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Fig. 1. Laplace law verification.

244701-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 244701

4 AR R A A A

AT BRI AN 2 PR, TETE R Wo .
KN Lo B30 TE A2 A7 BE T 3% B P AR X R A4,
SR A O A 40 P B RN S BE 43 0 R LR WA A
AN B e ) 1) 5 R 5 B8 01 Ry L RV W, PR )
V%3215 %8 T 0 A B T ) 52 R0 1A (0, 1) (0, )
WG IR 0 NS — BN pg, PN R,
A (e, o) P, TR P A 43 S0 2 By
PR, FEy TN T G = (p — pg) g, WIS
FEFAR X SN 7] [z 8. A XK BN i A&
AR A A RE T M B ) A TR Ladd 539
P&t 0 T S B LI ROk A, AR SO TR RE THT
M B, DG T RETANIE IR X B S T s
M FA T e G 28 TAE TP AT RS, i B )
H—ANEBEITCENE, B Eotvos 28 (Eo):

— 4R?
Eo — g (pl pg) , (21)
g

HLHRALIT ) 5 E WK RSN, 78RS0, K
TR LS B, 7T S T A
Bt H . A | FE 1 J A0 e e, 5 X
BUF: 1) ST A Fht Lo ( De) . 0005138 it T
S R A R 5 B I 2409 B L. A it
U e 8 B 0 A 2 B A ) S T
AT AR, T T L PR DB A
I A5 e a5 F TR SR RIS, e R B X
6 < 05 FFTERI XL, 2) K EIFEEE (). <
ey ity LI = 3 duy /ST @, S

|G
Lo

=
R

~ e

Wo

Bl 2 Py
Fig. 2. Physical model.

o RV XN BT A A5,y R BEAE y 7 Y
syt 3) S I (7). NI thiz g 3is
ShF I AR TR BT AR SCER 2R R
K | V2Rg WHAEHFE | \/2R/g N FHERS[H], 43
SRS B RE | L A B AH 5 8 1A T G AR AL
BRI AT SRS EARFR.

5 ZREitkb

T TR R B LA A B R X BR B A R
EHRE TR, SIREE ST I ZARZ N K
T TR TR /TS E DR A N R 7 bl [ I ot A NN
SIRPAHAI BRI Eb L V7 S AR sk o B AR R/ NaE
AR EZGE Bo ¥ SIRMIAIEE B LL | BEAFPI I
T 5 A o B 5 LA R B AR R/ NS S i
AT B AR pg = 1, pr = 1000, 1 =
100, g =1.0, M =0.1, 0 =0.312, & =1, By =0,
Wo =80, Ly=300, R=20, W=4, g=39x
1076, IR B R (40, 40) , AR5 [A] 75 Fl 7 1]
Wit (16) 2R (17) ARG 45 2 B R R LA K A
B R). TR AR, DL SE0 s 2
F-HL, K THE T BRI B A 2 [B) B 5 A 2%
BRI 1T LAZ R SCHR (37, 38).

51 Eo#RIEN

AN RIRGE A7 3 AT 7 1A /N )
Eo BN M2 sh AT R IR 5, 76 BB A 32 22
Z BT N Eo BUREL: Fo = 5,10, 15,20,25,30.
HASHEEWT: Li=L =30, Wi=W, =20,
PR B A0 IV 320 5 73 e A RE 1T A 32 543 51R (0, 90)
F1(0,120) , AR Eo %08 1 9 5 1 7% 1 K/
3.

K 34 T Eo= 5,15, 20 iy I 7E 45 1B N A
W] i ZI e 248 k. WniEl 3(a) i, 24 Eo = 51,
AT RIVHS fk il 2 26 MBS (¢ = 9.379),
e BT IRFE A ST, WA NI ; SO AE 28 i
P A P B A B R (6 = 15.632—19.072) Z B £ 4
VA3 et 5% P, EC T o 7 SR AR (R 4 T R 5
M R R AR YT, T A B AT K A
ik, A/ (¢ = 25.325); RIS SMTERE
TIRERTTT 584 S Rt e, e 5 i < a2k
I, PR A R IR AR RN,
My AR E (t° = 36.580), 7EARJH A B[] 4

244701-4


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

W) 3B =% R Acta Phys. Sin.

