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WMEAFE PRSI SR NEEE
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R BRI, B AR s & e 0 B A 4 B AR,
RS T — MR TE 5 — R R SR A R
A ENFETHLKREEERR®THE, HAE
NEBTRAFTE T B, BAHATHATEREE
—MRFFE MESEAERNEE, SHERE
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28 Reynolds ¥ (Re), Marangoni ¥ (Ma), shh
ERERYEW (o), Y BREW 8) %, EXUT

_ RUp,
Re = o (1)
Ma = —Ii—U (2)
o= pz/m ()
B = Kk2/K1 (4)

XEB R REBHEER, o BrEHR, o« RESHH
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R E LS iR B S T AR AR A N AR EESD
J1% FRE MRS, ORI R BT () B
BB ST 1959 4E, Young, Goldstein 1 Block!®!
WIKEY TR, HERE 2
WANdE e HIER L, #FH T BEMSERERN
IEHIZ B Stokes [RIRRI) 1T A# (]I24 YGB #),
R EA T RA A

V.u=0 (6)
pV?iu=Vp (M
V2T =0 (8)

e u RRERXE, p AEH, T REE.
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B P37 50 377 A B T AR SR U S AR AR
X FERABAT RN BT 1R (. 0,0), MR LARIA N

uy = [(ay/m)(r~! — R3r=3)+
Voo (1 — R3r73)] cos @ (9)

v1 = —[(a1/2p)(r~ + R%r—3)+

Voo (1 + 3 R3r=3)]sind (10)
p1 = (ay/r?) cos 6 (11)
Ty =To+ VTo(r + b1 /%) cosb (12)
uz = az/(10pz)(r? — R?)cos 6 (13)
vy = —ag/(10p2)(2r2 — R?)sind (14)
p2 = azrcosf + ag (15)
Ty =Ty + VTobarcos 8 (16)
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KETHBEE, T (u,0,0) AU EESE. £ L
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U = (—Voo €088, v5, 510 6,0), p = poo
T - To+ VIgreosh, |r| = oo (17)
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20
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Ti(R,0) = T(R, ) (22)
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VyaB = ( 2v (24)

(2+30)(2+))
KA A = ka/ki, o o U BEXIMK (3), K (5) Fr
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HERBERIBEHBRET —ERAEEEEE.
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0 SRR B35 70 R 7 B TR S AR AR A e 1R R
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AL o ) R BE R AEH/NEiE, BT AR A
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stk @ES, shETEHREP IR R R
R RREE B AR R B R R L A N, (R X
FTAREABE RS ERKIZR, FEHLSEN
BRGERAN. HTHRENRERE, TR
EAPRRAE (A 3), R RitiRAaETH
BIEIEHPRES, XA BRI FA) LB S 3k T LU
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FEB R AE, FEERE IR P IR R L IR R R R
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uw=u/U, 7=r/R, F:*//(g\)
p=p/(mU%), T=T/(VT.R) (25)
BB ERN TR RERTEHN
V.-a=0 (26)
ﬁ~Vﬁ=—Vﬁ+éV2ﬁ (27
or _ _. 1 -
o 8 VT =3-VT (28)
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BIEEHHER IR

_ 1 _
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TERMBR T, KEMRAXANRR TR EH
M. M5RPE Re < 1, Ma < 18, ERHRE
B SGRALRR Stokes (AR, ZEF M A kKR IEL
o) A, R T B WS TEA, R R
AR W1 R XTI (Re > 1, Ma < 1), it
B} o] R BT A4 TR O, TSR T S A A A 34U Ay R 7Y
S bR, R R E AT 2SR (Re < 1,
Ma > 1) BPftH{E A Stokes A, LA HAh—2%
A% PR A 0.

