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Effect of Initial Bubble Shape on Dynamics of a Buoyancy-Driven Bubble

HE Dan, LI Yanpeng, LIU Yanyan

(College of Environmental Science and Engineering, Chang'an University, Xi'an 710064, China)

Abstract; Three-dimensional direct numerical simulation on a single bubble rising by buoyancy in
viscous liquids was carried out with the level set method. The effect of initial bubble shape on the
bubble dynamics was studied numerically with E6tvés number Eo=1-10° and Morton number Mo
=1071°-10%, and the influencing mechanism was explained in detail. The bubble shape and rise
velocity predicted by the simulation agree with a well-known bubble regime phase diagram in lit-
erature. In addition, a phase map was also established at high Fo to provide quantitative analysis
on the transition of final bubble topology from spherical-cap to toroidal bubble. The numerical re-
sults show that the final shape and rise velocity are not affected by the initial bubble shape at low
Eo(FE0o<(52), while the final bubble state appears to be the spherical-cap and toroidal bubble and
is influenced by initial bubble shape at high Eo and low Mo. The bubble is easier to become a to-
roidal bubble and the temporal fluctuation of bubble rise velocity is stronger when the aspect ratio
of the initial bubble is greater.

Keywords: buoyancy-driven bubble; initial shape; phase diagram; numerical simulation

LA B B ORI S AF e TR 2 T s A A B OIARG, IR R AR =GR R 3 17
W B aREIRS A T RSOER RS R 75 A7 X TRl S b Tl ad # B B E A B X
GO UL S W W i RS RUBI= R B2 g DD =P o i Bhaga 55 RGEHBIF T T 17 1 I AE B A
5 AR B IR L X — P S GE R R ETHESh AR E) TR IR AR R e L T

Wk HEA: 2010-06-17.  FEE RIS : AFF1986 =) & Bl LA M ERR IO 55 Bi%. BaHH . BRHRBSESR
B3 H (20706007) 5 30 17 7K BER 5 7K P15 [ 5 8 0 S0 30 28 1303 4 B B0 H (QA200806) 5 sk i A SE A B 45 % iU BE 45 B
BhI5 H (CHD2009JCO11).

2% 1 st E] . 2010-10-19 &% R L . http: / www. enki. net/kems/detail/61-1069_t. 20101019, 2211. 020. html



44 [ I N ]

PN

o i 545 45

15 3 B E CEIRE Re, 58 Mo FIR B IK
Wit Eo) Z [0 6 & AR &L B 30 41, 4% [ 2
H— R RSB, 7 — 7 R H T 5
TR FE B BE R A, XA 45 R R 3 i 80 2%
LA KN RIZK BT B30 J1 22 R R AT 1 3 4 i3 4
FEE0 U T R R SR BT B e £
AHY PR AR B 22 A H B AV 2 )84 AR K. L
. W S5 S8 % B0 35 7K rPom aef i A Al Y 24
= EHAR 1~2 mm B AA PIFIR . REERIE Fiek
1B, Tomiyama 25 115 3] T 2L (0 5L 6 25 51 -
WEFE T PR 48 TR RS ) b THiZ 3). Bl )5 - Ohta
(990 S j= 2 B — 2 VOF BB SR, 385 T 247 3
A MAR Mo Filis Eo B A0 B TH T 8 5 HATIRTE
AREEDIAE . XTI R TR 8 52 i 718 [l Je =5
M HLEE . H AT B R AR HGE X E R AR SO
EROIYY N E T M E

1 B S HAE Tk

1.1 =HFE

X AMEAERE WA s 3 SR AR R
AEGE AL M PRIAR Y AN AT TR 45 HAS AR R 1Y
AT AR, I AR KR WS RO
A9 H R Level Set(LS) p& %k, W) n] DAR H T
()R — 3% 2 7 B 5 B i Oy R Al R P AR AR A T
H

Veu=20 (D
Du _
p(qS) DL Vp+ Ve (2/1(¢)D)+
o($)g+ac( PP T ¢ 2)

