) 32 % 3R Acta Phys. Sin. Vol. 74, No. 5 (2025) 054701

N

REEBILSEBEZ LT REERNLEFITA
=4 MEEEHL

R 2% M

374l

(W E T R2ERRIR S0 ) TRREBE, Bi 200093)

(2024 4F 12 J 4 B3], 2024 4F 12 30 AYEMENR)

ASCHETH4 T Boltzmann J5 12, 1 ] = ZEEUEBAUNTIE 1T 52 22 2 LA B b K% 2 e s 3 A58, A
HF Eotvos B (Eo). /il f (0) 1 Reynolds ¥ (Re) #8-& 11 F XL B2 | 8 2538 1 B A5 i B 42 140 52 i LT
WEFE R B, 752 LA B, H i 394 R AR 1 = B, I ) o 38 04 3, 0@ T i A . Eo fY 3% R U AT
AN A R SR, OB A T oIk, Rl B H Bo BN, BT M R
PR T 2L RNHS. BeSh, Re 15 12 i £ 76 BELI A4 B 52 58 4 5 28, 0 L 19 - 4 5 B2 HAT AR B3
SERIGVER], MIAERCRAE A T, Re 3R 2 P E R ATE I 5 Wi . HFFEib R, K Bo FI{K Re 454 T
SULHEERE Eo W4T N K, WAE R Eo Fli Re 247F N W A RO H, X — BRI T =0HRIE 5 0 A2 E P Xt

7 RV JEE 1) 52

%GR T Boltzmann ¥k, RPN, ZFLAFR, =4 EDI

PACS: 47.56.+r, 47.85.Dh, 47.55.D—
CSTR: 32037.14.aps.74.20241678

1 3

SIEAEE Z L B IE L T — i i R
A PAR AT, A AE T R B Tk B A,
CO, W HEAF B 151 ORI & 1491 7K
BRAL Y MR RIBRE A REIT & Y, G JmiE ke ik
oA O 25 JEHAE CO, TEAML T FKJZER)
T, CO, T F kA D ZALE R S5IE AL
W20 T g X B AR A B . SR, X — 1]
RS I 22 E PR AR, — 5T, R AR 5 A
(4 e A | S A MR sc e, HLA i 2 1
IR HIEHTT BV | W & IS5 A E
MG, J3—Jr T, 2L BRI 51 A& B HLETE
SRR A HIBE— PR T WFFEHERE . IRA T

i

DOI: 10.7498/aps.74.20241678

TEZALAN b s S 5 A A T, AMUE
HEBNRFANE, toh Bk SRR LA
THNE SRR

SLE SRR R Z AL BTN T R I L
F-Bt. Roosevelt 1 Corapcioglu 12/ i F [&] 14 1 i
HYPTIAAR ) B U A 10 2 i B 5 I [R] 1Y)
KER, KIWAEZ LA BN e B3R 5
] R R. BT, Corapcioglu 55 I8 #EHH T
PRGBS Z2 AL A BT N S0 TR A Ao 3k
], BN SAE KA 2L BT rh 28 AR 12 3
ik PR R - 8 i R 3 A, H s L A R
A 18.5 cm/s. FifiJF, Ma & M RGNS T —4Eif
FUKZ LA BN S s Rk, B S is
B ST RFAE S 9B e 8] 5 AR R R 2
TEFEOCFR, LB K AR A P-4 st 55 AR

* ER G RBIERES (HES: 52376068, 51976128) Al EHFATHIT A (S 22PIJD047) ¥EBhfiGEL.

t BIE1EE. E-mail: qlou@usst.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

054701-1


http://doi.org/10.7498/aps.74.20241678
https://cstr.cn/32037.14.aps.74.20241678
mailto:qlou@usst.edu.cn
mailto:qlou@usst.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 5 (2025) 054701

JFEIEAH . Ghasemian 55 1 SR FAS [R)AI A 114 38
b R A R R S S DIR G QUTE 2 il
MIia s, A4 3 B 5 S B AL £
BIEZAMERR, [FIA BB R
YHE M. Liu 55 06 [WIRER ] T B MoK A B
1) Z2 LA B AR AT S BT R, A
Y173 R i A B RN RS B3 RS THE AR,
17T it A R AR IR R B 3 R, A - 2
JUESES el