LM HERBRAT 1975 4,  Bratukhin('
FIRBE T EE 2% Re it EFBEIXRT Re
i 1 Briffi#g. Thompson % ' ERAHM TXTF
Re it 2 Bt R EEMr &5 R, BRMBRINIZL RAGEH
REFIHA DR %4, R Whitehead f$i2 9]
fBi. Subramanianl® FFHCE#SERIFOHE,
FA W B A [R) 32 57 4% 44 0 1A A 0 41 R E 57 THD AR DT R,
R H R T XA R RE, fhEsEath TREEH N
B, 4 Re=0, ¥ Ma fEN/NFEBEHEF, KAT

EBEB B IERE O(Ma) X 0, F O(Md?) At
BEFRBER. EMTPAEH, BITRITFS
WEHEELSEFIABAEM.  Subramanian'? R
ARG, ERIIRETIEEE, KAEB&E
& O(Ma®) MBEMAFLESEEBRATENYE
{8, BpASHATN THRORIE Y W S Yt S %
Bx.  Merritt!® FEARIBIS Pl 1 45 R4S F
O(Ma*). INABIRBRAT EIBEEE O(Ma?)
ML ES 1 KBIE, HEMMMHRPEHRN Ma
W&, FERAWHRIREER.

Crespo #1 Manuel 'l FFAELTES| A BRI, K
RS REB A, 5T RERR-S # N T,
LR HRR W, SRR ER SR TELR
PR bR Balasubramaniam ) Chail'®l %@
T AT AR HET B AR R, A B
T L PR e 0 X 7 1) BB AR BT LR P B4 o B
W, BORAFEILIA Hill BRBEERBRER, XA
LUSHIK Re MBI RES TIRIF TR, Fr
oA THE T /MR KRR R TE R, Haj-
Hariri 25 16! mREtLRBRS T XFMER, HATRAT
EAC 2P E EE (Lorentz reciprocal theorem), 43#
TRWABETIEREBIE T B 0E RS U XE B #E
M IE, HHEHEXMERLT, BELAXNTIBE
BERI KN R .

K Ma MR ILHRIET Crespo Fl Jiménez-
Fernandez('"%1, i/ 1F VG AL 3t S FF 75 B 34T Re >
13 H Ma > 1 BESRIHEE, KA TRAEAR
RN FERARZHEELRE, FABITRE
F YGB & BT E. Balasubramaniam
Subramanian!!'® 4347 T A Ma B}, Re - 0, Re - oo
R RAE R T SREBER, BIET X (17, 18]
MR, AT Re — oo Bt (BNRHARLER) X
BB EE NS ERYRER

V= (% - 13825) — 0.1369¢lne + 06578 (30)
Heh e = 1/VMa. XA % EMBET Balasubrama-
niam F1 Lavery[? f¥r{g1Eslg Bh Ma=1000 B
SHTHBHEBE Re W MEITESL, #5 (75 < Ma <
200) 7F4 Shankar FI Subramanian(®!! §) ¥ %
FEBE Ma fE¥FIEEF) 0 %{EM. Crespo % 127!
SWT Re> 10, {8 Ma MREB N, 53
Mg RS (19] M, RNMAILES E T XFER
TRMWTBELEN Mo BHHRBHE, KRAIH
EELME Mo M —ETH. Balasubrama-



%3 Mm

B BE ARAEATHRENTRER , 333

niam F] Subramanian{?®l 4}¥7 Tk Re, X Ma W

BRI, fRHHTY Ma BXER#XTRAER

HEE S, MRARENIMISFERURE, BHA

R SR TN SRR, AIRS

HTXMER TEBRENEEX
4h(6)Ma

B(2 + 3a)2(1 + 6)?

Heh 6= \/B/X T h(5) RBEH 6 AEMMEEL.
MZK AT LA ZE Re, Ma MBRMEANLE
NIBEBELHEE Ma FIMATEA, ZERS Ma
& 2 pMEERE REX Mo iR, A
53k o TSR IR AR .

