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Lattice Boltzmann model with self-tuning equation of state for multiphase flows
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A lattice Boltzmann (LB) model for multiphase flows is developed that complies with the thermodynamic
foundations of kinetic theory. By directly devising the collision term for the LB equation at the discrete level, a
self-tuning equation of state is achieved, which can be interpreted as the incorporation of short-range molecular
interaction. A pairwise interaction force is introduced to mimic the long-range molecular interaction, which is
responsible for interfacial dynamics. The derived pressure tensor is naturally consistent with thermodynamic
theory, and surface tension and interface thickness can be independently prescribed. Numerical tests, including
static and dynamic cases, are carried out to validate the present model and good results are obtained. As a
further application, head-on collision of equal-sized droplets is simulated and the elusive “bouncing” regime is

successfully reproduced.
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I. INTRODUCTION

The lattice Boltzmann (LB) method, first introduced in
1988 [1], uses a set of distribution functions with discrete ve-
locities to depict complex fluid flows. Due to its kinetic nature,
the LB method shows potential for considering microscopic
and mesoscopic interactions. It is therefore believed that this
method is particularly suitable for multiphase flows, which are
complex at the macroscopic level but are much simpler from
the microscopic viewpoint. The applications of the LB method
to multiphase flows emerged in the early 1990s [2] and have
significantly increased in the past decade [3].

Although various LB models for multiphase flows exist
[4-6], criticisms have been raised for a long time [7,8]. In
the pseudopotential LB model [4,9], a pairwise interaction
force is used to mimic the microscopic interaction, which
can recover nonideal-gas effects and interfacial dynamics at
the same time. However, such simultaneous recoveries make
this model suffer from thermodynamic inconsistency, though
significant progress has been made in approximating the coex-
istence densities close to the thermodynamic results [10-12].
In the free-energy LB model [5,13], the thermodynamically
consistent pressure tensor is directly incorporated to produce
the dynamics of multiphase flows. Thus, the annoying eval-
uations of (high-order) derivatives are unavoidable, though
improvements have been made to remedy the violation of
Galilean invariance in this model [14—17]. Different from the
pseudopotential and free-energy models, the multiphase LB
model has also been developed from kinetic theory via sys-
tematic discretization procedures [6,8]. Complicated equiv-
alent force terms exist in this model and severe numerical
instability is encountered. Improved models were formulated
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[18,19] at the price of sacrificing the underlying physics and
computational simplicity.

In this work, we develop an LB model for multiphase flows
complying with the thermodynamic foundations of kinetic
theory analyzed by He and Doolen [8]. The underlying molec-
ular interaction responsible for multiphase flows is divided
into short-range and long-range parts, which are incorporated
by constructing an LB model with self-tuning equation of
state (EOS) and introducing a pairwise interaction force,
respectively. The present LB model has the advantages of the
popular pseudopotential and free-energy LB models and is
free of the aforementioned drawbacks. The remainder of this
paper is organized as follows. In Sec. II, an LB model with
self-tuning EOS is developed, and in Sec. III, the application
of this model to multiphase flows is analyzed and discussed.
Numerical tests are then carried out in Sec. IV to validate the
present LB model for multiphase flows, and a brief conclusion
is drawn in Sec. V.

II. LB MODEL WITH SELF-TUNING EOS

With the presence of a discrete force term F,;, the LB
equation for the density distribution function f; can be gen-
erally expressed as [20,21]

fix+ed;,t+36)

)
=fi+6F,— A (fk -+ Eth,k>

Aj S
—Fij<5jk - Tjk)(fk - keq+3t u,k)

5
~8,0,-Vo - S -Vp,. (1)

where e; is the discrete velocity, A;; is the collision matrix in
discrete velocity space, and the right-hand side (RHS), termed
the collision process, is computed at position x and time .
On the RHS of Eq. (1), the last three correction terms are
introduced to eliminate the additional cubic terms of velocity
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in the recovered macroscopic equation at the Navier-Stokes level [20], where p, . denotes the EOS directly recovered by the LB
equation. Owing to the explicit physical significance of the moments of distribution function, it is more convenient to construct
the collision term in moment space than in discrete velocity space. Orthogonal moments without weights are adopted [22], and
the RHS of Eq. (1) is transformed into moment space:

i} 8 S b 8y
m=m+§,F, — S<m —m% + EtFm> — R(I — 5) <m —m% + EtFm) - 8T -Vp— ;X VDo )

where m = M(f;)" is the rescaled moment with M being the dimensionless transformation matrix [22], and m denotes the
post-collision moment. For the sake of simplicity, the two-dimensional nine-velocity (D2Q9) lattice is considered here [23], and
the extension to three-dimensional lattice is straightforward though tedious. The equilibrium moment function m®d = M( ffq)T
is devised as

m* = [,0, 2a1p + 281 + 3pli)?, aap + Bon — 3plt|* + 9pi2i>

x%yo

~ ~ ~ A~ A ~ ~A A ~ ~ ~ ~ 17T
pily, —pliy + 3pi, 3, pity, —pity + 3piyiy, p(is — @), piyiy] )

where @t = u/c with lattice speed ¢ = §,/6;, n is introduced to achieve the self-tuning EOS, and «; > and B, » are coefficients
that will be determined later [see Eq. (25)]. The corresponding discrete force term in moment space F,, = M(Fl,,i)T is set as
follows:

F,, = [0, 6F -0, —6F - & + 9[Fa0d].yy, Fr, —F, + 3[Faa],,,,
E,, —F, 4 3[Fada],.,, 2(F.a, — Fya,), F., + ﬁy,;x]T, 4)

where F = F/c, [---] denotes permutation (e.g., [Fad] = Fad + aFa + aaF) and the subscripts denote tensor indices. In
Eqs. (3) and (4), the high-order terms of velocity correspond to the third- and fourth-order Hermite terms in f; and F,;,
which are necessary to eliminate the additional cubic terms of velocity [20,24]. The macroscopic density p and velocity u are
defined as

p=L s pu=Zeiﬁ+%F. )

