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A multicomponent multiphase (MCMP) pseudopotential lattice Boltzmann (LB) model with large liquid—gas density
ratios is proposed for simulating the wetting phenomena. In the proposed model, two layers of neighboring nodes are
adopted to calculate the fluid—fluid cohesion force with higher isotropy order. In addition, the different-time-step method is
employed to calculate the processes of particle propagation and collision for the two fluid components with a large pseudo-
particle mass contrast. It is found that the spurious current is remarkably reduced by employing the higher isotropy order
calculation of the fluid—fluid cohesion force. The maximum spurious current appearing at the phase interfaces is evidently
influenced by the magnitudes of fluid—fluid and fluid—solid interaction strengths, but weakly affected by the time step ratio.
The density ratio analyses show that the liquid—gas density ratio is dependent on both the fluid—fluid interaction strength and
the time step ratio. For the liquid—gas flow simulations without solid phase, the maximum liquid—gas density ratio achieved
by the present model is higher than 1000:1. However, the obtainable maximum liquid—gas density ratio in the solid—liquid—
gas system is lower. Wetting phenomena of droplets contacting smooth/rough solid surfaces and the dynamic process of
liquid movement in a capillary tube are simulated to validate the proposed model in different solid-liquid—gas coexisting
systems. It is shown that the simulated intrinsic contact angles of droplets on smooth surfaces are in good agreement with
those predicted by the constructed LB formula that is related to Young’s equation. The apparent contact angles of droplets
on rough surfaces compare reasonably well with the predictions of Cassie’s law. For the simulation of liquid movement
in a capillary tube, the linear relation between the liquid—gas interface position and simulation time is observed, which is
identical to the analytical prediction. The simulation results regarding the wetting phenomena of droplets on smooth/rough
surfaces and the dynamic process of liquid movement in the capillary tube demonstrate the quantitative capability of the
proposed model.
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1. Introduction

Over the last three decades, multiphase lattice Boltzmann
(LB) models have developed rapidly and have been employed
extensively in the field of computational fluid dynamics.[!-8]
As aresult of LB models not needing to explicitly track inter-
faces, these models are ideally suited to study physical phe-
nomena in the multiphase flow systems, e.g., bubbles mov-
ing in the liquid phase,>!%! wetting phenomena at the fluid—
solid interfaces,[!1-15] droplet—wall collisions,[!®! and droplet
splashing.!'”) Among the current multiphase LB models, the
pseudopotential LB scheme has attracted a lot of attention due
to its computational efficiency and simplicity in coding.!!=]
The pseudopotential LB model imposes non-local interactions
among fluid particles. Accordingly, when the interaction po-
tentials are appropriately chosen, different fluid phases can be
separated automatically.[®!1 The original multiphase pseu-
dopotential LB model proposed by Shan and Chen!'®! is, how-

ever, essentially limited to a small density ratio between the
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two fluid phases, owing to the increased spurious current at the
curved interface between different phases. =31 As a result, the
model becomes inappropriate for some real-world multiphase
fluid flows with large density ratios, such as the water-vapor
system.

Many efforts have been devoted to improving the perfor-
mance of pseudopotential LB models, in particular to increas-
ing the liquid—gas density ratio.!?'=*?! For single component
multiphase (SCMP) LB models, there are two typical tech-
niques to enlarge the density ratio of the two fluid phases: (i)
introducing realistic equations of state (EOS),?!-23! and (ii)
increasing the isotropy order of the interaction force.[?428]
Yuan and Schaefer>! proposed an LB model in which the
pseudopotential equations were derived from the different
EOSs, rather than straightforwardly defined as a function of
local density. By incorporating the appropriate EOS into the
LB models, such as employing the Carnahan—Starling*?! or

[23]

van der Waals'“>! real gas EOS, the liquid—gas density ratio
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could increase to higher than 1000:1.

As mentioned above, in the original LB models, the spu-
rious current appearing near a curved phase interface deteri-
orates the stability of calculations and thus restricts the den-
sity ratio of the liquid—gas phases to a small range.**! To
solve the problem, researchers have made efforts to seek the
best compromise between a large liquid—gas density ratio and
small spurious current.!?>-28 Shan>! considered that the spu-
rious currents existing in the multiphase LB models are caused
by insufficient isotropy of the discrete gradient operator. He
calculated the interaction force with higher order symmetry,
and hence the spurious current effectively decreased. Sbra-
gaglia et al.,'*%1 and Falcucci et al.'*’?% introduced a mid-
range potential interaction into the pseudopotential LB mod-
els using two layers of neighboring nodes to calculate the in-
teraction force. Using this approach, the spurious currents at
the phase interfaces are diminished by the higher isotropy or-
der. Other techniques, aiming at reducing the spurious cur-
rents to increase the liquid—gas density ratios of the pseudopo-