UEMIRHBRETERH HEHEM, EFF
ST B AT R R B B YA A T RS AR W LLIA R
RENTIERE, WREZLESXEFEEIT L
BRREIBNER R LW ERERSHRE, F£X
BRSAENRBE, RANKRHIEXR, RENE
BHBRARBA LD EEIBEERN, HRXED
LB EEERTIBERRABYEER, HhF—
4 R L R Y S 4052 IR B B wa s K 4 A8 R
EBEEXIRERE. R, EARK Ma HiFE
I RE A, TR P ER B B VR BRI B AR AL R AR 2
Kit, XFXANR 2Rk 78 5 404t BT LA 2
WA Ma G ERH R FElATEEFREN
T Marangoni TR A, BB XA R BB FT
EEHHHE. SR IEE LB HYE, B
BT R4 Dill #1 Balasubramaniam[?® FH Laplace 3§
Bk, ST IEE R Stokes [HIHR ¥ HE AR 7E
t<1BKt— oo BRI A BT EENE
i3, EREREHAEE R 5E B a7 R g8l T B
7 H R AR

V=

(31)

3 HESHITR

METEIRRRE, SEEDNTEESHEANT
ENF BN, SARFBEG ) IE T i
RTE 80 FRKXMBFFHE T XA EMBAR. 1988 4,
Szymczyk F Siekmann?®! S FH 18 i o Bk o vkt
ST W BT BERRKBRS.  Shankar
Subramanian(®!! Y4B HERAEWESFIE, T
HEAHIR R R A Stokes HEH TR, TR
TREXEPIY, THEEBLSH Ma 938 XTHR
/N5, Merritt 1 Subramanian(?”) SZF EREHY
TEPIRF 1. REHMILEER T RRETEHED,
Ma WFEEA 0~5, (51 T EHEEH FERL R

T W. Balasubramaniam F Lavery29) fmf
RAERTEMSIBAEYAGTRESNSE, K
Re L& 0.1~2000, Ma K76 B & 0~1000. 4]
EHRPER, RWEBEHT Mo WERZKT
Re, 7EB 1) Re BI B RESH Ma X BE
W/, MERER Ma BFIBEE RS Re X
MR MIEA. Chen Fl Leel?® £ TS AT 4
B, REAHEHPNEERTTUSBEBEER K K&
{&. Welchl?®! BE% it , XHBEE, fHidhT
SHEENERAIBH, HNOETKIOENES
AR EEN N, UENBRESKERIFEN.
BRH K REL TS 0 B S R E Rkt
TR TIREHS, M ROTENA R, HRAWE
REBXEE R hunann % B0 £ 5k 0 i T
EITBETHEELR, KAEKX Mo B EBE
BHA—ES/NF YGB #E, CXEEELTES
AT YGB #HE, XHARHRERAHSENR
. Ma %5 (24 ST 5 8 M5 700 B 4 AR R0t I T 5T 8
] B AT M E AR, R R R 3 [31] PR F
Wik (BHE:  5cs REW, ##&: Fluorinert FC-75 #
B, RS LRERLE, RENLTRNTHS
EE R Mo KWW/, £ Ma 24 50~200
WEAH Mo BKMHK, KT ML ELT
5 23 BB A, EEAASEEDE
MR R ERIRTR &R, EeHid
EHEERUKTES RIEHFAEMNE. &=
=HE, EHREMBEERENUERBETRAN .
J&, HAIMRAEE €M THRIEREN VOF ik
FIEREBHEIKFER (level set) 77k, R HEEK
(front-tracking) 7 kLA X #8135 (phase field) 7%
%, XEBRIBIESH B REF R T RAK
fEF]. Haj-Hariri 25 32 FIR KPS H BT =4%
AIBCERAL, R BT R AT v 6 B IR 4k MR
TREERERERE, M E 2T 1 FH BB i 19 i
%, FEXTREHER, M09 87 &SR 1R Xt
FEUIBHEWEKXTRE. Geng % B3 FIH
X PR RS A E B BRI T X (34 WM& R,
BIATHERGERABEHRBIBEE. Wang
% B M= R kR B A s
AT T BEELRL, BRI T 58 B E R s
H. Bassano f Castagnolo[®®) 7F %t B W% 3 1% 76 3R
LIV WP B) Marangoni iE B 9 $ RIS, R
KPEFERET K Re, K Ma BikiE# ) BH
EEHER, RAEXIMHER TRENTIBELES
BT EPHREROMSR, (HEBRY SRR
R EYEH, B EE B8R A X b 3 A
WA IR SR A, LU R st i 26 3 E ¥ 18 5h b R A
WIYER.  Nas % B798] ST EA7 B 2 40 40 R 1t 3B &5
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FEXNFHM=HNOBEALEEHR TIHNE
WA E/ERNGEE. FENPPBRE SEERN
(Ma < 100,Ca < 0.05), H# Ca X Capillary % ®7),