Once the equilibrium distribution function in the LB equation is changed to achieve a self-tuning EOS, Newtonian viscous
stress cannot be recovered correctly and Galilean invariance will be lost (as recognized previously [13,25]). From the Enskog
equation for dense gases in kinetic theory, we note that an extra velocity-dependent term emerges in the collision term [7,8,26].
Inspired by this fact, some velocity-dependent nondiagonal elements are introduced in the collision matrix S:

s O 0 0 0 0 0 0o o0
0 s, ksw, O hﬁxsqa)e 0 hﬁ_ysqa)e 0 0
0 0 S, 0 0 0 0 0 o0
0 0 0 8; 0 0 0 0 o0
S=|10 0 0 0 S, 0 0 0 0, (6)
0 0 0 0 0 8; 0 0 o0
0 O 0 0 0 0 8, 0 o0
0 0 0 0 2biys,wp 0  —2bitys,wp s, O
_0 0 0 0 bﬁysqa)p 0 bﬁxsqa)p 0 S, |

where w, , =, ,/2— 1, and k, h, and b are coefficients that will be determined via the second-order Chapman-Enskog (CE)

analysis [see Eq. (25)]. Note that this improved collision matrix is still invertible, and the inverse matrix S™! is given in
Appendix A.

To entirely eliminate the additional cubic terms of velocity in the recovered macroscopic equation at the Navier-Stokes level,
the correction matrices R, T, and X are set in the following forms [20]:
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where the nonzero elements can be uniquely and locally deter-
mined via the second-order CE analysis. In Egs. (7b) and (7c¢),
T 7.3 and X 73 are vectors, which mean that the dimensions
of T and X are 9 x 2. Note that R, T, and X are of order
Ma?, Ma?, and Ma?, respectively, with Ma denoting the lattice
Mach number, and thus the corresponding correction terms in
LB equation have negligible effects on the numerical stability.

A. Second-order analysis

To determine the coefficients in m® and S, as well as
the nonzero elements in R, T, and X, the second-order CE
analysis of the above LB model is carried out in this part.
For the LB equation [i.e., Eq. (1)], performing Taylor series
expansion of f;(x + e;§,,t+ §;) centered at (x, ¢), and then
transforming the result into moment space, we can obtain

8
(18, + D)m + Ef(la, +D)’m

82
+€’(18, +D)’m —F, + 0(5})

S+RI S m meq+5’F
8, & 2 2"
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5 P s, Pue
where D = M[diag(e; - V)IM~!. In this work, the following

classical CE expansions are adopted [26]:

400
=Y &y, V=2V,
n=1
+00
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n=0
which indicate
400
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Here, ¢ is the small expansion parameter. Substituting the
above expansions into Eq. (8), we can rewrite Eq. (8) in the
consecutive orders of ¢ as follows:
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e 8,(m m) — 3r< 2>(m )
(10a)
|

=5, (s G(l) + ks, o, G(l)—i—hu S, G4 + hilys,w, Ggl)) +

—8,1m + coy ( (o)+m4

1 M . M
—a—t(spG7 + 2biiys,0,Gy " —

1
0 0
= E),1m7( ) + Caxl( m3( )

3

A 1)
2buysqa)pG6 ) + 5_r

S

2 0y o
el @3 +Dpm?¥ —F) = 260 4 =G - G,
t t

(10b)
. S R/, S

&1 9om@ 4+ 19, + DGV =— —m® — —(1- = Jm®,
5 s\ 2

(10¢)

where G =m® +6,/2FD, GO = I-S/2)G", and

GV = A-R/2)GV -8, T/2-Vip — 8:X/(2¢*) - Vi pise
are introduced to simplify the descriptions.
Based on the £%-order equation [i.e., Eq. (10a)], we have

&0 m©® — mea (11)
which further indicates that
G =60 =G = o, mg” =0 (¥n > 2),
GV =6"=6"=0, m=0n>2), (12
G(l) G(l) G(l) —0, mg’” =0 (Vn > 2),

by considering Eq. (5). Extracting the &'-order equations for
the conserved moments mg, ms, and ms from Eq. (10b) and
considering Egs. (11) and (12), the following macroscopic
equation can be obtained:

1. {8tlp+V1'(,0“)=0, (13)
" 18i(pu) + Vi - (puu) = =V p,, +FD,
where the directly recovered EOS p, . is
Pue = €12+ )p + i, (14)

and ¢; = ¢/+/3 is the lattice sound speed. Similarly, extracting
the £2-order equations for mg, ms, and ms from Eq. (10c) and
considering Egs. (11) and (12), we have

82 . {812)0 = 03

15
Onn(pu) =V, (1>

IO,

where the viscous stress tensor IV is generally expressed as

1A ~(1) 1A

n® = _Cz|:§G7 Gy :| . C2|:EG1 0 :|
~ (1) 1 A1) IPSIONN
Gy —2063 0 s01

(16)
1. Newtonian viscous stress

To calculate the viscous stress tensor given by Eq. (16),
the equations for the related moments (m, m7, and mg) at the
order of ¢! are extracted from Eq. (10b) as follows:

2~ N
2 - 6)
3
)+ cdy (my” +md) — (17a)
2 =) A0
(G737 -G7)
© Lo 1 o )
my" | — coy gms _§m6 - F,7 (17b)
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where the involved &!-order terms G;U, GZI), and G(ﬁl) can also be obtained from Eq. (10b)

1

—8—ng5“=3,1 my + cogm’ + coymy) — FL), (18a)
t
L ©) 1 n® LN m® O _ g

——sqG4 = 0;1my~ + oy 3 +3m2 +coymg’ — F, 4, (18b)
1 1

5,6 = dam{ + comg +cay,<3 ‘°>+3m§0’+m§°)>—F,;{>6. (18¢)
t

Multiplying Egs. (18a), (18b), and (18c) by k, hii,, and hil,, respectively, and then adding the results to Eq. (17a), the
following relation can be obtained after lengthy algebra:

125, ~a (1) A
—— G G
82—s, ! + ,( ! v)
hl(@r — 4)B1 — (@) +2 K31+ Bo) — 681 (1 —k R
= —Qa; +kay +k)Vy - (pu)+ L(rz = 4)B1 = (o )'BZ]U'VUO‘F BF1 + P2) — 6B )U'V1PL35+(2/31+kﬁ2)3r177

361 Bi

— {9k + M) 838:1 Py, + 92K + WAy Py

—f3[(1 = b2 — @k + h)aca]up +3[(1 — k)ad — 2k + h)ati,]d,10)
—cf

{

[9(1 — k)a} — 23k + h)is | pdyiity + [9(1 — k)as — 23k + h)i% | pdyity — 43k + h)itiiy p(dy1fty + Dy1ii)}
— {9V - (p@dlal) + 3hitydyi (pityity) + 3hite 0y (pit)) ) (19)

V

where Pz = Prse/ 2. To correctly recover the Newtonian viscous stress, one should have

20{1 +k0[2 4k = hl(ax—4)B1— (0l1+2)/32] = Jw

381 ’
h(3,31+/32/)gj6/31(1*k) =0, (20)
281 + kB = 0.

Here, a crucial parameter @ is further introduced, and it is worth emphasizing that @ cannot be simply set to 1 following the
classical LB model with ideal-gas EOS. Otherwise, a singularity will be encountered [see Eq. (25)] and the present model should
degenerate into the classical LB model. Moreover, there exist some third- and fifth-order additional terms of velocity in Eq. (19),
which can be simply ignored under the low Mach number condition. As a better choice, eliminating the third-order terms (i.e.,
cubic terms) will be discussed later.

Multiplying Egs. (18b) and (18c) by 2bii, and —2bit,, respectively, and then adding the results to Eq. (17b), the following
relation can be finally obtained:

2. .
(1) 1 (1)
___”G7 +8_(G§)_G7 )

2b —NHB1— (42 6b—2)B,+2b
=—[ax1(pux) dy1(puy)3 [, =4)p ;l (@t2)pl xaxm—uyaylp)ﬂ)ﬂ#(uxaxlﬁLBE—uyaylﬁwE)

+c{6bﬁxﬁy8x1ﬁLBE—6bﬁxﬁy8y1ﬁLBE} — {(u + 2bii it ) 10 — (u +2bu i ) yl,o}
—c{(30F +4ba3) poc1ity — (305 4 4bis) pdyiiiy | 4 c{6bity 0,1 (ot} ity) — 6bi 0y (i)} (21)

To correctly recover the Newtonian viscous stress, one should have

bl(er—4)B1— (1 +2)Ba] __ -1
B - ’
{ (6b=2)B1+2bf> __ 0 (22)
B -
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Multiplying Egs. (18b) and (18c) by bii, and bii,, respectively, and then adding the results to Eq. (17¢), the following relation
can be obtained:

U 2s, ooy 20200 A
R —E Gy -G
52—s, ts 8 5, (C 5)
bl(az —4)B1 — (a1 +2)p2] (Bb—1)B1 + bp> N R
[axl(puv)+ayl(pux)] 3 ﬂ] ! (My3x110+’4x3y1'0)+ ﬂ—ll(uyaxlpLBE+uxa}=1pLBE)

— cf3b(a + 203 0y)0c1 Py + 3b( + 2005 ) 041 Py | + c{b(5 4 287 0,) 051 p + (] + 20,5) 1 p}
+c{2bux iy p0c1lx + 2Dl 10 )payluy+2b(u +u ),o(Bxlu) +8y1ux)} —c{3bux xl( u ) buyayl(pﬁxﬁi)}. (23)

Similarly, to correctly recover the Newtonian viscous stress, one should have

bl(aa—4)B1 —(a1+2)Bp] __ -1
B - ?
Bb=DBi+bs _ y (24)
Bi :

Here, we note that Eq. (24) is actually the same as Eq. (22), which indicates that the diagonal and non-diagonal elements in the
traceless part of viscous stress tensor can be correctly recovered, or not, at the same time.

Equations (20), (22), and (24) give the constraints on the coefficients in m® and S required for the correct recovery of
Newtonian viscous stress. Considering that the classical LB model can be viewed as a special case of the present LB model,
Egs. (20), (22), and (24) must be compatible with each other. Solving these equations, we have

2 1 2 6w (1 — 11—
azz_ﬂ, ﬂzz—i, k=1—-w, h= @ w)’ b= w.
1l —w l—o 1-3w 1-3w
In practical applications, «; is set to —1 according to the ordinary equilibrium moment function derived from the Maxwell-
Boltzmann distribution, and B; is set to 1 as usual. Therefore, all the coefficients «,, B,, k, h, and b are uniquely determined
by @.

(25)

2. Cubic terms of velocity
From Egs. (19), (21), and (23), and considering R ~ OMa?), T ~ O(Ma?), and X ~ O(Ma?), we have G(ll) ~ 0 (Ma),
G%l) ~ O(Ma), and G;l) ~ O(Ma). Thus, the leading-order terms of Egs. (19), (21), and (23) can be given as

— 172G\ = 2w (@, + duy) + O(Ma?),

29 A,
~5 R G = 2p@aiuy — dy1uy) + O(Ma), 26)
2, N
—3 726Gy = 1p(duuy + By1u,) + O(Ma).

Based on Eq. (19) and G\ = G\" — L(R\,G" + R7GY" + RisGY + 8, T1 - Vip +8.X, - Vi p,,,), we have

1
5[2_

1 A A N
= 20 (it + Byity) + — (RnGi” + R G + RisGY + 8, Ty - Vip +8.X1 - Vip,,)

8[ 2_
— {92k + h)it 30,1 Py + 9<2k + )ALy Py )
—c{3[(1 = by} — @k + My} ]oep + 3[(1 = il — 2k + hyikit, 1oy 0}