BUEAU T 1 T Re e A SO SL e i oy v
ME DAL BRI 52 A 2 AL G5, WA 9E & 2L i
AR ) R B BT B, HifP ) A% Boltzmann J5
L1718 (Jattice Boltzmann method, LBM) {ER—
PR BERA Ty 2, FEMR ) T ab 30 R 54,
AT BB ER A LS RAFIF T AR, 1581
T 2N, BHES, LBM B 2503 7 xS A
TR PR TR SRS R A0 80 7 27 A 8 Pl Shi 45 1)
fii 1] Shan-Chen B84 1) 43H7 T 8 5 %44 F 1L
SR IIE SRR I TR . BRI, A THEY )
SEF RERRAR B R R 7, ARSI Al R AT <
5B Al RS SR I (] 2 2. Sattari
£ RO ] Inamuro 55 PU 2 3 () Z 40 LBM B!,
5T T ASAHRIN A5 ORI i R 5 BT, KR
SRR TR EET 55324500, A Eotvos
B (Eo) &M N AUBMEETERERAE, MK Eo 5
KA HERBEZE. Yu 55 22 2k H] Fakharie 55 (23
P2 H BT A7) LBM LR BT S T
L SRR BRI BOE RAG Y ATh, G5 R 3R
AH 8 T8 R | A B RN 1w ok xS BE ) R 5L
HEES, FEIERE ERIH TR Reynolds
£ (Re) Fl Eof& T B9 LI Y. Alizadeh 55 4
BT LBM $8 50 R BB BRI T BRAS S 50T —
AR R A AT R, HERRARAR TR RIS
WAk, I U A [ R A AR 2 R BB
A 38 6. Chen 5§ P ffi T2 1 5 LBM #i#!
5T T RS EROE R Y 1 3l )Rk, KIS
WAEREAT Y] 52 57 R AR T, AR BR AT R
ANAS TR AR T, A ) v 1) 2658 /)8 i A A — 0
YAk, Zhang 45 2627 5% F LBM AR5F A7 B A
TR EE T BRI AT s, IF 5 A
TEARAE PR T RGP AT Y h 0 SR, K
ST AR 3 2 550R0 et ) i) TLART A1 A AR 0

R ARORSE 1, TSP e 452 o IR TR IR B4 e B
B

£ LRI, 2L b LT o B R A
ME LT T VP2 HEIERE, JUHAEZE I FIHES X
MBS RIS B T 4= AL, SR,
BABEFEAE LR 7 ATAFAEA 2. 1 5, RZHt
FEEET T L, Zhang 55 P7) 4R B AR 4L = 245
ARG P S T, — AERLIDL AT RETE IR RE A7 18
D22, MELL 4zt Sz B2 2 fLBR A A ) IR AR Ge 8l
A&, P ZRALBREE R T U R GE ) — HEE N AL
JEALER. SR, HETEEXTZ L0 B =GRAT
) =AU I BN A BR, 2 P ER ST 2 AL
JRES K ANHES B RE ), e = X200 2 B0 R 2 70
e, RIS A i ok, 7ERE s 22 i 7
i, AW ZRET R K (U Re, Eoul{iHiE
) X HAT AR, RAEH A 2 A EA B
TRZHERSEM. GEES 2N FoEE P
ETbk R, P REERH T 25K T AN f
Z I BRAFAE AN XL, WARTEB L HRE] . PRk, i
HERFE M TC R NEAEA R G 5 TR
ST RN, LB 7R B 2R T B )
Jr .

BT BT S, ASCRAZETMZER LBM
B WFFE R LU AR O o R 2 2 AL o
) = HEpE iz 3. BT A S B S A R ER
R R b, 2 SR A S i sh g
A4k, BTANIR] Bo, Re FIZfilfA 6 LA XS
HAZIE | 2 R St i AL AL Y L [ B2 ), -4 7R
A TR E R ) B AR

2 BEF*®

BT, 5 TXARIAEEAEH I 090375 K, $#
BT ZF PR LBM AL W ta ik BE TR S PR
PR 2930 [ iy GEAL A B2 R T AR B LBM
A B33 Hirp | Liang 45 P9 52 th (9 & T 40 3% 19
LBM B AU7E b PR R 25 BE ) B s A M4y, WAH
(i) S T P e VT . PR, AR SRR B IR B K
L LR SRMAE B Z2 4L Bl E N i is s T o i
AR X — A5 B B TV A pRASORN YL 47 T8 f b PR R
WA A BR AL, 3 H TR f# Allen-Cahn Jy 2 6]
F1 Navier-Stokes J7 2 B, Hir | B8 4k pR EOE
HAUF:

054701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 5 (2025) 054701

filx + cid, t +6;) — fia,t)

_ fi(wat) ;f:q(w’t) +(5tFi(wat)7 (1)
f

AL R EOE N
gi(ﬂ? + ciét, t+ 6’() — gi(a:, t)

. _ 4
- gl(w7t) ng (w’t) +5tGi($7t)7 (2)
g

Horb, i N ETECGE LR JT [N 2 #6202k
SRS (B B AN AR, e F 7 2RI NE L
PR Jo e WA s ], 6 ARRITT2EK, Fy(2, 1)
PRI AT R, Gy, t) AN TR 43 A PR,
fi(z, t) B g (e, t) PR BREIES A BS54 R
B S AL PR AR ) TE R ] e 5T M A

M = (1 — 0.5)6;, (3)
Tt 8 Ak R I T 2 2 B[] 7, ()2 B0 28 B A O

v =c2(ry — 0.5)6;. (4)
A A R £ (e, t) T g5 (2, t) BOFRIB
f:q(wrt):wi¢(1+ci'u/cs2)’ (5)
c%(wi — 1)+ psi(u), =0,
@ =9, (6)
072("}1' + psl(u)a i 7é 0,

S

2
ciru  (cu) uw-u %
c2 2¢¢ 2¢2 |’

Horb, p NEEE, p AT, u R IRARIE BB, o
KT, oo =c/V3, c; NESHERE, w; XS
MR AL, ¢; Flw; TEANIRI S F A A AN ],
AR =4 D3 Q19 B B8 X 1 AR EE w; A
1/3, i=0,
w; =<4 1/18, i=1—6, (8)
1/36, i=7—18,
HEE P S HIGHUE ¢,

C; =

si(u) = w;

C(O7Oa0)7 i = 07
¢((£1,0,0), (0, +1,0), (0,0, £1)), i=1—F6,

c((£1,£1,0), (£1,0,£1), (0, £1, +1)),
i=7—18.

Khre=6,/0 WETFHEE, 6, s F2K, XH
o, =6, = 1. P F(a, t) RN 130 Gy (2, t) 35
= w il S|

: ) wie- [0 () + xn]

Flan = (1- 5

27’f

i@, ) = (1 - 2;)

X Wi [ci (F+G)

2
Cs

2
G

C;C;
+ (o — pg) uVo: 2 |’ (11)

S

R, py il p, ZTHOHTIEHIBE, n— Vo/V
FRF IR MZE T, A =491 —¢)/W, WH
SRR, B4 ML B R G ARl 3R 3R
SR JIURIE 0. RIRK S 1I0 Fy Rk h
Fy = ppVo, (12)
Hob pg A2z 3, € Ly
py = 48(¢ — 1)(¢ — 0.5) — KV 9, (13)
k F B N 5 FEREE WRIRT K 1 R A o MG
YSHL, LRAWT:
k=150W, B=120/W, (14)
HIJG = pg, Hrr g I phszE.
4l Chapman-Enskog J& F 4 11 43 1ii R %K,
AHFRAR BRI 0 2 U e AR

o= fi (15)

- [T S e Vo
= #ng 5 (1= pg)u pso (w) |,
(16)
pu = Zi cigi +0.56 (F, + G). (17)

K, YR ¢ T SE, TR PIAH S P AH A
e, AR ¢ =0, WA ¢ =1, ¢ = 0.5 HK
T AR ST 56 TR B A PR AR BT 2 %
Liang 4% ] ) TAE.