W IR TEAR/DN, BRE AL ER LR S,

ERBAVKA A B E 2 F W8 B XK
Ma 62 BB BRRE B BT T HEE
101 L, SR LA At Y R K IR, IR TR RS
BEBEIRREREZ A EHRARERZ, A 4
PR, @ R, R T B AR R R
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0.12 -
iff)
0.08 ~” \'
0.06
0.04 i

0.02

(1) STV Y WS VOISR SN S SN SN W Y SO Y WO TR W |
0 25 50 75 100

t

B 4 Ma = 500, Re = 108 i i £ 5 o REBE i () 4L B 2%,
a=03,8=03

4 TEHR

ZEXRBETHRRE LM EAIBEHEEREAN
B, ELRAHEAASRET KR TE FHML
BOR TR ARG ReEEE F3#17, mEEA L
HUREBAE, RAPHERZN S, BEst
5 & 4175 16 [5) 1) R BE R R SR AR SRR 1L, B
ERATEMYBEBMMERXR. 1959 £ YGBB
BRég ) T PEE O AR, [FIRS th il T 485K 3t i 3K %,
AT T REGFREZ B 8 2= BRI U, st
A THERZRART S TREHNFTE I PE
REEMREEESSEEENXR AXREE
T YGB BipMPHEXRNIERME.  McGrew
g [0 3R EAARERE L N ENES
MR SR THREAR RN, KRR ELHE
L RBIFOFFE T YGB MG R, MERRETH
% B AT YGB. Hardyl®! 55T YGB [y5Li,
HBTLBAEEE THBE or, HERMBH&E
B R 2 BARZF.  Merritt 1 Subramanian!4?! g

R THRABOREDESREHIRTERT
AR AL ER ST, W A ERIRR T 2 A AT
Fd R LI, BR T ST RE A, WA T
B A LR E, REQE/ DR ERAERES N
TR, BB RA 2R e RIRNEBERRE.
5i5h, BAX Mo BOM B RS I B E KR
M TS OBEEN, SRBREENIBE
ERBEE Mo BRI, XTHESEMLE
FRIAGLSREAFEH, WA S FoR.

0.2 g

0.1.75&
0.15H

0.125

V/VyGs
(=]
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2000

J

0 i) i i A
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0 .l OOOl
Ma
B 5 i 0 X B T 1 # B Marangoni¥i M3 (L #a 3,
Re=10,a0a=0.3,3=0.3

RN ESREMH A FHETSEIBHR, MK
BHTETBE IR RENEREEHELR, Hik
SHEEREANERATHTIH, BHMKEX
2RmEH. BREFTLLEAXBRNEEHH
FIMSREIBEEE R YGB R LEHE. Wei
#1 Subramanian(4344 B4y T & Hip IR IHMAE
AN ZHEIBEE, BMNRXRESNE—EIH
TR BT AHEEs NS B SR P IRE AL
SFNEZESEREIER KK, Hu<EEs
SCU3%7 4 Barton F{l Subramanian® L & Morick #1

Woermann!*6].