{[9(1 — k)2 — 23k + h)a2 ] pditx + [9(1 — k)i — 23k + h)ﬁx]paylﬁy}
—4(3k 4 h)ity ity p(De1fly + Oy )

—c{9kV - (p@a;a}) + 3hity 0y (pityity) + 3hit 0y (pitc))}. (27)
To eliminate the additional cubic terms of velocity in Eq. (27) and with the consideration of Eq. (26), we can set

(9 — 15k —2h)s, 39 =3k +2h)s,(2—s,) 12k + h)s, (2 —s,)

Ry = I — ("A‘)zc +ﬁ§), Ry =— 42— ) (th - ﬁi)’ Rig = ) —s, Uxlly,
3@ =s [ =kl — 2k + hya,a? 92k + h)(©2 — s5,) [ 1,42
T = T[(l — i — Qk+ hiza, | T 2 a2, | (28)
Thus, Eq. (27) can be finally simplified as
1
~5 3 = 2w p(de1uy + dy1uy) + O(Ma’). (29)
2 —
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From Eq. (21), and considering G(l) G(l) 2(R71(A}§1) + R77(A?§1) + R78(A;§1) +6,T7-Vip+6:X7-Vip,.), wehave

1 2s
8,2

—r G(l) (R716(11) + R77G(7]) + R7SG§1) +8,T7-Vip+8:X7-Vip,)

1
= —p(0y1Uy — 0y —
P( u )luy)"f' 5, 2_Sp

+c{6b0, 0501 P — 66T A0y P} — c{ (8 + 200, 103) 0,1 p — (8 + 2b0%0,)0y10}
—c{(3aF +4bi3) poa ity — (305 4 4bi7) pdyiity } + c{6bity 0,1 (pit}ity) — 6bi, Dy (piy) ). (30)

To eliminate the additional cubic terms of velocity in Eq. (30) and with the consideration of Eq. (26), we can set

3 —4b)s,2—35s.) 3(3 +4b)s
R — _ e )4 A2 A2 , R — _ P (A2 A2 , R — 0’
71 4o (2—s,) (Mx My) 77 — (“x + uy) 78
2 i) + 2bii it Az i 0l %
T7=T|:_M —2bu i|, X;=-3b2 -5 )[ a2 12:| (31
Thus, Eq. (30) is finally simplified as
1 25, )
———0G; _p(axlux — dyiuy) + O(Ma’). (32)
8 2 — s, 3

Based on Eq. (23), and considering G(l) G(l) - '(Rg G( )+ R37G(1) + RggG( ) xTs - Vip+8,Xg-Vip,.), wehave
—liéél) = l,0(3x1bty + Oyiuy) + !
82— s, 3 2= s,
c{3 (u +2u )BxlpLBE +3b(u + 24,4 )aylﬁLBE}

+c{b(@) 4 2030y ) 051 p + (i + 20.43) 0,19}
{

+ c2bil iy p0y1il, + 2bliy il p0y1 11, +2b(u + i )p(axluy+8y1ux)}

(R81G(11) + Ry G + Rsséél) +8,Tg - Vip+8:X5- Vip,)

— c{3bux Xl(puxuy) + 3buy8y1(puxuy)}. (33)
Similarly, to eliminate the additional cubic terms of velocity, we can set
bs,(2—s o)

Rg = =25,

Xuya R87 = 03 R88 = 6bsp(ﬁi + '22)’

ity 362 — s,) [43 + 2424,
0 xe= | 4t 34
uu%] ’ 2 )+ G

and then Eq. (33) is simplified as
1 2s

— G = —p(axluy + dy1u,) + O(Ma). (35)
8[ 2 P

As given by Egs. (28), (31), and (34), the nonzero elements in R, T, and X can be uniquely and locally determined, and
the results are also consistent with the aforementioned conditions R ~ O(Ma?), T ~ O(Ma?), and X ~ O(Ma?). Based on
Egs. (29), (32), and (35), the viscous stress tensor given by Eq. (16) can be simplified as

oY = pv[Viu+uV, — (Vi -wI] + pc(V; - w4+ O(Ma’), (36)
where the kinematic viscosity v and bulk viscosity ¢ are given as

v=ci(s;' = 1/2)8.,  c=wmc (s, —1/2);. (37)

3. Macroscopic equation

Combining Eqgs. (13) and (15), and utilizing Eq. (36), the macroscopic equation at the Navier-Stokes level can be finally
recovered as follows:

{3zp+V-(pu)=

3 (pu) + V - (puu) = —Vp_. + F+V - {pu[Vu +uV — (V- wI] + pc(V - wI} + O(Ma’). (38)

Obviously, the Newtonian viscous stress is correctly recovered and thus the Galilean invariance can be satisfied. In addition, the
EOS p, . directly recovered by the LB equation can be self-tuned via the built-in  [see Eq. (14)]. From the above second-order
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analysis, it can also be seen that the force term F can be
recovered with no discrete lattice effect at the 2 order.

Before proceeding further, some discussion on the present
LB model with self-tuning EOS is useful. For the coefficients
a1 and B1o, @y =—1 and B; =1 are set as usual, and
one has ay = 1. Therefore, m*! given by Eq. (3) can be
decomposed into the ordinary one derived from the Hermite
expansion of the Maxwell-Boltzmann distribution and the
extra one related to 1. The coefficient & plays an important
role here. When @ =1, one has f, - oo, k=0, h =0,
and b = 0. Thus, 1 should be set to 0 to avoid a singu-
larity, implying that the present model degenerates into the
classical LB model with ideal-gas EOS. When @ = 1/3,
one has 8, = =3,k =2/3, h — oo, and b — oo. Thus, the
velocity-dependent terms in S should be removed to avoid a
singularity, which means that Newtonian viscous stress cannot
be recovered and Galilean invariance is lost. Compared with
previous LB models derived from the Enskog equation via
systematic discretization procedures [6—8], the present model
is directly constructed at the discrete level in moment space
and thus is free of complicated derivative terms, which trigger
numerical instability and restrict real applications of previous
models [18,19].

