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Pressure evolution lattice Boltzmann simulation for droplet behavior on porous media
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Droplet deposited on porous media is numerically investigated. In order to improve the phase volume conservation
and the numerical stability at high density ratio two-phase flows, the pressure evolution lattice Boltzmann method
is employed. To improve the contact angle representation, the cubic boundary condition is applied at the solid-
fluid interface. In this study, Kelvin cell porous medium, which is a representative model of open cell porous
media, is employed. It is confirmed that a droplet infiltrates into / remains on the porous media depending on
the wettability. Moreover, it is confirmed that the droplet infiltration occurs at each unit cell intermittently. This
results in the stepwise change of infiltrated droplet volume and superficial contact angle.

1. 00O

gboooobooooooobooooboboooo
gbooooobooboooooboobooooooooboon
gooooooboobooooobooboooooooobooo
gbooOoooooooobooboooooooooon
goobooooooooboboobobooooooo
oobO0ooboooooobooobooboooooooooon
goooooboooooooboboooboooooboo
gboooooboobooooobooboooocooooboon
gooooooboobooooobooboooboooooboo
gboooooboobooooobooboooocooooboon
goooooobooboooooboobooobooooobooo
gboooooboobooooobooboooocooooboon
goooooboooooooboboooboooooboo
obooobOoboooobobooonog

gbobooooobooooobobooooobooon
gbobooboobobooooobooboooooboooboo
oobooooooooooooooobooooooooo
@QoOOo0ooOO00oobOOoOoooOoooooeooOoooa
gooOooOoOoOoOoOoOoOoOOOO@UUUObOboboo
goooooOoOoOoOOoOOO300000000@0O
000000000000000000LBMO®W OO
oooooLBMOOOO0OOOOOOOOOODOOO
gboooooboobooooobooboooocooboooboon
gbobooooboboooooboboooooboooboo
OO0 Bounce BackOOOODOOOOOODODOOOO
gooooOoOoOoOoOOOOOOO0OO0O@EOOOELOO
00000000 Phasefield DOPFMO® 00000
OOPFMOOOOOOOOODOO GY0000000
gboooooboobooooobooboooocooooboon
goboooobooooooooboooopFMODbOOOO
gbooooobooboooooooboooocooooboon
000000000 cubicOOOO G900000000
oboooobOooboooooboooooon

googoooooD LBMO PFMODODODODOOO
Phase-field LBM O O00O0O0O0O0OOCOOOOOOO
0©®000000000000000000 Allen-Cahn
gbobooooboboooooboboooocoboooboo
0000 Navier-Stokes 0000 O0O0D0OOO0OODOO
gbobooboobobooooobooboooooboooboo
OO0000D Phase-field LBMOODOOOOOODOOO

gboboobooboooobooboboooooboboo
oood

2. OOOO0OOO

2.1 0O0OO0OO0OOOOOOOOO0

000 Allen-Cahn 00 O00QCO0OD0OOO0OCOODOOO
O0000D000000D00O0O0O Navier-StokesOD OO OO
gbooobgobooooboo

%1V (ow)
ot
v (wo- ot 2] W
- TR 7
0
ai;%—pczv-u:() (2)
p(aal;—i-u-Vu)

=_-Vp+V. (u {Vu + (Vu)TD +ue Vo +pg
(3)

000 ¢o00D00OO00O0O0O0DODODODOOOg=00000
¢=100000000<¢< 100000000000
wiooooooo MOOOO0OO00000Op, 0000
O00o0oooO0o00O0O00b0 oooooOOOOOoDO
ogod

po= 1606 -1) (0= 3) ~x¥% (@

00000 B.0000000 0000000 WO
000 B=120/W0k=3cW/20000000

0oooo (1),(2),3)00000000000000
00000000000

1
ho (@ + €abe,t +81) = ha (2,0) — — [ha — hW| .y

Th
X (5)
fa <w+ea5tat+5t) = fa (w7t)_; [fa - fgq]‘(mvt)'f'Fa
(6)

Copyright (©) 2018 by JSFM



000 h 0O fp000O0DOOCOO0OOOOODODOO
obob0d e, 000000O0O00OO0O0DODOOOO
0100030027 000D3Q2rOooooooono
ooooooooooo0 «00000007, 000 7y
ooooooooo A0 f,O000DO0OCDOO0ODOO
ooMOOOODOODDO»yOOOOODODDDOOOO
goo

Alzé(m—;>& (7)

v=c (Tf _ ;) 5 (8)

O00 ¢ 0000000D3Q2rOI000000 ¢ =
1/4/300000006,000000000000000
06=10000kRN0 fAe000000CCOCODOOLOO
gooobobooooboboobooboooon

oa _ MA4 o . V9
R I [CEV

1
f;q:pwa +pc§ (Fa*wa)fiFa (10)