TE R BB B L e B T IR B R W
LA I, BT LART LUAE PR 2 A 3 B9 V0 B3 HB0R
AT BIRPE HwRm, Rk
| P 25 R G G B 7 B 90 4 R T LA FE 3t b VT 481 A
EMBHOARBHAIBILRE, XFTEOERTH
A:  Womiak”! I FHRNBEBETHRHAHRE
MEBEFHENREROER; Hihnel % U g
AR TREPEBEREKIREREHKXE,
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5t YGB WM& R#t1T TBIE; Rashidnia F
Balasubramaniam(*®! F|F Rk FEI T R EKHE
MY, M RTLATE R M EAER X T s
IR m.

o LR & /DR ZFNE ER R m, BME
FEBEEINAMRE, BTEESHEBERL,
it LAZEABATT i) 2 B R eSS B 72 /N BB [R) U ARG AL,
HERBEEFENERTRITGEESERRNNE K
N, EREROLEREERENFEDH#T. Pa
pazian Fll Wilcox®®! ¥ 567 F A 1T SRTH
M E AR, BEHTESNEERSRHRE
KATHE5). Thompsonls!l 7 NASA ¥ 3%hififT
SWAERRREF TR KN EREKPSE
TiEas), EL_BhEEIEERLEMNS YGB
#, W& EMENFTEEENENT YGB {4,
R X TFRGHFA-H I K Hr E S TR AR E, Flan
Kk #FS3z8e Smith 2 52) Meyyappan % (53] Langbein
#11 Heidel5, Wozniak[®®!, Braun % 156] DJ K 7% 50
¥ Treuner % (7. [ A9 8 J75000 FF BB AU AR X 4
M, EHRKBHEBEMHR, 1996 5F Xie % B 25T
FAREMFI 2 MAE A B MR E LR, KB
Re % O(10), fAiI R IR E K BO% L B 2 B /N T
YGB #it#E, RBALERA PIV MEBEAN
BemmEs (8 2), SERHNE—H MiE Xie
& (34.58) i f ] RIRE O PR RR IR HEAT T 35 52,
RMEBEBENRETNT YGB 47, fATAAXS
RIEAMEMRERAEXFNEARE, RUE
Re, Ma 3¢ KR YGB M4 REFERK, FAHb
1t 4e S B T E e | b a i B R ERER A AR
L Z R BELSR P IBEEFBRERIRERE

KT SC R A K SC R AR R R A ] B E A1
2, KutR S ) B A T A S ) kAT AR AL
HFDEPLH. 1987 FXE NASA HiK KHLK
D-1 #HRIFHETHRAXTRFNEIBHEL
B F4XBPREARERERSRPEA—A
SHWUR—4KE, REMNXARFRE[EERE
E#iEs), FNSEIBEEERSEEP SHE
EHSERESRENFS. XNERSH# Nable
% 59 D) J; Szymezyk 45 60 k. HEH—HALHF
WREHR TRWE/LMEMPTES, MIRRE
TR P B IR BE B 22 4L 32 B E AW Z#g i) (Neuhaus
1 Feuerbacher(®1l). 1994 4 7F NASA ftj IML-2 25
{83z e, Balasubramaniam %8 2] 3E4T TR
ST BLR, fA1RA Dow-Corning fEM 1E A4
B}, Fluorinert FC-75 KA MIE, LR EHALIL