III. APPLICATION TO MULTIPHASE FLOWS

As analyzed by He and Doolen [8], a thermodynamically
consistent kinetic model for multiphase flows can be es-
tablished by combining Enskog theory for dense gases and
mean-field theory for long-range molecular interaction. In the
Enskog equation, short-range molecular interaction (i.e., the
effect of molecular volume) is considered by the collision
term, and consequently, a nonideal-gas EOS is recovered [26].
From this viewpoint, the present LB model with self-tuning
EOS can be interpreted as the incorporation of short-range
molecular interaction, and thus the long-range molecular in-
teraction remains to be included to construct a valid model for
multiphase flows. Following the idea of the pseudopotential
LB model [4,9], a pairwise interaction force is introduced to
mimic the long-range molecular interaction. Here, nearest-
neighbor interaction is considered, and the interaction force
is given as

F(x)=Gp(x) ) w(lesp(x +ed)es,  (39)

where G2 is used to control the interaction strength, and
the weights a)(S)%) =1/3 and a)(28§) = 1/12 maximize the

be considered for multiphase flows. To cancel such effects,
a consistent scheme for the £3-order additional term can be
employed. The collision process described by Eq. (2) is then
improved as

8
m=m+ 5[Fm —S{m—m* + Esz + SQm
S 3
—R(I—- = - e _Fm
(1-3)(m-me+35)
8x
—6&T- V:O - C_ZX : VpLBE’ (40)

where the discrete additional term Q,, is set as

~ ~ ~ ~ ~ o~ T
F2|FP F} —F} FE.F,
Qm = 07 I O) 0’ 07 05 - -~ - )

20 27 12
(41)

and F = F/(Gpc). In the CE analysis, F is of order gl
and thus Q,, is of order & (i.e., Q, = £*Q?). Considering
Omo= 0Om3s = Qus =0, the term SQ,, introduced here for
multiphase flows makes no difference to the previous second-

order CE analysis.

A. Third-order analysis

Since the &3-order terms should be seriously considered
for multiphase flows [27], the third-order CE analysis of
the present LB model with the collision process given by
Eq. (40) is carried out in this part. Note that the target of
the present third-order analysis is to identify the leading-
order terms at the & order. These leading-order terms are
mainly related to the density gradient in the interfacial region
caused by the pairwise interaction force, which means that
such terms are irrelevant to time and velocity. Therefore, a
steady and stationary situation can be considered, which is
simple but effective and can also avoid leading to the Burnett
level equation that is unnecessary and undesirable. Similarly
to the second-order analysis, the -, ¢'-, 2-, and &3-order
equations can be obtained from Eq. (8) by using the classical
CE expansions and adding the term SQ,,/é; to the RHS of
Eq. (8). In a steady and stationary situation, these g0 el g2
and &3-order equations can be simplified as

isotropy degree of F. Note that Eq. (39) implies that the e’ :m® =m*, (42a)
long-range molecular interaction is attractive. S 5
The interaction force given by Eq. (39) is incorporated into e 9,m® +Dm? — F) = —— <m(1) + iFﬁ,i)),
the LB equation via the discrete force term. Based on our S 2
previous analysis [27], some g3-order terms will be caused (42b)
by the discrete lattice effect on the force term, which should
|
2 0) -1 I (0) (1) S (2) § (2)
e 0om® =D (ST = = ) (DM —F)) = ——m® + —Q{}, (42¢)
2 8 8
3 © 52 | a1 O _ g0y _ L p3no o__ 8 o
e 1 dpym + (S[ DS — 5 DS — z (Dlm - Fm ) — EDlm +D1Qm = —8—m s (42d)
t
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where the terms 9,;m®, 3,,m®, and 8,;m® are reserved as
a gauge for the equations at different orders.

Similarly to the second-order analysis, the equations for
the conserved moments m, ms3, and ms are extracted from
Eq. (42) to deduce the macroscopic conservation equation.
The equations for mg, m3, and ms in the gl-order equation
[i.e., Eq. (42b)] can be simplified as

o1p =0,
el i {0 (puy) = =051 pyy + FY, (43)
8[1(101/!}') = _aylpLBE + F;l)’

di3p =0,

where p, .. is also given by Eq. (14). Similarly, the equations
for mg, ms, and ms in the g2-order equation [i.e., Eq. (42¢)]
can be simplified as

pp =0,
&1 { dn(ouy) =0, (44)
d2(puy) = 0.

After some lengthy algebra, the equations for mg, ms, and
ms in the g3-order equation [i.e., Eq. (42d)] can be finally
simplified as

ds(puy) = 182V, .V FV — L2[v, . (FDFD) 4 g, (FD . FO)]

127x 24

o3 — 1820k + Dr,7, — 7,7,1V1 - V10 p — 158,(127,7, — 1)95, 9,1 . 45)
d3(puy) = 8.V - ViF" = .22V - (FVEL) + 9, (F - FD)]
— 82k + Dr,7, — 7,7, 1V - V1dy1 p — 1585 (127,7, — 1)07,0y1 .

127x

where z, , = s;},’q —1/2and p = 3+ ,Bz)cfn. Combining
the !-, 2, and ¢3-order equations [i.e., Eqgs. (43)—(45)], the
macroscopic equation in steady and stationary situation at the

&3-order can be recovered as follows:

afp = 01 _ _ (46)
9 (pu) = _VPLBE 4+ F + Riso + Radd + Riso + Ranisos

where Rjs, = 1—'28}%V - VF is the isotropic term caused by the
discrete lattice effect, R,qq = —21—4€2V - [2FF + (F - )] is

the additional term introduced by SQ,, to cancel the effect of
Rism Riso = _éag[(k + I)Tetq - ‘L'p‘L'q]V : VVﬁ and Raniso =

—582(127, T, — 1)[0%0, p, 923,p]" are the isotropic and
anisotropic terms caused by achieving self-tuning EOS, re-
spectively. Note that Riso, Ragd, Riso, and Rypiso are all recov-
ered at the &3 order and thus disappear from the macroscopic

equation at the Navier-Stokes level.