K popeu F p 430 F R T A BE R B L B R
5 R D S AR AR R (2) S AT I
JG—IERR R IK T Horh o600 F ¢ 430 Ry R T
3K 1 2B, LT It 2 Dirac BRECHT LS BEL BT,
P R AR AR B SRR AT i URR
o(p) = o, + (o, —p ) H($) (3
p1(p) = p, + Quy — p, ) H($) €Y
A TAR LA g 23 5l R s AR ANV s H (¢) J2
Heaviside pRZL!.
1.2 Level Set /5i%

ARSCRH] LS eRECR AR AR A 1z 3h 5
. L LS RRECE TR XS AT B B A
T AT PR b, OISR TH A0 F AR i LS pR%L
MESETH (p=0) 45 . T RIS WAKIZD), ¢
F18) 2 S5 L T )V 2 RSB T ) %o O s T

D¢
Dt

h T ARIE LS R £t 7 #E (5) X L B 5
BRZEIEA Ry 8 B PR SR Sussman 55 (1)
FRTIR AL, TR (5) HeR H = F ENO #8 XU =X
THEXT R w » V¢, K —Fr TVD Runge-Kutta
M A HEGES TR]D, X T R (DL (2) R AA R
HIRZIE RS ALE Bk i

2 WREERESHE

N TR BB A s 3, B AR
HEAT T RS TC O AR X s RN I, O
SCHRH AT RS A5 R IEAT T IR BRI AT
WLSCHRL6.12 ). Fe TR TAR A SCE I — A 4D, X
ADy, X 8Dy, BTy IS A VE D9 THAR DX, S BRI
ADy, B DI E e S A 1] LA R 3 S A s . [ A
30 73 2R 23 DX 323 A B SR B o B 220 X
R Nepr = 16 (Nepr 2278 S P42 I B 55 09 A%
B0 BT A4 AR RS TG 75 U B DR A
FLAG RIS SEREFR I ISR R 1Y 24 135 B X
AT RIS 2 A% TC O A T XY B 3 R0 R
PRI 53 A D3 B0, AL RE T R HI T 7%
N AR TR BRI AR I 2] 2 b i O S R
TWAARFR AR IR, O T B8R LG TR
ETHEsRy R B R R R AR Ll i
AR SR 5 LE o SR I BRI B AR,

AR BB SR AR A Y S N 1
Bz, X HL. Mo Hil Eo 24 i i 8l 3 R A9 P>
(O LOE S Y il il awa )

Mo = g,u/ll/[ola3 (6)

Eo :plgDi/a (7
s Dy om0 2 1 AR, RIS 92 PR A AR AR AR
BRI LY BLARE s Mo SRR Bk s AR 5k 1 2
s Eo s Sy MR 5K 1 Z [e. 1153 T80 7E Bha-
ga S S AH P rhoRS 67 AL T T g
JEREHELLA.

XF T & TS B AR B R ERIE R | 2K
WA ER R DX e G BT A B AN TR v 58 LE Y
PR TEARA F] 08 I » Fe A B RN L L T 3
WA U225 [ 2 R 3 43 51 Sk ik 1 1k At B
R DX ) A R B3 2 P RPN T BT T v a1
H 2)F 3 Ffms 58 b i< B T B 3RS A AUE
BAUgs R, B o S — AR ], dr e Cg/Dy) Y i
SLATRLE B X F A 1 (Eo=6.46, Mo = 2. 22 X

— 2T —
at+u V¢ =0 (5)

————————— http: / www. jdxb. cn



55 130

107 FE 2(Eo=40. 4,Mo=2.22X10~*) , &%)
BB TR 22 R EOR H R REE S LTt R ]
T I UL AR B HE A AR ], X T 6 1 #RASIE
WEBRIE X T a5 2 #RAETE N et BRABAR , 113X 5 Bhaga
SN B AR P O A AR SE A
A1 BARABRUR R # Sk R AR A A
o/ u Dy 5/