+ —
c? 2cd 2c2

eo-u  (ey-u)’ uu] (1)

000w, O0O0000D000D3Q2r000ononoon
gooobooooon

8/27 (a=0)

w0, — 2/27  (a=1-6) (12)
1/54  (a=T7-18)
1/216 (a =19 — 26)

00 F,0000000D0000000000O00000
gooooooono
Fo =16 [(Fa_wa)(PL_PG)CS""FaF%]

(13)
(ea —u) Vo + 610 (€q

—u)-pg
000Ope 0 po00000000000000000
0000000000 (5),(6) 000000000000

gbobooooboboooooboobooocooboooboo
goooboooooboboooooooon

¢ = Zha (14)

p=¢pL+ (1 —9¢)pc (15)

1 Oy
u= TcggeafajL 27p (M¢V¢+pg) (16)

5
p:Zfa—FEtu-Vpci (17)

gboboooobobooooobooboooooboooboo
ooooo

0320000000000000
F09-2

22 0O0O00O00OO0OO
gbobobo-oboboobobobobobobo
O0OO0OcubicOOODOODODOOOCWbicODDOODOOO
oooooooooboo v, 0ooooboog o0 3
oooooOobooooobooooon

Uy = / (Vo — V10w + 120 — V30%) dS (18)
s

0000y =m =009 =7/2073 =7./300000
04 00000006¢P00000000000000

Ye = —\/2K3 cos O (19)
0 (18),(19) 0 D0 cubic 00000000000 OOO0

90| 28 . \
o] = \f bu (L= dy)cos™  (20)

0000r,O0000000000000D0000000
00000000000000000 Half-way Bounce
Back] HWBBOO OO OOHWBBOOOO 200000
00000000000000000000000000
00 ¢,0000000 8¢/6n|, 0000000000
0000020sf00000000 ¢e,¢ 000000
00000000000 (200000000000000
00 ¢,000000000000000000 A000
0sf000001/2000000006% =90°(a =0)
O0000¢s=¢ 0000

bs = 1 (1 +a—1/(1+ a)2 - 4a¢f> — ¢ (21)

a
2
a=—hy/ ;ﬁ cos O (22)

3. ODOOOOnO

obooooobooooboobooooboooon
Kelvin0ODDOOO @O000000Kelvin 0ODOO 3(a)
ooboobedbonoOoOoO8sObOOOOOOODOO 14
goooooboooooobobooooooboboo
000000 3(h)000o00o0U0oOoUooooooo
oooooooo

4. 00OOO
04000000000 DPO0OO0 20000000
0000000000000000000000 DOO
000 d000 D/d=155,3100000000 Case
12000000000000000000 100 Case
000000000000000 2000000000
00 ADDODODODO0000000000 A=100
000000000 —-00000000000000
Ohnesorge 000000000000 00000O0OO
Oh = p//pLeDOOOOO000000Bond00O0DO0
00000000000000 Bo= (pL — p)gD?/o
000000000000 Bo<1000000000
0000000000000000000000000
0000000 HWBBO cubic00000000000
0000000000000000000000000
000000 30°<6th<150°00000000000
0000000500000000000030000
0ABCODODOOOOOOOOOOOOOOOOOO
0000000000000000000000 Case 1
0000000 ADOOOOOOOOOOO0O00000
000600000 6000000000000000
0000000000000000000000000
00000000000000

Copyright (© 2018 by JSFM



4.1 0OD0O0O0OOO0ODOOOOOO0

0000000000000000000000000
00000000000000000000000000
000000000 70000000 WO Vipr0OODO
00000000000000000000000000
00000Ver/V,=1000000000000000
0000000070000000000 60° < 6" < 90°
0000000000000000000000000
000000000007 000000000000
0000000000 7(0b)0000000000000
0000000000000000000000 BOO
00 Case 2000000006% =60°,70°,75° 000
000000000000000 800000 80000
0000000000000000000000000
00000000000000000000000000
0000000000000000000000000
00000000000000000000000000
0000000000000000000000000
00000000000000000000000 Case
2000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000000000000000000
0000000000

4.2 0000000

gboobooboooooobooooboboooo
goooooooooooooooboobooooooooo
00000000o0o00oo0oooooooooooog/2
gbooooooboobooooooobooocoooobooon
gooobo9ooboboobooboooooooboo
00000000000D000D0000006*0000
0000600000 1000000 10(a)D00Case 1
006t >90°000000000000000¢00
00000 éh000000000000000000
00000000 ¢=6"0000000000000
O000000CaselO0D0OOOOOOOOOOOO
gbooooobooboooooobooboooocooooboon
gbobooooboboooooobooboooooboooboo
oobo0ooboooooooboooboooooboooooon
gboboobooboboooooobooboooooboooboo
oboobooooboobooobooooooooboooboon
gboboooobobooooobooboooooboooboo
gboooooboobooooobooboooocoooobon
goooooooboboboobooooooboboo
obooooobooooooboon