B. Thermodynamic consistency

For multiphase flows, Ris, and R,y should be eliminated
by setting

t,7, = (k+ D 7, = 1/12, A7)

and Rjs, and R,gq can be absorbed into the pressure tensor.

Therefore, the pressure tensor recovered by the present LB
model for multiphase flows is defined as

V-P= VpLBE —F— Riso — Radd~ (48)

Performing Taylor series expansion of p(x + e;§;) centered at

X, the interaction force F given by Eq. (39) can be expressed

as
G?5%
F = G*2pVp + —=

pVV -Vp+0(3] ). (49)

[
Therefore, F + Rjso + Ryaa in Eq. (48) can be simplified as

G284
F + Ry + Ruga = G*820Vp + 4xpVV~Vp+(K@J)

(50)

Based on Eq. (50), the pressure tensor defined by Eq. (48) can
be finally derived as follows:

K
P= (pEos —KkpV -Vp— EV'O . Vp>I+ kVpVp, (51)

where k = G?§}/4 and the EOS for multiphase flows is

G*§8 ,
L o7, 52
7P (52)
in which the self-tuning term p, . is interpreted as the incor-
poration of short-range molecular interaction and the second
term —G282p?/2 is due to the consideration of long-range
molecular interaction. Obviously, P given by Eq. (51) is

naturally consistent with thermodynamic theory [28], where
the free energy ¥ is defined as

v = / (wb+ 5|Vp|2>dx. (53)
v 2

Here, v, is the bulk free-energy density related to EOS
Pros = PIp¥p — Yp, and 5|V p|? is the interfacial free-energy
density. Based on Eq. (51), the Maxwell construction can be
derived.

In this work, the Carnahan-Starling EOS [29] is taken as
an example:

pEOS = pLBE -

1+9 +092—093
I+v+v —v" ap2i| , (54)

(1-v)
where R is the gas constant, T is the temperature, ¥ = bp/4,
a = 0.496388R*T?/p., and b = 0.187295RT,/p., with T,

and p. denoting the critical temperature and pressure, re-
spectively. The scaling factor Ky [30] is introduced here to

Pros = Kpos |:/0RT
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adjust the magnitude of bulk free-energy density ¥,. In the
Carnahan-Starling EOS, the first and second terms describe
the effects of short-range (repulsive) and long-range (attrac-
tive) molecular interactions, respectively [29]. Therefore, in
addition to the aforementioned thermodynamic consistency
about the pressure tensor, a thermodynamic consistency be-
tween the recovered EOS [i.e., Eq. (52)] and the prescribed
EOS [i.e., Eq. (54)] can also be established for the present LB
model, and accordingly, the interaction strength is set as

G = KINT\/ ZKEOSa/S)%v (55)

where the scaling factor Ky is introduced to adjust the
interfacial free-energy density 5|V p|?, and the lattice sound
speed is chosen as

C, = KINT\/ap(pEOS + KEosapz)‘ s (56)
P=p0;
which can also achieve better numerical stability with respect
to the reduced temperature 7, (T, = T/ T,). With this configu-
ration, it is known from thermodynamic theory that the surface
tension o and interface thickness W satisfy

o X KEOSKINT’ W KINT’ (57)

where the proportionality constants can be analytically deter-
mined by the pressure tensor. Thus, in real applications of the
present LB model, the surface tension and interface thickness
can be independently prescribed.

IV. NUMERICAL VALIDATIONS

In this section, numerical tests, including static and dy-
namic cases, are carried out to validate the present LB model
with self-tuning EOS for multiphase flows. The basic simula-
tion parameters are chosenasw = 1/6,a =1,b =4, R = 1,
and §, = 1, and a detailed implementation of the collision
process [i.e., Eq. (40)] is given in Appendix B.

A. Static cases

First, a one-dimensional flat interface is simulated on a
10246, x 46, domain to validate the relation W o K ;. Here-
after, the interface thickness W is defined from p = 0.95p, +
0.05p, to p =0.05p, +0.95p,, with p, and p; denoting the
gas and liquid densities, respectively. Note that the present
definition of W is different from the previous definition
where W is obtained by fitting the density profile across
interface with p = 0.5(p, + p,) + 0.5(p, — p,) tanh(2x/ W)
[19,31,32]. According to the phase-field method for mul-
tiphase flows [3,33], the present definition of W is more
reasonable and the value of W is hence larger. Figure 1 shows
the variation of W with K when the reduced temperature 7,
is chosen as 0.9, 0.8, 0.7, 0.6, and 0.5, respectively, and the
scaling factor Ky is fixed at 1. Good proportionality between
W and K\; can be clearly seen. Note that when T, is relatively
small, Ky, should be increased to widen the interfacial region
for numerical stability. Figure 2 shows the density profiles
across interface for Ky, = 1072, 10~', 10°, 10', and 102,
respectively, when 7, = 0.8 and Ky, =2.2949 (ie, W =
10). As one can see, the density profiles for different Ky, are
identical, which indicates that both the coexistence densities

60
X T.=09
AT=08 .
o7=07 ,X”
| O 7.=06 PR
40 ' *
O T.=05 e
x¢ -
N - A
Ity s
’/’x ‘fk’—ﬂt:: —:‘ -~
X’ A:a’ ::’ -
z’,’ :2%‘—‘—5'—
- ==
sBae= -
0 e .
0 2 4 6 8

FIG. 1. Variation of the interface thickness W with the scaling
factor Knr. The scaling factor Kgos is fixed at 1, and the dashed lines
are the corresponding linear fits to the symbols.

and the interface thickness are not affected by Kios. From
Fig. 2, it can also be seen that the density profile obtained
by the simulation is in excellent agreement with the ana-
lytical one predicted by the pressure tensor, which validates
the present LB model for multiphase flows. The coexistence
curve, as a function of T, is then computed by slowly varying
T,, as shown in Fig. 3. Here, K is fixed at 1 and K is
computed by prescribing W = 20. It can be seen from Fig. 3
that the numerical result agrees well with the thermodynamic
result by Maxwell construction. When 7, < 0.6, there exists
a slight deviation in the gas branch, which is caused by the
spatial discretization error in the interfacial region and can be
reduced by increasing the interface thickness.