RBHECRSUHLENIBEEH=BEE Ma 19
WM. 1996 4, 7E NASA MMM E SN
Bl21+R)| (Life and Microgravity Spacelab, LMS) %5
LR, BFSE KA IML-2 S5 AH R BB,
Bl R T BB &, MK T Re Ml Ma #9798
Bl. ARXREERHFMAESTE IML-2 K54 R
£:3% (Hadland % BY), B3| Ma %) 1000 A £ K&
MXBRNIBRENRSIEE Ma 838 K8/
2002 £EJE, Xie % (3 ZE3M P08 KM LR T X
Mo BRI B LR, EXERHEHEKRA Scs
M, BRF AR Fluorinert FC-78 i, Ma &
KIEBT 5500 Mfl gt Tl Bl B b o K A
WORTHER, HFEFXRIETHEK Ma i,
AN T EHNLBEESHEE Ma 1 RTEN,
A 6. SKhR b 7E b LA SE K i UL R o R R R 2
BA GE AR E3 € 0 1 15 2R R T & JR 4% AR K5 2 12
3, FHARGHNBREAREHE TIHHE
7%, UERBHERARSERRNIBIRTHEER

PR/ XA FERE.
1.4
‘ A MK B
Sl o XK (34,58)
1.0 o ° o S KR %)
S 08 Bita
o y A
=08 S A ¥
% a
0.4 Y. S .
’ , gy T e " oy
= ¢ o
0.0 T T T T Ty T

10 100 1000 10000

Ma

H6 BERNIHEEM Ma MBS

5 B &

BRHEAIBHBEESCEHRTILHE N
BRI B R RIS R 1, N B REE
SR, HROELBRRER, B TREAN
ERRR.

DU R BE R I RR S, B&#) YGB &haip
HZRUPLE, KENUHEARESBRPET
A S 0 R the R AL B A PR P ptone 4 PR KT VR
BrEm . b SR BN T R e R R TR
N, NSRRGSR EBEALBHT -3
ik, ARTHT HEAE R R i R — A 135
REFEIMR. SFLRBTF PR ) 045 R R B



336 h &

B

B 2008 £ % 38 %

RO LTRNAIBEE RN Mo MATE/D, HEIB
KH) Mo % (Xie % ¥ gy Ma BLKH|T
5500). {B& 7 Balasubramaniam $1 Subramanian/23l
B E MR KIS MBS, Re fl Ma — oo Y,
A4 T S R R S BT B E Ma 1
WK, 76K R E R B S MR R
KP, Ma % P BAEMLILE Ma > 100 B
X (23] WEBRANERRE—BH (U LKZRER
AUSLE 7). BATFR Me HERIEEHE IR
AT T HERS, B3 T 5XREFR —-BEL, X4
SR TR R ERY, RHBFETA Ma
BRI B TR AER R KR B BT IEEH
BB, XT e HENRILERN L EEL T —
PR RIME, I ELREFELTAINTR
WO, MFDhit W IR TS MR 8. TS
OB EBROREHTHE, B Mo BT
BHBHAREEATH AR IS NEFHRE
BN, XA ) B AR (S R T B R
A1 RBNYERR.

4=y vy Voo » {:'qf}l)lﬂj-@ﬂﬂ’;ﬂ " g
. A LMS kzsip 81
1.2 —o g IML-2 kZ5cw (62]
5 Ma ¥ fmm s g (24
1.0 -4 ) Balasubramaniar #f i & 7 4 & (23]
@ N /
& 0.8 =4 o
- 0 ]
» 06~ *
. Py X
0.4 = > - et e
C‘ECC/{J . L
0.2 = A 03 pow
0.0 1 ’TY”] —T T IYIIIY] ] L ] ¥7YI¥TI T
10 100 1 000
Ma

7 ERABHEEN Mo BB —LEETRER (63

B, TIRRB TR LR EBAUR T 4%
BEHER, EXHENATES HIRTR L HIIE
A EXFMER T, ERALER, SEEH
BEBEMAR, INEF AR HBELBERFZ
B, [RIB BY TR B PR I 7= A B = e S B A R AL
8. W TLRFFRKYR, BTEELRNEED,
AR K, BRI S T 3 T S0 B 4R A (3 3 B K PR
EZRENRSIRHMERG TR, nTEFHFIHE
ST IR BT B LR BB R R, X
R ST T P T s B 38t K 1) .