Vol. 70, No. 24 (2021) 244701

(At =2.501) KE T B, 4 Eo ¥R 15 W (40
K 3(b) 7R ), SIETEE o AT i R AR T
K4IE (18 3(b) it = 17.508 5 Z1); 2431 5
T L I, FEZe M B ) 3R T T T UM R
. Eo%utim®] 20 i (40 3(c) i), K54
M e ek 49y 73 ) A 2 R A R T PR R — R R
AN, BEI AT TAT — 23 I ol 2 B A 0 i K
TERE Y FTE (¢ = 23.761—27.513); 45 FH
0 553 A58 12 i A A O I ) 3 T AL e B —

NI LR ERTIR, BEE EoXgin, S7E 5 Bl
Yyid i i R b oy A UCEAE N, G SN
SR B —F AN, BEE Eo Ui, iz shid
P R A ok B B ., SRR S R sk ST B Eo
By g s, SBCOLTEZ Sd B ER S
Ziﬁi%@f VI 8585 Alizadeh 45 20 (R fiff 57 45 51

= 9.379 15.632 19.072 25.325 28.138 36.580

= 7.816 14.069 17.508 24.074 28.451 35.642

= 7.816 14.382 17.508 23.761 27.513 36.580

B 3 A BoBUFHRHIES
(¢)Eo=20
Fig. 3. Bubble shapes at different values of Fo number:
(a) Fo=5; (b) Eo=15; (c) Eo=20.

(a) Eo=5; (b) Eo =15;

M 3B TTLUE i, Eo #5152 <3t i) JE
RN, T8 X 2 3k RS 1) ] AR K1 5 i
KT 25 Eo O SH0IE SR s, 8] 4
S5 TR Eo T A1) - T3 J32 e IS (7] 19 4% ﬁc
R ATLLE H, RIRTEEIE N iE it SR
Fig Bt B P RS AR —— X R R — ﬂ&ﬁ
Pl Eo = 20 M, 4/ J B B Wi S5t < 7E
iz B A v RS AR N A R R A2
B A A BELASVE T, SR B T/ TR (¢
2.814—7.816 ); 4/ (0 0L Uiy 5 1 B ik 420 114) e/ ) R
Ja (7 =14.382), S0 R PO N, HHAE ¢ =
17.508 B 35 2] T e KAH, I 4 0.00376. X Lt
Pl 3(c) AT, B A 3 B e A v ot i 5 e
71, BJG HIARIE— 2 & A= ARk, Yo g ) 8 Bt FF
LR R, R R R AR L B ¢ = 23.761,
DU S SR B T R4, Bt J 7 — /N BE A i) X (7]
P (" = 23.761—27.513) S FF U T, JE
T AR A R (. [ ph T B T A
W) BsF 4 5 BB AS BT A TR, 224 HL 8 B A 4
J&, FIAIERAE—BEI N (¢ = 27.513—36.580)
I 25 3108 1 K T AL o2 T O A R Ak DU AT RE
A BRI, DRI R o BRI T . Bt A
TEHREE KA ERT, — 0248 —i BJF, #
JE N — U BUNREE N DL B S5 R T LUR
A B A S T AR b T3 R AR 2 R Y 32 B
T

0.0040

0.0035

0.0030

0.0025

Vi,

0.0020 |
0.0015 [f* "BTR ¢
0.0010 -
0.0005 |

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65
+

K 4 AR EoBUF Ak b
Fig. 4. Bubble velocity at different values of Fo number.