T Eo Mo
geem® Paes om Necem™!
1 1.206  0.0529 0.6 0.0659 6.46  2.22X10°*
2 1.206 0.0529 1.5 0.0659 40.35 2.22X10°*
3 1.206 0.0529 4 0.0659 286.95 2.22X10*
bl 1.135 0.006 86 2 0.070 3 63.3  5.50X107"

b2  1.135 0.006 86 2 0.070 3 142.4 5.50X107"

cl 1.288 0.109 3.6 0.0799 2047 2.11X10°?
2 1.288 0.109 4.4 0.0799 305.8 2.11X107?
el 1.38 0. 145 3 0.0182 668.8 5.21X107"
d2  0.866 0.058 3.6 0.0182 531.4 1.44X107*

1. 0.953  0.376 6 0.0388  866.5 3.52

2 0.953  0.376 6.4 0.0388 985.93 3.52

Pl 1 Bhaga S iSRRI S A SCIYTHRL X

ER X1 Frs 0 AH B HER 1 AR
BRI DX 35 A5T4DL285 1 2 B0 AS [ 5 58 EL B R ER T RO
[ (1 A0, LR IR A 2 i b T LA Ak 2%
St B4 SR TR s 3 AR (Eo=286,
Mo=2.22X10"") F AP IER A LS F Y
BE A EEF. A 4 A L. 3 R R TR 1 S AE
b TR E S B A JEC S 1R A R WA, P R E
M EFHEORER R, X y=0. 5 BRI,
[T 56 V8 R B 28 A » T LA S B LB R A BRI AR

[T S 45 AR AR P70 3 1 Y 45
@ +-43 @ -3 @43
-1’*=3.6 ‘ T*=3.6 °T*=3-6
D -5 & - =
[ P &®:-1¢ =18
o) @ 0
— 4 A
(a)y=0.5 (b)y=1 (Dy=2

B 2 NI e R i A L T AR A
(Eo=6.46 ,Mo=2.22X10"")

A 7 E——
- _ o | | -8
_-; 4 -, . . -~ ._;
- - |
- ‘ 7*=1.1 T*=1.1
— -
(a)y=0.5 (b)y=1 (©y=2

B3 AN 5 Ee R AR I T R S
(Eo=140.4,Mo=2.22X10 *)

‘T*:z Ar*ﬂ of | D15

Q =11 ‘ *=1l6 Q T*=1j3

‘ T#=], ‘T*=1 1 . T*=1/0
T*=0.] .

‘ ‘ 7*=0]8 T*=0)7
T*=0

- | Q@ - -

|/ 74
(a)y=0.5 (b)y=1 (Dy=2

B4 AN SE EE R AR I Y _E TR R4S
(Eo=286,Mo=2.22X10"")

RN T ¢ =1.2 A0 85I » M1 e 28 55 il
FHOE LA E R T RIS, 2 =1 i,
T TR IR R A BT A 2R A A A S T
FRIE R 1 =2 B WA TR AR R AR BT AR R
TIHRAT 32, 75 R /E Bhaga 55 (9 S AH
IH 3 0 LAY I B 2B R BRIEAR , A SO
BT PR R ZIE A  BRIEATEIR. X2 T g
ARMECRAE T 5l AL 1 5 1A B0 B W0 45 B2 AR D Bk
J& . Tomiyama 55 1 SEEUEW] 13X — s, Al fr ] WE%E

http: / www. jdxb. cn ————



46 [ I N ]