To validate the relation o & K05 K, a two-dimensional
circular droplet is simulated on a 10245, x 10246, domain
with the initial diameter being 512§,. Accordingly, the sur-
face tension is calculated via Laplace’s law, i.e., o0 = (p,, —
Pou)DP/2, with p, and p. . denoting the pressure inside
and outside the droplet, respectively, and D being the final

O i i i
-10 -5 0 5 10
FIG. 2. Density profiles across interface obtained with various

Kros- The reduced temperature 7, and the scaling factor K, are
chosen as 0.8 and 2.2949, respectively.
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1 T .
— Maxwell construction
O numerical
09F}
0.8}
e
0.7}
0.6}
0.5 ; 4 > 4 -
10° 107 10
ye,

FIG. 3. Coexistence curves obtained by the simulation of a flat
interface and predicted by the Maxwell construction. The scaling
factor Ko is fixed at 1, and the scaling factor Ky is computed by
prescribing W = 20.

diameter of the droplet measured at p = (p, + p;)/2. Figure 4
shows the variation of o with K; when 7, = 0.9, 0.8, 0.7,
0.6, and 0.5, respectively, and K;os = 1. As one can see, o
is indeed proportional to K. Here, it is noteworthy that, as
compared with the simulation of flat interface, K\ required
for numerical stability significantly increases when 7, = 0.5.
Figure 5 shows the variation of o with Ky for various 7,
when K, is computed by prescribing W = 20 for 7, > 0.6
and W = 30 for 7, = 0.5. The results in Fig. 5 demonstrate
the perfect proportionality between o and K5 and also
suggest that o can be adjusted in a wide range via Kyos. Due
to the excellent proportionalities observed in Figs. 1, 2, 4,
and 5, the proportionality constants in Eq. (57) can then be
measured by simulating a circular droplet with various Ky
and K, and the results are shown in Fig. 6. In addition,
considering ¢ and W are physical properties that should be

0.48 - : P 4
X 7 =09 o
A T=08 ,/’,
o7-=07 g
032} 9 I,=06 el
O T.=05 7
b ,/'
/” "o
0.16f R o
. ,,/ ’ef “n
’ &0" —'E
7 8- A
B A ae-he
o LaFEZRE TR S — e k=% X
0 8 12

KINT

FIG. 4. Variation of the surface tension o with the scaling factor
K. The scaling factor Ko is fixed at 1, and the dashed lines are
the corresponding linear fits to the symbols.

10
X T =09 -
-
AT=08 7 .
r ¢’ ’¢’¢
o 7=07 Aozl
- -~ .
10’ o 7=06 Pt el
- -
o Tr=05 ‘f’O‘,f:’”,A ,a"
- ,ga’ -~ -~
-
5 A"’f":’ﬁ”’ ”X
- e -
2 ‘,¢"£:¢”,4’ Ptag
107 F ”f”:“"’ ’,X
f’,” P ,f’
Rt -
-
- ”,X
" Pl
48, -
10 .
2 1 0 1 2
10 10 10 10 10
K

EOS

FIG. 5. Variation of the surface tension o with the scaling factor
Keos. The scaling factor Ky is computed by prescribing W = 20
for 7T, > 0.6 and W = 30 for 7, = 0.5, and the dashed lines are the
corresponding linear fits to the symbols.

independent of the geometric configuration of the interface,
o and W predicted by the pressure tensor P with Ko =
K = 1 for a flat interface are also plotted in Fig. 6. As one
can see, the numerically measured proportionality constants in
Eq. (57) are in very good agreement with o and W analytically
predicted by P.

B. Dynamic cases

To further validate the present LB model for multiphase
flows, dynamic cases are simulated in this part. First, oscilla-
tion of an elliptic droplet is simulated on a 5124, x 5124, do-
main with 7, = 0.6, 0 = 0.01, and W = 10, which indicates
that the scaling factors are K3 = 0.1063 and Ky = 3.4632.
To avoid the effect of initialization, the initial semimajor and
semiminor axes are set to 96.08, and 42.76,, respectively, and
the oscillation period 7y is measured after a long time, when
the oscillation becomes weak enough. The numerical results

0.06 ; ' ] i
—analytical, & :
...... ana]y‘[ical, w .':
O numerical, & 3
X numerical, W x
0.04} ’ |°
b =
‘x“
0.02 I ““" b 4
-.----"x‘.' ’
. . N 2
0.4 0.6 0.8 !

FIG. 6. Proportionality constants in Eq. (57) obtained by the
simulation of a circular droplet with various Kgos and Kr and
predicted by the pressure tensor with Kpos = Ky = 1 for a flat
interface.
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TABLE I. Surface tension o, interface thickness W, and oscilla-
tion period 7, /3, obtained by the simulation of an elliptic droplet.

o w Tosi/(st
Numerical 0.0101105 9.96448 18346
Analytical 0.01 10 18628.0
Relative error 1.105% —0.355% —1.514%

are listed in Table I, where the numerical results of o and
W are measured when the oscillation finally stops and the
analytical solution of Ty is calculated via 27 [60/(p, R3)]~"/?
[34], in which the liquid density p, and the equilibrium radius
Ry are numerically measured when the oscillation stops. As
it can be seen from Table I, the present numerical results
are in good agreement with the analytical solutions, which
validate the present LB model and reaffirm that o and W can
be prescribed in real applications.