B X XK

1 Im D J, Kang I S. Electrohydrodynamics of a drop un-
der nonaxisymmetric electric fields. J Colloid Interface Sci,

10

11

12

13

15

16

17

18

19

2003, 266: 127~140

Anderson J L. Colloid transport by interfacial forces. Ann
Rev Fluid Mech, 1989, 21: 61~99

Xie J C, Lin H, Han J H, Hu W R. Drop migration of middle
Reynolds number in a vertical temperature gradient. Micro-
gravity Sci Tech, 1996, 9(2): 95~99

Nielson G F, Weinberg M C. Outer space formation of a laser
host glass. J Non-Crystalline Solids, 1977, 23(1): 43~58
Uhlmann D R. Glass processing in a microgravity environe-
ment. In: Rindone G E, ed. Materials Processing in the
Reduced Gravity Environment of Space. New York: Else-
vier, USA, 1982. 269~278

Ostrach S. Low gravity fluid flows. Ann Rev Fluid Mech,
1982, 14: 313~345

Eerchey A V. Ridges in 4 liquid siicface due to the temper-
ature dependerce of surface tensvion. Phys Rev, 1939, 56:
204

Young N O, Coidstein J S, Block M J. The motion of bub-
bles in a vertical temperature gradient. J Fluid Mech, 1959,
6: 350~356

Subramanian R S. Slow migration of a gas bubble in a ther-
mal gradient. AICKRE Journal, 1981, 27: 646~654
Bratukhin Yu K. Termokapillyarnyy dreyf kapel’ki vyazkoy
zhidkosti. Izvestiye Akademii Nauk SSSR, Mekhanika Zhid-
kostit Gaza, 1975, 5: 156~4161

Thompson R L, DeWitt K J, Labus T L. Marangoni bubble
motion phenomenon in zero gravity. Chem Eng Commun,
1980, 5: 299~314

Subramanian R S. Thermocapillary migration of bubbles
and droplets. Adv Space Res, 1983, 3: 145~150

Merritt R M. Bubble Migration and Interractions in a ver-
tical temperature gradient: [Ph.D. Thesis]. Chemical Engi-
neering, Clarkson University, USA, 1988

Crespo A, Manuel F. Bubble motion under reduced gravity.
In: Minster O, Schiirmann B, eds. Proc 4th European Sym-
posium on Materials Sciences under Microgravity, 1983-04-
05~08. Madrid, Spain, Noordwijk, The Netherlands: ESA
Publication Division, 1983. 45~49

Balasubramaniam R, Chai A. Thermocapillary migration of
droplets: An exact solution for small marangoni numbers.
J Colloid Interface Sci, 1987, 119(2): 531~538

Haj-Hariri H, Nadim A, Borhan A. Effect of inertia on the
thermocapillary velocity of a drop. J Colloid Interface Sci,
1990, 140(1): 277~286

Crespo A, Jiménez-Ferndndez J. Thermocapillary migration
of bubbles at moderately large Reynolds numbers. In: Rath
H J, ed. Microgravity Fluid Mechanics, Proc. [IUTAM
Symposium Bremen. 1991-09-02~06. Breman, Germany.
Berlin: Springer, 1991

Crespo A, Jiménez-Fernandez J. Thermocapillary migration
of bubbles: a semi-analytic solution for large Marangoni
numbers. In: Kaldeich Hrsg V B H, ed. Proc 8th European
Symposium on Materials and Fluid Sciences in Micrograv-
ity, 1992-04-12~16. Bruelles, Noordwijk, The Netherlands
Esa Publications Division, 1992

Balasubramaniam R, Subramanian R S. Thermocapil-
lary bubble migration-thermal boundary layers for large
Marangoni numbers. Int J Multiphase Flow, 1996, 22(3):
593~612



