging from 20 to 1000. Good
agreements have been achieved between the MLBFS solutions and benchmark data published in the literature. The good
agreements verify the reliability of the MLBFS for simulation of multiphase flows with large density ratio and high Reynolds
number. The capability of the MLBES for applications on non-uniform grids is also demonstrated.

Appendix A. Chapman-Enskog expansion analysis

By introducing multi-scale expansion, the density distribution function, the temporal derivative and the spatial derivative
can be expanded respectively as

1 2
fo=fO +efP + 22, (Ala)
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Fig. 13. Evolution of the fluid interface for the Rayleigh-Taylor instability at Re = 3000.

T=4.

Vapor (p,,4,)

R .n
B | U
»w "Liquid (PJ,': /1;;)

R

T

Fig. 14. Schematic diagram of the droplet splashing on a thin film.

5 0 50

—=c—+¢
ot dto datq
Vi =€V,

s

where ¢ is a small parameter proportional to the Knudsen number.

(A1b)

(Alc)



Y. Wang et al. / Journal of Computational Physics 280 (2015) 404-423 419

Re =500
T =1

Grid 250X500 —
Grid 375X750
Grid 500X1000 ———

Fig. 15. Grid independence study for the droplet splashing on a thin film at Re = 500.
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Fig. 16. Evolution of the instantaneous interface for the droplet splashing on a thin film at Re = 20.

Fig. 17. Evolution of the instantaneous interface for the droplet splashing on a thin film at Re = 100.

By performing Taylor series expansion in time and space for Eq. (2), the following differential equation with the second
order of accuracy is obtained,

<3+e -V)f +ﬁ<3+e -V)zf +i(f —fe)+0(82)=0 (A2)
at “rta2\at * s Y e e/ == ‘
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Fig. 19. Evolution of the instantaneous interface for the droplet splashing on a thin film at Re = 1000.

Substituting Eq. (A.1) into Eq. (A.2) gives the following three equations in terms of ¢ order,

0(e%): (fa” — fa")/(x80 =0, (A3)
D o, 1 o
0(¢e): — —fa’ =0, A4
e Dig o T 8, fa (A.4)
afo 1I\D .4y 1 .o
0(£2): 1—— | — WV — 2o, A5
( ) datq +< 2T>Dl’0 o +‘E(St o ( )

where D%) = (3"’70 +ey - Vq).
By taking summation of Eqs. (A.4) and (A.5) over «, the following equations on the ty and t; time scales can be derived:

—+v1 (Zeaf ) (A.6)

ap

T - (A7)
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Fig. 20. The predicted spread radius at different Reynolds numbers for droplet splashing on a thin film with density ratio of 1000.

Similarly, by taking the first-moment summation of Eqs. (A.4) and (A.5) over «, the resultant equations on the tp and t;
time scales can be written as:

9 2
L LR A (O3 (A.8)
8[’0
dpctu 1 )

1——|v,.-n1® =0, A9
iy +< 2:) ! (A.9)

where
. = Z(eamea)kfa, H},P——ratZ(ea),(ea)k : (A10)
a=0 a=0

Combining the resultant formulations of (A.6) and (A.7) on the ty and t; time scales, the pressure evolution equation is
derived

—+V (Zea ):0. (A11)

Furthermore, combining the resultant formulations on the ty and t; time scales, the following momentum equation is
obtained:

dpciu
at

+V.I1=0, (A12)
where [T is the momentum flux tensor defined by
1 N 1
0 1 eq neq
ijzn()-i-(]—z)n():;)(ea)j(ea)k[fa +<1_E> o :Ia (A-13)

3
;}eq=—rst<at +ey -v) . (A14)

To get the final expressions of the macroscopic governing equation defined by (A.12), the key issue is to determine I71. The
details to obtain [T are given below.

According to the definition of f&? in Eq. (3) and with the aid of the D2Q9 lattice velocity model, we can easily get its
first and second moments:
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N
Z eq fol = pciu, (A15a)
a=0
N
]k = Z(ea)](ea)kfa =c (p(sjk + pujug). (A.15b)
a=0

The tensor HO) on the time scale t7 is

H(l) —T(StZ(ea)](ea)k( +ey - Vl) aeq

ad
=—r8t|:8 H(0)+V1 Ze,]elke,lf i| (A15c)

i=0

The terms of - " Hﬂ) and V; 'Z?:o e,-,jel-,kei_ylf,.eq are given by:

n

Vi Zei,jei,kei,lfieq =Vi-p Y Wiei jikeieimlin
i=0 i=0
=civy. PA jkimUm = c?ax, (08jkdim + 08 i8km + P38 jmSk)Um
ouj  ouy 4 ap
= pCg ( ik V1 - U+ 8—( + W) + € (Sjeur + g + 3/<luj)a—xl,
in“}) = i(pcszzﬁjk + pujurc?)
atg 1% dtg

d 0 0 0
=c (Sjkat p+ujat (,oc uk)+uk8t (pc uj) —u;j uk (,oc )
d d 0
=cC ‘kaat p+uj [—TM(PCE) - M(pukumcsz)]

0 d d
+ uk[—a—xj(pc?) - E(pujumc?)} - ujuka—to(pcg)

0 0
2 _(pcgujukum)

=c25; 9 c2 u-8 +u
]katp s ]axkp kaxj 1 oxp

el a
Uitk (ocSum) — AT (oc?)

ap T 9 9
= cfajk[—,oc?v ‘u— CEHmM] —c? uja—xl{p + uka—xjp} — m(pcfujukum)

4 4 2 2
——pC 8 V 'u—(S‘Cum——C u—p+ —p PC U UUm
s jk ! ]k s 8Xm s ]8Xk kax 8Xm( s7 k )

With the low Mach number approximations, high order terms of o(Ma®), such as %(,ocfujukum), can be neglected. Then,

by combining g H<0) and Vq - Y ei jei ke f;?, the final expressions of /7)) can be given by

au ouy d a
I'Ij(,:) = —raf[pc <8x: + 8_x,<> - cf( ™ + ug ax})(p - ,ocsz)} (A.16)

Hence, with the aid of Egs. (A.15) and (A.16), the governing equations recovered by the lattice Boltzmann model can be
written as:

d
a—‘t’ +V - (pc2u) =0, (A17a)
d
% +V(pu®u) =—Vp+V[u(Vu+ (V) —m1¢/c?)], (A.17b)

where the dynamic viscosity u = ,ocf(t —1/2)8: and the error tensor is

1 d d
s, = ’O(uja—xk +u ax )(p pc?). (A17¢)
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