3 MEEA

ARSI Py B R IR 1 PR, AER/NA
L,x L,x L, WIS K G (50, 50) bt
A —NEARN D WIEIE A, AL B
BRI by, e Dy A7 th 24 R Bk A
PV L) Z2 AL T IX I, 2 55 )22 A Ay 1500 [
BN by, T2 B (B0 BE R S AR BE N by,

054701-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 5 (2025) 054701

BZEA 4 MO X FRRBEIGY) , [F]JZ A SRR
BRI A L0 )R oy, BREAT ) B0 5 d s P13
FLH AR w,, BRIC RIS BARBEE N s, X
FLBRR N & . TR IEERBE IR 5 A ) HoAx 25 (8]
eI

(a) (b)

B 1 =4l () mERE; (b) y i ERE
Fig. 1. 3D physical model (a) Schematic diagram; (b) front

view in the y direction.
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Fig. 2. The contour changes of the bubble on the y = Ly/2 and z = hy sections under different grids: (a) The contour of the bubble
on the y = Ly/2 section at t¥ = 2.19; (b) the contour of the bubble on the z = hs section at * = 3.57.

AT VLR 2 TG B X T ARSI T8,
Re 2559 3.5, HARZ RS 5 3 1.

K 3 s AR Eo MHESMRS 6 Z50F T AE
ZAN BN R IZ S R IR 3 R, ZEARTE
ZEME (0 = 30°) T, IR AR R A0 KOR A, X
Eo RBEE/N . S f 34 R = iRk (6 =
90°) i, A[F Eo N REARIE LA K AR 3%
AL, XTF Bo = 2, TIEAFRBIUTAIRAR, i
Wi M ERIR, BEE Eo MK, LR #RAZ B FiiT YY)
B E P, & Eo = 25 W IR 20 16y 75
oK. EAHE RS, PSR SRR AT
9 A0 RR AR, (HR A ) AR T, <
03 Z2L9 SO S LA s e i AR i
TRRPE S, RS 2L Bt mBUE R, R
IR, SRR SRR I i AL R
TR TR SOIR. 2 A E— AP R 2
S (0 = 120°) ), R[] Bo T EIEEZRE N
BE. WMTEAR Eo (Fo = 2) &M T, RS54 k-
AR TEWERILE, W GRS TE 2 AL
FREfLE R, RO ER. BRI LBA 2 2
] A T 235 B e v gk S LRI, MELUKEE F
B P IR, XA LGS AN AR I R
HILVR T A TP AT S S 35 ANTR] 22, e P42 fih £ 34
RGN K BRI AR BEAT A b % T AT, B
& Eo¥iRZE Fo =5 I, -3, T
S T S BUERE, U, ORI R 4/, 55T
G RFWE. 2 Bott—PHRE Eo = 25, X

M52 BB HLARE TR A 5 kAR, T
Wi S HUIEFE NG T . X R IR K ) [ T
B TEALBR R T R B T O ER, AN
FT KT FNREI S IR PN, 25 S 241
Bt 2N RIS, 25 EPNR, Bl A A8k
W ERAL TSI AR T Eo BYIE R
Rl 1k, CHAEREMA ST, Eo X}
SRR RSN 3. HeAh, T v fi
5% Bo WALE THUF, R IK I PR 18K,
SUEAE 5 KA WRIHE R Z A BB, X
R IR RN PR A S AE 22 FLA T ) S T L
AR T, JEX LA S T E AT A A SR
HARESHME.

Fefuh A Eo AMUE IS AIAEZ AL BTN Y
T AL, 3% IR R A 2k 2 LA Bl A AR B T
SCHEE . 7EAK Bo 5Bl i 2540, ARtk
T TC VR 22 LA T, R A A 2 AL
Pl 4 JR7R Tk S S A B R IR 53
MR [19,20,39] MR 1) HIBEZEBLR AR, AR
BT ARAEZ LA A A & A 3R 2E, TR A 5
7 22 LA B 1) aok AR v DR B 0 1 T A T
WP RTH . X — 22 5 R LT SR AR, o
ZM R FE I GGE H BT 2 LA Mt 45 <
YA M e ) R SR T 5K T K, S RO A
TEZ AN FZ AL, TLHIETE Eo BN Z AL Al
B RERS R, AL T, AR SO 3 19 St ds i 30
G0 = M o R ke O BB 7, RN A< v LA