PN

S 5545 &

#H

2] A AR M S Mg R L T A ] — RS LR
H L R BR R Y S BROE . T & A & Eo AIE Mo
T R ATEATABEBRIEAR A5 A B S I8

o ERBEIIZE RS5O, TRk
B VP T IRZCR S Z W IR T AR 52 e 1) X 3 LA
5 Eo FUIE Mo [R5 R A 32 014G T ARG i 14 X 35,
HAK Fo o % Mo 45 55, Ohta %9 7E 48
AP RS T 2RSSR, T ot — 4 T
FEIFTH AL IR LR SZ ) LG T R 11 X380, AR S
TEIE 1 B 7 A0 IELAH P 0 SR E R 321 R R X3, S
BT ARic o i 25 G L D Rt T Tt
B ASRNANE S5 BN TR T B BRIEIR 2R R
IR AR L P il e b0y () X3 3 7R 17 H S0 i
ZORBAZ MR TE IR i 4 IX 38, f 2R 7 i
X 38k 2 s SZ A A IR il 1) X, AR I 4K, 24 Eo<<
52 [ X FAR ST ST 1 Mo [l 1010 ~10%, K ifL
() I 2GR M ERIEIR s 24 Eo #£ 52~1 000 {518l 4
i A AE— A Mo, 552 FR Mo #8ad BUilfs 548, A
[FIRIHATE R B A0 A i TR g BR IR L 25 52 B
Mo A% T eI SHE A 600 46 T8 IR A4 < 360 52 30 3
HZIBAR  REERIER AR, B b (1) S IR 254 S
1E y=1 TR R R IR,

1 J
800 1000

B5 PRI BRIEIREE A2 o S SR A AH A

N T SRS R T AR B )
HLBE, 42324 th TF 6 FF R 19 Eo =286 1 Mo =
2. 22X 10 WS4 F . 3 Rl IR T
SE B R b T RO TR 2R R DL 7
R T IATEAR  TF  J 8  2 .
SOMTETE SRR R B TP G T e TR AN
TR S 2 O FE 1T F 5 5t — A DRSS 100
S PRI 6 T L3 B A L % B A7 7
<1 RFZD . AR AR 2R IE . TR S 5 o T
S F . B9 R HOR) I FE R 22tk DRI 9
R0 L SR B b . 53— T ALY
BEL 7 S0 R TR A 56 5 55 B/ L 2

(A3 BHBE T K« v B R S T 32 (R shBEL T 70
PR LA R B EE D i A %) T R AR
AR X — AT LR 7 o <<0. 5 iR T
HI T A b L ER 3. TXRE K ies 9 LE i At AR AR
FHE AT B T TR SR . th T3
15K 71 BA 4R IR R AR BT I E T, & Eo
h e 7R FE T 5K 77 A0 1 FEAR G 45055 o DR e 1 80 5 e
K Ge=1.2) I G S, IR0 5 I 3 B0 o FiR 2 1
iK1 SR E R TR IE IR, RN & 98 b
BR Gy =2) R LG, 3 R HOP i T A 38 (&
6b o =1.2 & 6c 1 * =0. 8 4b). %55 5 H /s
Cr=0. 5 IR LRI . 55 1 S I AN 2 A s IR 3
7 5K 7 AR e 2SR B RE 20 S TS S ml
FERIBIE S (& 6a h 2* =1. 1 4b).

...........

) @ @ 4R

-

%208
(oy=2
AR AT AR S b AR v 9 R B B SR i
(E0o=286,Mo=2.2X10"")

TT*=0.7

& 6

P 7 v ) R B R AR S DR A A 5
] e TS B Y. T AL 3] B Oy
Tt X FAE Eo A Mo (915 8L, 3 FhA R #146 TE AR Y
L ERZIR LT AR R B4 LT 8% s % F i Eo Al
Mo WTE oL, BT y=1.2 MAIIRBTE < =
1.2,0. 8 7y b aBm 2 T ML 36, I 3
ARSI 2 A B = 0. 5 IR aR IR A T B A
o =0. 8 LU ESFZ2 8 T — Ma e (E. X
— IR FW L E R Eo AU Mo W3 8 244 F . L)
PRI E T _ETHE R et AR Eo
N BT S R A A Z IR T AR B .

http: / www. jdxb. cn



55 130

il PF L 5 W ARTE AR P2 T3 3y Ak 5 47

1.0
0.8 AN
RPN l’ \\, S<N T
2 o6 L7 AN N A
~ , TN\
Q / /
? 04F [/ /2 N 2=0.5
/] x=1.0
0.2f! /
o e x=2.0
/ 1 1 1 1 1 J
0.0 0.5 1.0 1.5 2.0 2.5 3.0
T*
(b)Eo=286 ,Mo=2.22X10""
7 SRR TR S L f 5 )
:l_: N
3 én l/b\

(DX FAE Eo(Eo<<52) H. Mo F5 FI#E 101 ~
10 PRI H & ok S b T B B AR 52
FIARTE AR S0 5 %5 T/ Eo K Mo BY7# T+
HA AR S LT 8% 32 =90 46 T2 K A 52 i AR
T X FRETE b (=1, 2) IR <, F &)
ARAHII XS Ty =0. 5 [7INm 98 LL BT 4R it
R ZIEAR R BRIEIR.