MK 3BT LI i, BEF Bo ¥, <G5
BRI SRR, B AR R 2 )5
WL T “58 2 SRR ES” | “TEZe Ml i)
R /N | A A7 P B 2 1hT R 5 P

244701-5


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

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 24 (2021) 244701

S JURME I, B Eo B0t 28 L R AT 4 1 st
[ RN A R, R T U — G &5 A
T AR Eo B 45 31 A9 980 43 S it LE De LA S
W B R IHE] T AT LIE Y, Bo Bk, X
W2 RS I 1) . BRI, 24 Fo B8/
B, Eo B8 i aeaE A iRl NV A i e, 1Y
Eo W nE] 15 2ZJ5, S o8 i B4 i it ] bt
Eo ¥ IS8 08/ N, 55— 7T, 24 Eo U5/,
SURE TR o AT , A S BT A R A
B Eo % in ik 2. BE# Eo B3 hn, <4
MU B BR A Ao T3 BERS 4 LA R e A PR 0 e v A % 1
L IS S T 4 5 B Eo 501 B8 i s s /DN, T
M Bo ¥4 in 8] — @ {51} (Eo = 20), LAY 4
i A R T X 2 Eo = 20 A,
SR I A A I R P B A A A R
T 45 B T — 3RV, B Eo Uit — b1
i, RS ST Z TR A R m R R, SR
TSI A A P 40 2 T %) o0 B 1 T - S A i

1.05 162
A —a— FIRNTRLL De
1.00

S —a— SR T {60
0.95 \ 4158
0.90 456

)
Q &
= iy
0% 0.85 154 &
& 0.801 152 ig
= 50
0.75 | A~ 1
——
] \= 48
0.70
{46
0'65 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Eo¥L

K5 R Eo$UT ML BRI A i L FTIE 1 16 7]
Fig. 5. Rate of residual mass and passing time of bubble at

different values of Fo number.

5.2  FHELLHIRN0

ARG RNE O A T AR IR S AR A
(520 B (A PR R R RE A AE ug = 1.0,
BB AN R AR AR B F R EE I, T
SCH AR E R 10, 50, 100, 150, 200, X HY
FERELL M = ug/ui 24 0.1000, 0.0200, 0.0100, 0.0068,
0.0050. A&75h Eo=20, HAhZHk 8 5 5.2 [,

&6 45 T AIRERE R 0.1000 BRIRLAE G
HEET 2 (AT AR DL R A A L T A v R i o ]
AR, sl 6 B s, e 28 i B ) i
R rh— I o B AT, IG5 SCHR [39—41] &

PR SCRE 5 WRORH RO ZE BE LOB R, SOf AR IR ™ E 45
B BRI, 2SS 22 B A B ™ A
ST, ISR A M R 2 T B R =AM
SR/ IV, TS A A I A4 53 B e SR i
Pt R A T — /N S5 — T, S BT
SRR R R L R AR T AR KA ARfb. AT i s 2 3]
= 4.846, 55 FEAT A3 I8 1Y B A, WU TR
TR BER R 0. 24 = 4.846 1), ST
Wl i I, MR R SR B — R (TR V[
4 0.00824). BfiJ5 7E t* = 4.846—5.628 fitj — B [A],
SULTTCAR T LR PR A8 Ak, XoF 1 1) 328 5 e s (1) 9
JN. ARt = 5.628—7.035 [X [A] N, 50 50 5 B A )
s/ DB, ST IR I, IFAE ¢ = 7.035 B AL A
BT A (WE(E R 0.00888). L, LT
BB e A A Ak, B bk nAE AR RS A
I -4 T S P R B T (A5 AR Y R RE T
(t* =7.035—8.129). ZE I 5 LM EEY 7 &5
AR IS [R] P (8% = 8.129—9.067 ) <3 Y 3 JiE X
IR T /MIEEE EFE. At = 9.067 % t* = 10.474, K,
TR e M R 22 1w L, S SO X — R
/N BEJE SR B BERGY) (tF = 10.474), B
T 8 0 I 7E ¢ = 12.506 1 35 21 T 45 PO A i {i
0.0106. F T 78 JI 25 1w A M B f g p ik, H:
HEEM Y s AR e, B N EDIR, Bl
JE ARSI VR R S0 /N2 B <, 7]
P 33 /NI B R (¢ = 12.506—14.851), <,
WAE T = 14.851 B 2B A AR A T, iRt
FRBEAE t* = 12.506—17.821 A i) BE PN 2 Wi /)N, 3
FEAE *17.821 BHETHEN T 0.0103, Bifi 5 /<o Y o i
WA T %, B 2SR ¢ = 19.853 1 35 T iE