As a further application, head-on collision of equal-sized
droplets is simulated with 7, = 0.7, ¢ = 0.01, and W = 10,
which indicates that the scaling factors are Ky,s = 0.2013 and
K = 2.9050. The computational domain is set as 10245, x
10244, and the initial droplet diameter is 1288,. The head-on
collision outcome is mainly controlled by the Weber number
We = p,U 2D /o and the Reynolds number Re = U D /v, with
U and D denoting the relative velocity and droplet diameter,
respectively. All four regimes for head-on collision, experi-
mentally observed by Qian and Law in the three-dimensional
situation [35], are successfully reproduced here in the two-
dimensional situation, as shown in Fig. 7. For We = 0.01
and Re = 1, the droplets approach each other and then merge
with small deformation. As We increases to 0.1, the droplets
bounce back without merging. Here, it is worth pointing out
that this “bouncing” regime is quite elusive and has not been
observed in previous two- and three-dimensional simulations
by the pseudopotential and free-energy LB models [36-38].
For We = 1 and Re = 2, and We = 20 and Re = 100, merg-
ing happens again, probably accompanied with large deforma-
tion in this regime. For We = 60 and Re = 200, the outward
motion caused by strong impact splits the merged mass into
three parts, with two main droplets separating from both sides
and a satellite droplet residing at the center, as shown in
Fig. 7(e).

V. CONCLUSION

In summary, we have developed an LB model for multi-
phase flows, which complies with the thermodynamic foun-
dations of kinetic theory and thus is naturally consistent
with thermodynamic theory. The underlying short-range and
long-range molecular interactions are separately incorporated
by constructing an LB model with self-tuning EOS and in-
troducing a pairwise interaction force. The present model
combines the advantages of the popular pseudopotential and
free-energy LB models. Most computations can be carried out
locally, and the surface tension and interface thickness can
be independently prescribed in real applications. Numerical
simulations of static cases validate the theoretical analysis of
the present model for multiphase flows. As dynamic cases,

®@® 00 ¢ O

=0

0.9760 0.9834 1.0325

®© 00 OO0 OO

=0 0.9329 1.5549 3.1097

(b)

@ 00 @ O

=0 0.5654 0.6884 1.3767

00 O 8@

=0 1.0994 3.8481 7.6961

@@O

(d)

@ 0 O
3 =0

O

1904 3.809 7427 9.521 11426 13734

=0

©

FIG. 7. Head-on collision processes of equal-sized droplets at
different dimensionless time * =t U/D with (a) We = 0.01 and
Re=1, (b) We=0.1 and Re=1, (c) We=1 and Re =2, (d)
We = 20 and Re = 100, and (e) We = 60 and Re = 200.

oscillation of an elliptic droplet and head-on collision of
equal-sized droplets are then simulated. The numerical results
for oscillation are in good agreement with the analytical
solutions, and all four regimes for head-on collision, including
the elusive “bouncing” regime, are successfully reproduced.
It should be pointed out that the density ratio achieved
by the present LB model for multiphase flows is relatively
moderate. However, as an LB model with many theoretical
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advantages, the present model can serve as a good frame-
work for further developing LB models for large-density-ratio
multiphase flows, which is underway and will be reported
elsewhere. In addition, the present LB model with self-tuning
EOS can also be applied to coupled thermo-hydrodynamic
flows beyond both the Boussinesq approximation and the
ideal-gas limitation, which can be found in Ref. [39].
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APPENDIX A: INVERSE MATRIX

The inverse matrix of the present collision matrix S is

[so' 0 0 0 0

0 57! k(s;'=1) 0 hig(s!

0 0 syt 0 0

0 0 0 s 0
s'=]10 o0 0 0 s,
0 0 0 0 0

0 0 0 0 0

0 0 0 0 2bi(s,"

L0 0 0 0 biy(s,"

0 0 0 07
—5 0 (=) 0 o
0 0 0 0
0 0 0 0
0 0 0 0 (A1)
57! 0 0 0
0 s, 0 0
—-3) 0 =2biy(s,' —=3) 5,0 0
—31) 0 bi(st—3) 0 st

APPENDIX B: IMPLEMENTATION

At first glance, the present collision process with both the cubic terms of velocity and the &*-order additional term considered
[i.e., Eq. (40)] seems difficult to implement. However, in real applications, it can be executed in the following sequence:

m < m,
m < m — m%,
(D)

m < m—2m,
F)
m<—m+5’Fm;

2

(3){m <« [ - %diag(S)]m;

my <= m; — Ryymy — Ryzm7 — Rigmg — 6, T - Vp —

“4)

iy < mg — Rgymy — Rgymy — Rsgms — 8, Ts - Vp — %X

(5) {1 < m+ 2m;

my < m7 + bsq(ﬁxm4 — ftymg),
1 S IS .
mg < mg + Ebsq(uym4 + ft,mg);

my < iy — Ryymy — Ryymy — Rqgmg — 6, T7- Vo —

1 1 . o
mp; < my + zksgmz + Ehsq(uxm4 + iiymg),

&

2

X
X

'VpLBE’
’ VpLBE’
: VpLBE;

O

2

my <—m +SeQm,1 + k(%se - 1)Sng,27

my < My +5,0m2,
My <7 +5,0m7,
mg < mg +5,0m8s;

(6)

where “<«” indicates assignment, and diag(S) denotes the
diagonal part of the present collision matrix S. Here, steps (1),
(3), and (5) are the same as those for the classical multiple-
relaxation-time (MRT) collision process, step (2) corresponds
to the improvement of the collision matrix, step (4) cor-
responds to the elimination of the cubic terms of velocity,
and step (6) corresponds to the introduction of the &3-order

(

additional term. In step (4), Vo and Vp . can be locally
evaluated resorting to the interaction force [i.e., Eq. (39)] as
follows:

Vo= ——0,
TG
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From the above discussion, it can be seen that the present
collision process is actually easy to implement, and all the
involved computations can be locally performed except for the
simple interaction force. Therefore, compared with the pseu-
dopotential LB model known as the simplest multiphase LB

model, no additional computational complexity is introduced
in the present LB model. Based on our numerical test, the
computational cost of the present model is only 1.178 times
as much as that of a pseudopotential MRT LB model by Li
et al. [34].
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