()X T8 Eo WWIRERIE S 158 T TS
T BRIEAR S A2 S SR IR R AR R Bl E T —F TR AR
F7% ) Eo fl Mo . £ & T Bhaga % 45 Y & IS
HARIA.

(3)75 Eo FUE Mo BT 3N 1 7R 32
LRI ARFE i B HLIRAE T, AN [R) & 9 L O T g5
VI8 SR I 54 J3E 2 S 5 DA o T 5 U -5 R T 5K 3 A X R
AN E T TR B RRUE T A5 R R L 2
BRI,

SE
[1] BHAGA D, WEBER M E. Bubbles in viscous liquids:
shapes, wakes, and velocities [ J]. J Fluid Mech,

1981, 105.:61-85.

[2] SANADA T, SUGIHARA K, SHIROTA M, et al.

Motion and drag of a single bubble in super-purified

(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

water [ J]. Fluid Dynamics Research, 2008, 40(7/8);
534-545.

ELLINGSEN K, RISSO F. On the rise of an ellipsoi-
dal bubble in water: oscillatory paths and liquid-
induced velocity [J]. J Fluid Mech, 2001, 440, 235-
268.

HUA J, STENE J F, LIN P. Numerical simulation of
3D bubbles rising in viscous liquids using a front track-
ing method [J]. ] Comput Phys, 2008,227(6):3358-
3382.

M. SRl BE A T RO M B REEEME RS ). T
FEA 4, 2006, 27(2) :255-258.

CHEN Bin. Direct simulation of a single bubble rising
in high viscous fluid [J]. J of Engineering Thermo-
physics, 2006, 27(2):255-258.
EMIR L BENG R . R A A BT
BITEARARELT ], TR 224, 2009, 30(9) £ 1492-
1494,

WANG Huanran, LI Yanpeng, YANG Dong, et al.
On the shape feature of a single bubble rising in vis-
cous liquids [ J]. J of Engineering Thermophysics,
2009, 30(9):1492-1494.

WU M, GHARIB M. Experimental studies on the
shape and path of small air bubbles rising in clean wa-
ter[ J]. Phys Fluids, 2002, 14(7) :1.49-1.52.
TOMIYAMA A, CELATA G P, HOSOKAWA S, et
al. Terminal velocity of single bubbles in surface ten-
sion force dominant regime [ J]. Int J Multiphase
Flow, 2002, 28(9).:1497-1519.

OHTA M, IMURA T, YOSHIDA Y, et al. A com-
putational study of the effect of initial bubble condi-
tions on the motion of a gas bubble rising in viscous
liquids[J]. Int J Multiphase Flow, 2005,31(2);223-
237.

BONOMETTI T, MAGNAUDET ]. Transition from
spherical cap to toroidal bubbles [ J]. Phys Fluids,
2006, 18(5):052102-1-052102-12.

SUSSMAN M, FATEMI E, SMEREKA P, et al. An
improved level set method for incompressible two-
phase flows [J]. Comput Fluids, 1998,27(5/6) :663-
680.

A, EMRAR, 22N, 55 ] Level Set JyEXf 7K
NP RIRIE S EUA BT, VU S KR
2009, 43(7):11-15.

ZHAO Zhixin, WANG Huanran, LI Yanpeng, et al.
Numerical simulation on motion of two underwater
bubbles using Level Set method [J]. Journal of Xi'an
Jiaotong University, 2009, 43(7).11-15.

(Gl HIMRZ)

http: / www. jdxb. cn