[29,30

tential LB models, include grid refinement, 1 adopting

proper force schemes,>'=3! and using the multi-relaxation-
time scheme. 36381

All the above approaches concern SCMP LB models. In
contrast, there are few reports on increasing the liquid—gas
density ratios of multicomponent multiphase (MCMP) pseu-
dopotential LB models, yet it is well known that many mul-
tiphase flows in nature and practice are composed of multi-
ple chemical components, such as water—air and alloy melt—
hydrogen gas flow systems. Liu ef al.**) and Chen ez al.[*0]
elevated the liquid—gas density ratio to a value of higher than
100:1 by imposing an interaction force among the same com-
ponent particles in the MCMP model. Bao and Schaefer!*!]
also incorporated the interaction force among the same com-
ponent particles, which was set to be 10° times higher than that
among the different component particles in previous MCMP
models. Using such an approach, the density ratio was in-
creased to 1000:1. This approach presents a weakness, be-
cause the imposed interaction force among the same compo-
nent particles might give rise to some problems. For exam-
ple, it affects the solubility of one component in the other
components.[!! Moreover, it also limits the achievable con-
tact angle ranges of droplets on solid surfaces.*’l Another
important topic in the field of the MCMP pseudopotential
LB model is to implement the different molecular weights
(pseudo-particle mass) with respect to the different fluid com-
ponents. The approaches that have been proposed include (i)
applying the interpolation technique or modifying the equi-
librium distribution function to derive the distribution func-
tions for different fluid components!*3# and (ii) adopting the
finite-different-based LB model.[*3] The two approaches are
feasible when the time steps of the different fluid components

are identical. However, the studies of adopting different time
steps with respect to the different fluid components remain
limited in the literature.

In the present work, based on the original MCMP pseu-
dopotential LB model developed by Shan and Chen,!'8! a
modified MCMP pseudopotential LB model is proposed to
simulate the liquid—gas flow with large density contrasts. In
the present model, the interaction force among the same com-
ponent particles is not considered. Instead, we employ a
scheme that adopts higher isotropy order to calculate the in-
teraction force, and is combined with a different time step
method. Using this approach, the liquid—gas density ratio is
enlarged, and the spurious current is restricted for the multi-
component multiphase system. The proposed model is used
to simulate the wetting behavior of droplets on smooth/rough
solid surfaces and the dynamic process of liquid movement
in a capillary tube. The simulated intrinsic and apparent con-
tact angles of the droplets on solid surfaces, as well as the
simulated time evolution of the moving liquid—gas interface
position in a capillary tube, are compared with theoretical pre-
dictions.

2. Model description

The techniques used in the present MCMP model involve
(1) using two layers of neighboring nodes to calculate the inter-
action forces between the two components, and (ii) adopting
different time steps for the two components.

(a)

Fig. 1. (color online) Sketch of the node distributions for calculating the
fluid—fluid cohesion force in (a) E4 and (b) E8 LB models.

Figure 1 shows the node distributions for calculating the
fluid—fluid cohesion force in the original and present pseu-
dopotential LB models, respectively. As shown in Fig. 1(a),
only the nearest nodes (nodes 1, 2, 3, 4) and the next-nearest
nodes (nodes 5, 6, 7, 8) are considered in the original model
to calculate the cohesion force, yielding the fourth isotropy
order (E4).!! In the present model, however, two layers of
neighboring nodes (24 nodes) are used to calculate the cohe-
sion force as shown in Fig. 1(b), obtaining the eighth isotropy
order (E8) that can reduce the spurious currents at the phase
interface.[>-2842] In addition, the time step of component 2
(the essential component in the gas phase) is set to be larger
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than that of component 1 (the essential component in the lig-
uid phase), so that the components with a large pseudo-particle
mass contrast can be implemented. This scheme takes into
account the fact that the mean free path of gas particles is
longer than that of liquid particles. This causes the period
of component 2 for accomplishing the processes of propa-
gation and collision to be Ar?/At! times longer than that of
component 1, where Ar! and Ar? are the time steps of compo-
nent 1 and component 2, respectively. Accordingly, the time
step ratio (Ar?/At') between the two components is set to be
A? /At! > 1 based on the E§ MCMP LB model. It is noted
that the computation efficiency of the present MCMP model
is inversely proportional to the value of the time step ratio.
The pseudo-particle mass ratio between the two components
is assumed to be m! /m* = 1000. This magnitude of m' /m? is
selected according to the large weight ratios of fluid particles

in real-world liquid—gas systems, such as alloy melt-hydrogen
gas flows.

The two fluid components are represented by two sets of
distribution functions. The processes of particle propagation
and collision are governed by the LB equations using the two-
dimension, nine-velocity (D2Q9) scheme:

Vi (az+e-At" t+Ar%) — [ (x,1)

= [ @ - @], (M
_1,2,1_0,1,...,8,

where f°(,t), Ar®, and 7° are the density distribution func-
tion, the time step, and the relaxation time of the o-th compo-
nent, respectively. The relaxation times of the two components
are adopted to be 7' = 72 = 1 in the present study. Discrete
velocities, €;, in the D2Q9 scheme are given by

(0,0), i=0,
e;=c-{ (cos[x(i—1)/2],sin[n(i—1)/2]), i=1,2,3,4, )
(cos[m(i—5)/2+m/4],sin[n(i—5)/2+r/4]), i=5,6,7,8,

where ¢ = Ax/At® is the lattice speed, and Ax is the lattice
spacing. The equilibrium distribution function, ff(em