0.014

0.012

0.010 +

TS
X 0.008 | i T \‘ 4

N
0.006 | \,

0.004

0.016

0.002

0
0 2 4 6 8 10 12 14 16 18 20 22
&

Bl 6 FiE L M = 0.1000 B 1 3 % A5 4L
Fig. 6. Bubble velocity at the viscosity ratio M = 0.1000.
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Fig. 7. Bubble velocity at different values of viscosity ratio.
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Fig. 8. Rate of residual mass and passing time of bubble at

different values of viscosity ratio.
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Fig. 9. Rate of residual mass and passing time of bubble at
different vertical distances between the obstacles.
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Fig. 11. Velocity of bubble at different vertical distances
between the obstacles.
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Fig. 12. Velocity of bubble at the horizontal distance 7 =0
(Case A).
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Fig. 13. Velocity of bubble at different horizontal distances
between the obstacles (Case A).
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Fig. 14. Bubble shape of leaving obstacles at different horizontal distances between the obstacles (Case A).
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Fig. 15. Rate of residual mass and passing time of bubble at
different horizontal distances between the obstacles (Case A).
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Fig. 16. Velocity of bubble at the horizontal distance 7 =0
(Case B).
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Fig. 17. Comparison of the passing time of the bubble
between the Case A and Case B.
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Fig. 18. Comparison of the rate of residual mass between
the Case A and Case B.
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Fig. 19. Influence of the width of the right obstacle on the
rate of residual mass and the passing time of the bubble.
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Abstract

Bubbles are existent everywhere and of great importance for the daily life and industry process, such as
heat exchange rate influenced by bubbles in the tube, battery life partially decided by bubbles of chemical
reaction in it, etc. With the further requirement for miniaturization, physical mechanisms behind bubble
behaviors in microchannels become crucial. In the present work, the lattice Boltzmann method is used to
investigate the behavior of bubbles as they rise in complex microchannels under the action of buoyancy. The
channel is placed with two asymmetric obstacles on its left and right side. Initially, the lattice Boltzmann model
is tested for its reliability and accuracy by Laplace law. Then a few parameters of flow field, i.e. the Eotvos
number, the viscosity ratio, the vertical distance between the obstacles, the horizontal distance between the
obstacles, are employed to study the characteristics of the bubble during the movement, including the
deformation, the rising speed, the residual mass, and the time of bubble passing through the channel. The
results are shown below. First, the trend of the bubble's velocity changing with time in the process of passing
through the channel corresponds to the change process of the dynamic behavior of the interface, i.e. the bubble
velocity decreases when the bubble shape changes significantly under the same channel width. Second, with the
increase of Eo number, the bubble deformation as well as the bubble velocity increases and the bubble residual
mass decreases. Besides, the gas-to-liquid viscosity ratio has a significant effect on the bubble velocity. Under
the condition of high viscosity ratio, the bubble shape is difficult to maintain a round shape, while the bubble
rise velocity increases and the residual mass of the bubble decreases with the viscosity ratio. What is more,
when the obstacle setting is changed, the longer the vertical distance between the two asymmetric obstacles, the
shorter the bubble passing time is, and the faster it will return to the original shape after passing through the
obstacle, while the residual mass of the bubble shows a change trend of approximately unchanged-increase-
decrease-increase with the augment of the vertical distance between the obstacles. In the study of changing the
horizontal spacing, two cases: the two obstacles are changed at the same time (Case A) and only the one-sided
obstacle is changed (Case B), are considered. The results show that under the same small horizontal interval,
the obstruction effect caused by changing only the length of one side obstacle is stronger. Finally, the study
shows that when the width of the right obstacle is long enough, although the width of the obstacle continues to
increase, the passing time of the bubble increases slowly, and the position of the bubble leaving from the

obstacle is always approximately the same.

Keywords: asymmetric obstacles, bubble rise, gas-liquid two-phase flow, large density ratio
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