0000 10(b)000Case2000000000 620
0000006 000000000000000000
gbooooobobooooobooboooocoobooobon
obobooooboobooobbboo nooooooooo
OO00o0oDOoO00 ¢o0OD0O000DOOODOOOOODOO
goboodbo ninooooooboooooobooo
gbooooobooboooooobooboooocooooboon
O00000000000000000000 Case 20
obooooobooboooooobooboooocooooboon
gbooooobooog

5. 00O

gboboooooboooooboboooobooboooon
gbooooobobooooobooboooocobooboo
gbooooobooboooooboobooooooooboon
gbobooooboboooooboboooooboooboo
gbooooobooboooooboobooooooooboon

0320000000000000
F09-2

gboboooboobboobooboooobooboo
gbooooooboobooooooooobobooooo
gbooboooboobooboobooboobgoo
gbooobOobooooboobooooooboboo
gbooboooboobooboobooboobgoo
ooooboooobooboooon

oo
oooboooooob3ooboooooooooon

O0Oo000oDO0O0Ojhisoo440D 000000000000

ubogboogboogbodd

good

(1) Doo“o00o000ooo0—000000o0ooon
O00—"00000077-2 (2001)0 pp. 197-2320

(2) Niu, X. D., Munekata, T., Hyodo, S. and Suga, K.,
“An investigation of water-gas transport processes
in the gas-diffusion-layer of a PEM fuel cell by a mul-
tiphase multiple-relaxation-time lattice Boltzmann
model”, Journal of Power Sources, 172 (2007), pp.
542-552.

(3) van der Waals, J. D., “The thermodynamic theory
of capillarity under the hypothesis of a continuous
variation of density” (translation of Dutch title),
Translated by Rowlinson, J. S.; Journal of Statis-
tical Physics, 20 (1979), pp. 200-244.

(4) Cahn, J. W. and Hilliard, J. E., “Free energy of a
nonuniform system. I. Interfacial free energy”, The
Journal of Chemical Physics, 28 (1958), pp. 258-267.

(5) Liu, L. and Lee, T., “Wall free energy based poly-
nomial boundary conditions for non-ideal gas lat-

tice Boltzmann equation”, International Journal of
Modern Physics C, 20-11 (2009), pp. 1749-1768.

(6) Fakhari, A., Li, Y., Bolster, D. and Christensen, K.
T., “A phase-field lattice Boltzmann model for sim-
ulating multiphase flows in porous media: Applica-
tion and comparison to experiments of CO9 seques-

tration at pore scale”, Advances in Water Resources,
114 (2018), pp. 119-134.

(7) Thomson, W., “On the division of space with
minimum partitional area”, Acta Mathematica, 11
(1887), pp. 121-134.

SVl

A\
| 4
Y
PZ AN
i
=\

X
N,
7

e A
'\

W

N
7

7]

]

A<
b
=

Fig. 1: D3Q27 model.
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Fig. 2: Solid wall location.

(a) Cell frame. (b) Unit cell (p=0.792).
Fig. 3: Kelvin cell.

(a) D/d = 1.55. (b) D/d = 3.10.

Fig. 4: Initial conditions.

(B) ©)

Fig. 5: Surface topology.
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b) 6 = 60°. ) 6¢

a) O = 30°. th = 90°. d) th = 120°.
Fig. 6: Deposited droplet at different contact angles.
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Fig. 7: Infiltrated volume ratio versus given contact angles.

(a) O = 60°. (b) Ot = 70°. (c) Oth = 75°.
Fig. 8: Droplets infiltrating into the porous medium at Case 2 and Sec. B.
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Fig. 9: Equivalent wetting diameter.
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Fig. 10: Superficial contact angles versus given contact angles.
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Fig. 11: Snapshots of the porous media colored by the order parameter at Case 2 and Sec. B.

120°.

Table 1: Common computational parameters.

Size of a Kelvin cell a 504

Porosity ¢ 0.792

Densities pr,/pg 1/0.01

Viscosities pr,/pa 5.0 x 1073/1.7 x 1073
Gravity acceleration g 5.0 x 1078

Surface tension o 2.0 x 1073

Interface thickness W 4A
Mobility M 1.0 x 1072

Table 2: Computational parameters.

Grid numbers Number of cells D Oh Bo

(z,y,2) (z,y,2)
Case 1 (200,200,300) (4,4,4) 75A 129 x 10~2  1.39 x 10~
Case 2 (400,400,512) (8,8,6) 1504 9.13 x 1073 557 x 107!
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