, 1S ex-
pressed as
.. o
fic(eq)(waf) = wn’(z,1) 1+3(el ucz(wJ))
45(ej-u’(x,1))?  1.5(u(x,t))?
n (164( )" (Cg ) L 3)

where the weight coefficients @; are given as @y = 4/9,
®—4 = 1/9, and @s_g = 1/36, and n® is the number den-
sity of the o-th component, which is obtained from n° (x,t) =

8
Y. f°(,t). Based on the original MCMP pseudopotential LB
i=0

model, the time step-related macroscopic velocity uo(ca) (z,1)
is given by

2 [m° 8 At!
); o Y fP(xz,t)e;i x

U6<eq)($,l) _ o=l i=0 At°

Z fo"(fU )

o=1 1% i=0
T°F°(x,1)

", )
where m® is the pseudo-particle mass of the o-th component.
In the present study, the time steps of components 1 and 2 are
assumed to be Ar! = 1 and A¢> > 1, respectively. Since com-
ponent 1 accomplishes the propagation and collision processes
A2 /At! times with Ar!,
once with Ar2, it is considered that the microscopic veloc-

while component 2 accomplishes it

ity of component 1 should interact with that of component 2

At' /Ar? times. Therefore, in the numerator of the first term
on the right-hand side of Eq. (4), the time steps are taken into
consideration when calculating the microscopic momentum.
F°(x,t) in Eq. (4) is the interaction force acting on the o-
th component, which includes the fluid—fluid cohesion force
F? (z,t) and the fluid-solid adhesion force FJ (x,1).

In the original MCMP pseudopotential LB model with
E4 isotropy order, the fluid—fluid cohesion force acting on the
o-th component, which generates different fluid phases, is cal-
culated from

F°(x,t) = —G.y° (x,1) Zw,

i=1

(x+eA° t)e;, (5)

where ¢ and G denote the two different fluid components, G
is the fluid—fluid interaction strength that controls the cohe-
sion force and surface tension between two fluid phases, and
v (zx,t) and YO (x,t) are the pseudopotential functions.

As described above, for reducing the spurious current at
the phase interface, the present model adopts the E8 isotropy
order to calculate the cohesion force. Accordingly, equa-
tion (5) is rewritten as

F?(x,1) = =G y° (¢ [Zpll (z1i51) ey

+ Z Py tha eZi:| 3 (6)

where x; and x; denote the first layer (nodes 1-8 in Fig. 1(b))
and the second layer (nodes 9-24 in Fig. 1(b)) of the neighbor-
ing nodes, respectively. The numerical values of the weight
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coefficients, namely, py; and py;, are listed in Table 1.[25-28:421

In the present study, the periodic boundary condition is im-
posed on the walls of the computational domain. For the do-
main consisting of N, x N, computational nodes, the node in-
dex is assumed tobe i =0, 1,...,N, — 1 in the x-axis direction
and j =0,1,..., Ny—1 in the y-axis direction, respectively.
When the cohesive forces are calculated by using Eq. (6), the
~2,))
(close to the right boundary) involve those located at the po-
—4,j), (Ny—3,J), (Ny — 1, j) (the right bound-

ary), and (0, j) (the left boundary), respectively. The same ap-

neighboring nodes of the fluid particles at nodes (N,
sitions of (Ny

proach is used for the neighboring nodes of the fluid particles
located at the layers close to the other boundaries. The pseu-
dopotential functions of the two fluid components are taken
as fluid number densities, which are y°(x,t) = n®(x,t) and

Yo (w,1) =n°(x

,1), respectively.

Table 1. Weight coefficients of the E§ model.>-28:42]

Nodes le]? Dii D2i
1-4 1 4/21
5-8 2 4/45
9-12 4 1/60
13-20 5 2/315
21-24 8 1/5040

When the system includes a solid phase, the fluid—solid
adhesion force, F2 (x,t), acting on the o-th component is
computed from

-

I
-

Fds(

A 1) = —-Gon®(x,1) Y wis(x+ e t)e;, (7)

where s(x 4 e;At,¢) is an indicator function that is equal to 1
or 0 for a solid or a fluid neighboring node, respectively. The
interaction strength between the fluid and solid phases can be
In the
present work, a bounce-back rule is adopted on the fluid—solid

adjusted by the fluid—solid interaction parameter, G2, .

boundaries.

3. Results and discussion
3.1. Spurious current

In the present study, the spurious current is calculated

/Z

The E8 model, having a higher isotropy order than the origi-

from

(wt:Z O (x,t)n° (x,t)m

nal E4 model, is adopted to reduce the spurious current that
may deteriorate the stability of the LB model. In order to
examine the effect of spurious current reduction, the calcu-

lations of a stationary droplet equilibrated with gas phase are

conducted by using the E4 and E§ MCMP LB models, respec-
tively. For simplicity, the time steps and the pseudo-particle
= Ar’=]
and m' = m?=1 in Subsecttion 3.1, respectively. At the start

mass values of the two components are set to be At!