054701-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 5 (2025) 054701

A Z AU T, AR 278 2 e A v DR B T LA
e S REFE S I 45 . Bl 2 o AR R R,
AR N T 1 e R WA= e 3 p iy A T I 7 (|
Eo =2, 0 = 90°B}, kMO Ll T 2540
J, 4B T RGBT 5 TR T AL Tl BT AR
[F] B S Bh BERE IR, I & B e Z LA i fie b
2. TS E AR E 0 = 12000, BESRAYRLFT
FEREAES 2 )2 O AR KR i Tl A
TR SRR TR 1) BE TR R 0, DN T A
T Y e 101, (LR 45 Ak, Fo M3 R

Time: 30.5996
Fo=2,0=30°

Time: 42.1466
Fo=2, 8 =90°

Time: 43.3013
Eo =15, 0 =120°

Time: 24.2487
Eo = 25, 6 = 30°

Time: 59.4671
FEo=2,0=120°

FREAR T SR ATREYE. W24 Eo N Eo = 2
W& Eo = 5 i, SIIEAIIREME IR 28 3 Z LA
o, ANTERRIR K 5F (0 = 150°) F BT, X
HoNBEE Eo 3K, iF 1 £ SRR, SIWHES
SR Z LAY BN B T sg . 25 b, AT A& BB
LSRN TE R A WOk ) (R 3T E R ]
Eo 3 K V)38 28 398 58 77 1 55 17 42 ok o 19 67 T
FH. I, ESZBRI R 38 SN2 il A ok ok
Eo W AT SRR MG ZEB A 1 &4, 1m0

Time: 26.5581 Time: 32.3316
Eo =25, 0 =30°

Time: 26.5581
Eo =25, 6 =90°

B3 A Eo 5 Mmala T GRIESZ R

Fig. 3. Changes in bubble morphology under different combinations of Fo numbers and contact angles.
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Fig. 4. The morphology of bubbles that do not pass through porous media under different working conditions.
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Fig. 5. Variation trend of average bubble velocity under (a) different EFo numbers and (b) contact angle 6 conditions.
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Fig. 6. Variation of instantaneous velocity v* with 6 at different Eo numbers: (a) Eo = 10; (b) Eo = 100.
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Fig. 7. The position and shape of bubbles at (a) green dots, (b) blue squares, and (c) red triangles.
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Fig. 9. Changes in bubble morphology under the coupling effect of different Re and contact angle.
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Fig. 10. Changes in the bubble v,,, under (a) different Eo numbers and (b) different Re number combinations.
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Fig. 11. Changes in bubble morphology under the coupling of different Re and Eo numbers.
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Three-dimensional mesoscopic numerical simulation
of the rising behavior of bubbles with large density ratio
in porous media channels”
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Abstract

In this paper, a three-dimensional numerical simulation of the motion behavior of bubbles in complex
porous medium channels in a large density ratio gas-liquid system is conducted based on the lattice Boltzmann
method. The E&tvos number (Fo), contact angle () and Reynolds number (Re) are systematically discussed
with emphasis on the law of their coupling effect affecting bubble velocity, morphological evolution and
stagnation phenomenon. The results show that the increase of contact angle will reduce the bubble velocity but
intensify the velocity fluctuations, making the bubbles tend flat, while the increase of Fo number significantly
suppresses the influence of the contact angle, stabilizes the bubble velocity, and makes its shape close to a bullet
head shape. When the contact angle is large (8 > 90°) and the Eo number is small (Eo < 10), the adhesion
force is significantly enhanced and the bubbles will stagnate inside the porous medium. Re number and contact
angle compete in the generation of resistance, and have mutually reinforcing effects on the average velocity of
bubbles and interface evolution. The larger contact angle makes the deformation of the bubble tail intensify and
becomes unstable, and as the Re number further increases, the tail tentacles are more likely to break, forming
residual bubbles. It is also found in this work that the coupling between Fo number and Re number
significantly affects bubble behavior in motion and morphological evolution. Under the conditions of high Fo
number (Fo = 25) and high Re number (Re =14), the bubble velocity increases with the Fo number rising,
and the trend becomes more significant as the Re number increases; while under the conditions of low FEo
number (Eo < 25) and low Re number (Re < 14), the speed change pattern is completely opposite. This
phenomenon is due to the high instability of bubble morphology under the conditions of high Fo number and
high Re number, which affects the buoyancy and speed performance. The research results provide important

guidance for optimizing the flow behavior of bubbles in porous medium.

Keywords: lattice Boltzmann method, gas-liquid two-phase flow, porous medium, three-dimensional

numerical simulation
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