of the simulation, a droplet with an initial radius of 10 lat-
tice units is placed in the center of the computation domain
that is composed of 60x 60 lattice units. After the equilibrium
states are achieved, the maximum spurious currents appearing
at the liquid—gas interfaces are measured. Figure 2 shows the
comparison between the maximum spurious currents obtained
from the E4 LB model and those from E8 LB models. It is
shown that the maximum spurious currents for both E4 and
E8 models increase with the fluid—fluid interaction strength,
G., increasing. For a given G, however, the maximum spuri-
ous current in the E8 model is remarkably lower than that in
the E4 model. This result accords well with the result given
by Shan!®! regarding the SCMP LB model. It is shown that
the implementation of the E8 model with higher isotropy or-
der is capable of reducing the spurious current, thus effectively
increasing the computation stability of the MCMP LB model.

e
=
o

0.09

0.06

0.03

Maximum spurious current | |max

16 20 24 28 32 36 40
Fluid—fluid interaction strength G

Fig. 2. (color online) Comparison between the maximum spurious cur-
rents varying with the fluid—fluid interaction strength from the E4 model
and those from the E8 model.

3.2. Liquid-gas density ratio

In this study, the liquid—gas density ratio is obtained from
the calculations of a static droplet surrounded by the gas phase.
The computation domain size and the initial droplet radius
are identical to those in Fig. 2. After the droplet equili-
brates with the surrounding gas phase, the droplet is mainly
composed of component 1 with slightly dissolved compo-
nent 2. In contrast, component 2 is the essential compo-
sition of the gas phase with a slight amount of component

I. Therefore the liquid—gas density ratio is calculated from

pi/pe = (m'n} +m?n )/(mlné—i—mzné),where nll,nlz,né, and
né are the number densities of component 1 and component 2

in the liquid and gas phases, respectively. The liquid—gas den-
sity ratio can be affected by several factors, such as the values
of the fluid-fluid interaction strength (G, ), the time step ratio
(At? /At!), the relaxation times (t! and 72), and the pseudo-
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particle mass ratio (m'/m?) of the two components. In the

2 m!, and m? are assumed to

present study, the values of 7!, 7
be unchanged, while the effects of G, and Ar? /At! are system-
atically studied.

Figure 3 presents the obtained liquid—gas density ratio
(P1/pe) as a function of time step ratio (Ar>/At') with vari-
ous values of fluid-fluid interaction strength (G.) by using the
proposed model. It is shown that the liquid—gas density ra-
tio increases with G, increasing when Ar? /At! is fixed. Note
that the value of G, controls the separation degree of the two
components. As a result, a larger G, tends to reduce the sol-
ubility of component 1 in the gas phase, which accordingly
reduces the gas density and elevates the liquid—gas density ra-
tio. On the other hand, for a given G, the liquid—gas density
ratio increases as Ar> /At! becomes larger before it approaches
to a relatively stable value. It is found that as the time step
ratio increases, the quantity of the fluid particles of compo-
nent 1 in the gas phase gradually becomes lower, which fa-
cilitates the higher liquid—gas density ratio. Under the condi-
tion of Ar*>/At' = 8, the maximum liquid—gas density ratio is
achieved. When the time step ratio is assigned as At> /At! > 8,
the quantities of the fluid particles of component 1 in the lig-
uid and gas phases almost remain stable, leading to a nearly
unchanged liquid—gas density ratio. In Fig. 3, it is found that
the maximum liquid—gas density ratio achieved by the present
model is p;/p; = 1079 under the conditions of G. = 4.6 and
A2 /At = 8.

& gas —A— G.=4.6
~
3 1500} @ —0— G, =38
Qo
e —0—G,=3.0
S 1200} :
N
2 000 a4 A—A—NA A
1] L
=1
% /A /O/O\O\O——O—O_O
N _o

% 600} o°
o0

S
7'2 s0k © _g—o—8—0—0—o—0o—o
=} D/D
g o—
= 0 1 1 1 1 1

2 4 6 8 10 12 14
Time step ratio At2/At!

Fig. 3. (color online) Liquid—gas density ratios varying with time step
ratio for various fluid—fluid interaction strengths.

As discussed above, the spurious current appearing at the
interface is one of the key factors that hinder the liquid—gas
density ratio from being elevated. The influences of the fluid—
fluid interaction strength G. and time step ratio As>/At! on
the maximum spurious current are tested, and the results are
presented in Fig. 4. The upper-left inset in Fig. 4 illustrates
the map of the velocity distribution, indicating that the max-
imum spurious current appears at the liquid—gas interface. It

can be seen from Fig. 4 that the magnitude of the maximum

spurious current is strongly dependent on the fluid—fluid in-
teraction strength G, but weakly influenced by the time step
ratio Ar? / At'. Apparently, the maximum spurious current in-
creases with G, for each Ar?/At!. 1t is found that to obtain
stable calculations of a static droplet surrounded by gas phase,
the maximum applicable fluid—fluid interaction strength G is

around 4.6.

0501 \ —A—G.=4.6
0.45F ~ ’/ ‘V" ‘ \’\\\\‘ lu]  —o— G.=38
0.40F ’ ‘:}‘w‘ ) —0O0— Gc =3.0
035F  x - Y

0.30F A /A__A__A__A/A\A\A_A\A

Maximum spurious current |u|max

0.25}F oo
0.20p 0—0—°7°7° T0—o0—0
015 g—p_p—o—0—0—0=—0—p_ _n

2 4 6 8 10 12 14

Time step ratio At?/At!
Fig. 4. (color online) Plots of maximum spurious current varying with
time step ratio for various fluid—fluid interaction strengths.
It should be noted that the maximum liquid—gas density
ratios discussed above are for the case of the static multiphase
flow. When the external fluid flow is introduced in the com-

[46] the achievable max-

putation domain, e.g., the shear flow,
imum liquid—gas density ratio is found to become lower than

that obtained from the static liquid—gas flow.

3.3. Intrinsic contact angles of droplets on a smooth solid
surface

The proposed model is used to simulate droplets on a
smooth solid surface with various intrinsic contact angles. The
simulation domain is composed of 100x 100 lattice units and
the droplet radius is initially taken as 15 lattice units. The time
step ratio is fixed as Ar*> /At! = 8. For a given fluid—fluid inter-
action strength G, the intrinsic contact angle of a droplet on

a solid surface is determined by the fluid—solid interaction pa-

2
ads*

simulations by using the original MCMP LB model reported

rameters, namely Géds and G7,.. Regarding the contact angle

in the literature, the relationship between G, and G2, is not
unique.['#1 In the present study, G., = —G2,, is adopted in

the simulations of contact angles, which is identical with the
configuration in the work of Huang et al.'*’! Figure 5 illus-
trates droplets on a smooth solid surface with different con-
tact angles simulated by using the corresponding values with a
fixed fluid—fluid interaction strength of G, = 3.0. The contact
angles in Fig. 5 are measured by using the approach proposed
by Huang et al.[*7]

Sukop and Thorne!'”! and Huang et al.!*”) introduced two
forms of empirical formulas that are composed of the LB inter-

action strengths and related to Young’s equation. The empiri-

084701-5



Chin. Phys. B  Vol. 26, No. 8 (2017) 084701

cal formulas can be used to predict the intrinsic contact angles
simulated using the original MCMP pseudopotential LB mod-
els. Since the present model implements the higher isotropy
order and the different-time-step method, the previous empir-
ical LB Young equations in the literature!!®#”) are not appro-
priate for this work. Thus, a new empirical formula of Young’s
equation is established based on the simulations of Fig. 5. The
interaction strengths, G, G, and G2, which are related to
the interfacial tensions between the fluid—fluid and fluid—solid
phases, are rearranged to construct an empirical formula of
Young’s equation as follows:
Gzlids - ngs - Gallds,90 - ngs,90

cosO = , 8
0o+ 0y ®

25

where G}ids’% and Gﬁdspo are the fluid-solid interaction

strengths when the contact angle is 90°. p; and pg are the
liquid and gas densities, respectively. It is noted that equa-

tion (8) has a form similar to the empirical formula suggested
47]

by Sukop and Thorne!'®! and Huang et al.!

Fig. 5. (color online) Simulated contact angles with the fluid—fluid inter-

action strength of G, = 3.0 and the fluid-solid interaction strengths of (a)
Gl =—-G2.=0.7,(b) Gl = —G%;, =0.54,(c) G}, = - G2, = 0.36, (d)

a ads ads
Gias = —Gagy = 0.1, (€) Gy = —Glgg = —0.26, () Gy = — Gy = —0.5

ads ads — ads —
(red: solid, blue: liquid, green: gas).

Figure 6 shows the comparison between the LB simula-
tions and calculations by Eq. (8) for the contact angles as a
function of fluid—solid interaction strength with various values
of fluid—fluid interaction strengths G.. As mentioned above,
the magnitude of G determines the surface tension and den-
sity ratio of liquid—gas phases. It can be seen that the simulated
contact angles are in good agreement with those calculated by
Eq. (8) for a wide range of contact angles, even though the
simulations deviate slightly from the predictions of Eq. (8) in
the high contact angle region for the case of G, = 3.5, and
the maximum difference is around 8.6°. Moreover, as shown
in Fig. 6, in the range of 0 < G;ds < 0.2, corresponding to the
contact angle region of 80° < 6 < 100°, the influence of G, on
the contact angles is relatively limited. However, as the contact
angles increase or decrease, departing from 90° by regulating
Gl , the effect of G. becomes increasingly evident. For ex-

ads’
ample, with fixing Gallds = 0.1, the contact angles remain close

to 90°, regardless of the variation of G.. In contrast, the con-
tact angles can be obviously influenced by G, with selecting
Gly, = —0.5 or G, = 0.6 which produces high or low val-
ues of contact angles, respectively. Figure 6 also reveals that
the wettability of the smooth surface increases when adopt-
ing a larger G ;.. This is because a higher magnitude of Gl
leads to a stronger adhesion force between the solid surface
and component 1 that is the essential composition of the lig-
uid droplet. The stronger adhesion force drives the droplet to
spread on the surface and hence a relatively low intrinsic con-
tact angle is obtained.

160 F
< 140}
>

(]

g 120t
=]

< 100}
-

g sof
g

Q

Q 60_
9

-g 40+
a

= 20t

—0.4 0 0.4 0.8

Fluid—solid interaction strength Glas

Fig. 6. (color online) Comparison between LB simulations (symbols)
and predictions by the empirical formula of Young’s equation (lines)
regarding the droplet contact angles on a smooth surface.

Figure 7 shows the liquid—gas density ratio in the pres-
ence of solid phase as a function of the droplet intrinsic contact
angle with various values of fluid—fluid interaction strengths
G.. It is seen that for a fixed value of G, the liquid—gas den-
sity ratio almost remains stable with a slight decreasing trend
as the intrinsic contact angle becomes larger. For a fixed in-
trinsic contact angle, the increase of G, elevates the liquid—gas
density ratio drastically.

o0
< —A—@G, =35
< 800} —0—G.=
o liquid 0—G.=30
5
: | osolid  TOTC T2
5 600F A
E’ A-DL-D—DDANNApp
]
; 400
_lo 0-0-0-0—0-0—0-0-0-0-0-0-0-0-0
5 200
g 0-0-0-0-0-0—0-0-0-0-0-0—0-0
— 1 1 1 1 1 L 1 L
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Intrisic contact angle 6/(°)

Fig. 7. (color online) Liquid—gas density ratios as a function of intrinsic con-
tact angle in the presence of solid phase for various fluid—fluid interaction
strengths.

Comparing Fig. 7 with Fig. 3, it is found that the liquid—
gas density ratio in the presence of the solid phase is nearly
identical to that of the liquid—gas system without the solid
phase when the same level of G, is adopted. For example,
when G¢ is taken to be 3.0, the liquid—gas density ratios are
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both around 300:1 for the two systems with and without the
presence of a solid phase. However, the applicable G, value
for the solid-liquid—gas system is smaller than that for the
liquid—gas system, which hinders the liquid—gas density ratios
from being enlarged to a high level in the presence of a solid
phase. To explain this phenomenon, the maximum spurious
current is analyzed for the solid-liquid—gas system.

0.50

<

S

&
T

0.35F
0.30F
0.25F

0.20F

Maximum spurious current |u|max

0.15F

O -o-o-

0‘10 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Intrisic contact angle 6/(°)

Fig. 8. (color online) Maximum spurious currents as a function of intrin-
sic contact angle in the presence of solid phase for three diferent fluid—fluid
interaction strengths.

Figure 8 illustrates the maximum spurious currents in the
presence of a solid phase as a function of the intrinsic con-
tact angle for three different values of fluid—fluid interaction
strengths G.. In the present two-dimensional (2D) study, the
maximum spurious current is found to appear at the solid—
liquid—gas three-phase contact points as shown in the velocity
contour map in Fig. 8. This implies that for the same value
of G, the maximum spurious current appearing in the solid—
liquid—gas system is larger than that in the liquid—gas system.
Moreover, it can be seen from Fig. 8§ that for a certain G, the
intrinsic contact angles within 90° < 6 < 110° produce rela-
tively small values of the spurious current. Note that the intrin-
sic contact angles in this range correspond to the simulations
adopting fluid-solid interaction strengths of Gl ;. = —G2, ~0.
As the contact angles are regulated to higher or lower degrees
by increasing |Gl | and |G2,|, the spurious current is accord-
ingly elevated, indicating that the spurious current is enlarged
by the fluid—solid interaction force. For a certain value of the
intrinsic contact angle, the spurious current is apparently en-
larged by the increase of G.. As discussed previously, the
local intense spurious currents may lead to non-convergent
computations. The magnitude of G, is thus restricted to a
lower level for the solid-liquid—gas system than that for the
liquid—gas system, owing to the fact that there is higher max-
imum spurious current appearing in the solid-liquid—gas sys-
tem. Since G, is a dominant parameter responsible for enlarg-
ing the liquid—gas density ratios as shown in Figs. 3 and 7, it is
evident that the achievable maximum liquid—gas density ratio

in the simulations of the solid-liquid—gas system are smaller
than that of the liquid—gas system. In the present work, the
maximum liquid—gas density ratio obtained from the solid—
liquid—gas system is around 600:1.

3.4. Apparent contact angles of a droplet on rough solid
surfaces

Li e al.*® performed simulations of the apparent con-
tact angles of droplets on rough surfaces by using two types
of SCMP pseudopotential LB models. The intrinsic contact
angles of the droplets in their LB models were regulated close
to 138°. After the steady states of the droplets were achieved,
the apparent contact angles were measured and compared with
the predictions of Cassie’s law. To further demonstrate the va-
lidity of the present MCMP LB model, the wetting behaviors
of droplets on rough surfaces are also simulated. The compu-
tation domain consists of 150100 lattice units and an initial
droplet with a radius of 30 lattice units is placed on the rough
surface. As shown in Fig. 9, the rough surface is composed
of square pillars. The width, pillar—pillar spacing, and height
of the square pillars are selected as w =6, s =3, and 7 = 20
lattice units, respectively. The initial droplet radius and the
geometrical configuration of the rough surface are taken to be
identical with those used in the study of Li er al.1*® The time
step ratio is set to be Ar>/At! = 8 that is identical with those
used in the simulations of droplets on a smooth surface in Sub-
section 3.3. With respect to the three liquid—gas regimes de-
termined by G. = 2.5, G, = 3.0, and G, = 3.5, the fluid—solid

interaction strengths are regulated as G1;, = —G2,. = —0.36,
Gl =—-G2 = —0.42, and Gl = —G2,, = —0.45, respec-

tively, to obtain an intrinsic contact angle of 137.7°. After the
droplets reach the steady state on the rough surfaces, the ap-
parent contact angles, measured from the simulated droplets
shown in Fig. 9, are 142.4°, 140.0°, and 140.0°, respectively.
According to Cassie’s law, ] the apparent contact angle of a
droplet sitting on the top of the pillars can be calculated from

cosB* = fcosO+ f—1, 9)

where 6* and 0 denote the apparent contact angle and the in-
trinsic contact angle, respectively and f is the area fraction of
the liquid—solid contact surface with respect to the horizon-
tally projected plane of the droplet base. In the present (2D)
study, according to the shape of droplets on the rough surfaces
shown in Fig. 9, f is calculated from f = 5w/(Sw+4s) =5/7.
Substituting the area fraction f = 5/7 and the intrinsic contact
angle 8 = 137.7° into Eq. (9), the apparent contact angle is
computed to be 8* a 144.5°. Thus, the relative errors between
the simulation data measured from Fig. 9 and the predictions
of Eq. (9) are all less than 3.2%. In the work of Li et al.,[3]
the simulated apparent contact angles on the rough surface are
all around 146.0°. It can be found that the simulated apparent
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contact angles in Fig. 9 are also close to the simulation re-
sults obtained by Li et al.[*3] These obtained agreeable results
indicate that the proposed MCMP LB model can reasonably
describe the wetting phenomena of droplets on rough surfaces
in solid-liquid—gas systems with various interaction strengths.

Fig. 9. (color online) Simulated patterns of liquid droplets sitting on a
rough surface. Three cases of simulations have identical intrinsic con-
tact angles of 137.7° by adopting (a) G, = 2.5 and GldS =-G2

a ads —
—0.36, (b) Gc = 3.0 and Gy, = —G%,, = —0.42, (¢c) G. = 3.5 and
Gl =-G!
ds

A ads = —0-45 (red: solid, blue: liquid, green: gas).

3.5. Dynamics of capillary flow

The above contact angle simulations are all for the static
cases. In order to demonstrate the validity of the present
MCMP LB model for the simulation of fluid dynamics in
the liquid—gas—solid coexisting system, the dynamic process
of liquid movement in a capillary tube is simulated. Liquid
moves in a capillary tube due to the pressure difference over
the curved liquid—gas interface, which is simulated using sev-
eral types of LB multiphase models, and can be taken as a
benchmark for assessing the capability of a multiphase model
for the simulation of dynamic problems.>%-?] The position of
the moving liquid—gas interface in the capillary tube can be
expressed as follows:[>?]

dé

TR (10)

Yicos0] = © & + (L~ )]
where 7 is the surface tension, 0 is the intrinsic contact angle,
r is the width of the capillary tube in the 2D study, & is the
real-time position of the liquid—gas interface in the capillary
tube, u; and u, are the dynamic viscosities of the liquid and
gas phases, respectively.

In the present study, the computation domain consists of

300x25 lattice units. In the middle portion of the computation

domain, namely, 75 < x < 225, placed is a horizontal capil-
lary tube with a width of 17 lattice units. The liquid region is
initialized at the position of 100 < x < 270, and the remaining
region is filled with the gas phase. Thus, the initial liquid—gas
interface position on the left-hand side, &, is x = 100 in the
computation domain. The simulation parameters, including
the time step ratio and interaction strengths, are assigned to be
identical with those of Fig. 9. Consequently, according to the
simulations of Fig. 9, the intrinsic contact angles are 137.7°
for the three liquid—gas regimes distinguished by G. = 2.5,
G. = 3.0 and G, = 3.5 that determine different surface ten-
sions. Figure 10 displays the time evolutions of liquid move-
ment in the capillary tube when the interaction strengths are
taken as G, = 3.0 and G;ds = _ngs = —0.42. It is observed
that after the calculation is started, the initial plane liquid—gas
interface becomes curved, and the liquid moves in the capil-
lary tube gradually towards the right-hand side.

25 75 125 175 225 275
Position x

Fig. 10. (color online) Simulated liquid movements in a capillary tube
(red: solid, blue: liquid, green: gas).

Since the relaxation times of the two components are
adopted as t! = 72, the dynamic viscosities of the liquid and
gas phases are identical, namely, t = U,. Therefore, equa-
tion (10) can be rewritten for the LB simulations as

&
v
where M is a parameter and defined as M = |cos 8|r/(6yL).

My, Y

As described in Subsection 3.4, with respect to the three
liquid—gas regimes determined by G. = 2.5, G, = 3.0, and
G, = 3.5, the contact angles are regulated to be identical.
Therefore, M in Eq. (11) is a constant in the simulations of the
three liquid—gas regimes. It can be seen from Eq. (11) that the
variation of the liquid—gas interface position, &, with respect
to simulation time, 7, is linear. The slope of the £~ line is pro-
portional to the surface tension, y. In the present MCMP LB
model, the surface tension can be calculated through Laplace’s
law by measuring the pressure difference across the liquid—gas
interface and the radius reciprocal of the spherical droplets. It
is obtained that the surface tensions of the three liquid—gas
regimes are Y = 0.35, ¥y = 0.42, and y = 0.51 for G, = 2.5,
G. = 3.0, and G, = 3.5, respectively, showing that the surface
tension, 7, increases with the fluid—fluid interaction strength,
G..

Figure 11 shows the plots of the simulated position of
the curved liquid—gas interface in the capillary tube versus
simulation time for different values of fluid—fluid interaction
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strengths, G.. The symbols in Fig. 11 represent the simu-
lation results, and the lines are the linear fitting plots of the
symbols. Note that the linear relation between the liquid—gas
interface position and simulation time is observed, which is
identical with the analytical prediction of Eq. (11). In addi-
tion, it is found that the slope of the £~ line increases with
the increase of fluid—fluid interaction strength, G.. The slopes
can be determined from the linear fitting plots in Fig. 11,
and obtained as d& /dr = 9.65x 1077, d& /dr = 1.17 x 107°,
and d&/df = 1.37 x 107° for G. = 2.5 (y = 0.35), G. = 3.0
(y =0.42), and G, = 3.5 (y = 0.51), respectively. Accord-
ingly, the slope of the £~ line is approximately proportional
to the surface tension, which is identical with the analytical
prediction by Eq. (10). Liu et al.!>?! performed the simula-
tion of the capillary flow by using a color-fluid multiphase LB
model, and also obtained the linear relationship between the
liquid—gas interface position, &, and time, ¢. These agreeable
results demonstrate the capability of the present MCMP LB
model when dealing with the dynamic problems in the liquid—
gas—solid systems.

A - -G.= o
165 - Ge=35 e o”

150
135
120

105 o'

Liquid—gas interface position &

Simulation time ¢/10°

Fig. 11. (color online) Time evolutions of the liquid—gas interface posi-
tion in a capillary tube for various fluid—fluid interaction strengths (sym-
bols: LB simulations, lines: linear fitting).

4. Conclusions

In the present study, a modified multicomponent multi-
phase (MCMP) pseudopotential lattice Boltzmann (LB) model
with large liquid—gas density ratios is proposed. Two layers of
neighboring nodes are employed to calculate the fluid—fluid
cohesion force, which can elevate the isotropy order of the
interaction force and effectively reduce the spurious current.
Different time steps for the two fluid components, with a large
pseudo-particle mass contrast, are implemented in the pro-
posed MCMP LB model. It is found that the liquid—gas density
ratio can be elevated by increasing G, at a fixed Ar>/At!. For a
given G, the liquid—gas density ratio increases as At> /At! be-
comes larger before it approaches to a relatively stable value.
For the liquid—gas flow system without solid phase, the largest
liquid—gas density ratio is observed to be p;/p, = 1079 under
the conditions of G, = 4.6 and Ar?> /At = 8.

The maximum spurious current appears at the liquid—gas
interface for the liquid—gas system and at the solid-liquid—gas
three-phase contact points for the flow system in the presence
of a solid phase. The maximum spurious current is found to
be obviously elevated by increasing G, but weakly affected
by At?/At'. Moreover, the magnitudes of the fluid—solid in-

teraction strengths, namely G, and G2

ds ~ds» have less effect on

the liquid—gas density ratio, but influence the spurious current
clearly. Accordingly, the applicable G, value for the solid—
liquid—gas system is smaller than that for the liquid—gas sys-
tem, which hinders the liquid—gas density ratio from being
enlarged to a high level in the presence of solid phase. As
a result, the achievable maximum liquid—gas density ratio is
smaller than that obtained from fluid flows in the absence of a
solid phase.

Different contact angles of droplets on both smooth and
rough solid surfaces are simulated by using the proposed
MCMP LB model. The different intrinsic contact angles are
obtained by adjusting the interaction strengths. An empir-
ical formula of Young’s equation containing LB interaction
strengths is proposed to predict the intrinsic contact angles.
The intrinsic contact angles obtained from the simulations and
calculated from the suggested LB Young’s equation are in
good agreement with each other. With the droplets sitting on
the tops of the pillars of a rough surface, the simulated ap-
parent contact angles with various interaction strengths accord
well with the predictions of Cassie’s law. Moreover, the dy-
namic process of liquid movement in a capillary tube is simu-
lated. Under the condition of the liquid and gas phases having
an identical dynamic viscosity, the linear relation between the
liquid—gas interface position in the capillary tube and simula-
tion time is observed, and the slope of the linear line is approx-
imately proportional to the surface tension. These simulation
results of the liquid movement in a capillary tube are consis-
tent with the analytical predictions. The simulations of the
static and dynamic problems show that the proposed MCMP
LB model is capable of reasonably simulating the wetting phe-
nomena in the solid-liquid—gas coexisting systems with large
liquid—gas density ratios.
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