3 M

B BE A ATE R ENTT R

337

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Balasubramaniam R, Lavery J E. Numerical simulation of
thermocapillary bubble migration under microgravity for
large Reynolds and Marangoni numbers. Num Heat Trans-
fer A, 1989, 16(2): 175~187

Shankar N, Subramanian R S. The stokes motion of a gas
bubble due to interfacial tension gradients at low to mod-
erate Marangoni numbers. J Colloid Interface Sci, 1988,
123(2): 512~522 .
Crespo A, Migoya E, Manuel F. Thermocapillary migration
of bubbles at large Reynolds numbers. Int J Multiphase
Flow, 1998, 24(4): 685~692

Balasubramaniam R, Subramanian R S. The migration of a
drop in a uniform temperature gradient at large Marangoni
numbers. Phys Fluids, 2000, 12(4): 733~43

Ma X J, Balasubramaniam R, Subramanian R S. Numeri-
cal simulation of thermocapillary drop motion with internal
circulation. Num Heat Transfer A, 1999, 35(3): 291~302
Dill L H, Balasubramaniam R. U'nstzady thermocapiliary
migration of isclated drops in creeping fYow. Int J Heat
Fluid Flow, 19¢?2, 11(1): 73~.85

Szymczyk J, Sickinann J. Numercial calculation of the ther-
mocapillary motion of a bubble under microgravity. Chem
Eng Commun, 1998, 69: 129~147

Merritt R M, Subramanian R S. Bubble migration under the
combined action of buoyancy and thermocapillary. In: Rath
H J, ed. Microgravity Fluid Mechanics IUTAM Symposium
Bremen 1991-09-02~06. Berlin, Germany: Springer-Verlag,
1992. 237~244

Chen J C, Lee Y T. Effect of surface deformation on thermo-
capillary bubble migration. AIAA4 J, 1992, 30(4): 993~998
Welch S W J. Transient thermocapillary migration of de-
formable bubbles. J Colloid Interface Sci, 1998, 208:
500~508

Ehmann M, Wozniak G, Siekmann J. Numerical analysis
of the thermocapillary migration of a fluid particle under
zero-gravity. Z Angew Math Mech, 1992, 72(8): 347~358
Hadland P H, Balasubramaniam R, Wozniak G, Subrama-
nian R S. Thermocapillary migration of bubbles and drops
at moderate to large Marangoni number and moderatre
Reynolds number in reduced gravity. Ezperiments in Fluids,
1999, 26: 240~248

Haj-Hariri H, Shi Q, Borhan A. Thermocapillary motion of
deformable drops at finite Reynolds and Marangoni num-
bers. Phys Fluids, 1997, 9(4): 845~855

Geng R H, Hu W R, Jin Y L, Ao C. Unsteady model of drop
marangoni migration in microgravity. Acta Mech Sin, 2002,
18(3): 227~234

Xie J C, Lin H, Han J H, et al. Experimental investigation
on Marangoni drop migrations using drop shaft facility. Int
J Heat Mass Transfer, 1998, 41(14): 2077~2081

Wang Y X, Lu X Y, Zhuang L X, et al. Thermocapillary mo-
tion of deformable drops at finite Reynolds and Marangoni
numbers. Acta Astronautica, 2004, 54: 325~335

Bassano E, Castagnolo D. Marangoni migration of a
Methanol drop in Cyclohexane matrix in a closed cavity.
Microgravity Sci Tech, 2003, 14(1): 20~33

Nas S, Tryggvason G. Thermocapillary interaction of two
bubbles or drops. Int J Multiphase Flow, 2003, 29:
1117~1135

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Nas S, Muradogiu M, Tryggvason G. Pattern formation of
drops in thermocapillary migration. Int J Heat Mass Trans-
fer, 2006, 49: 2265~2276

Gao P, Yin Z H, Hu W R. Thermocapillary motion of
droplets at large Marangoni numbers. Adv Space Res, 2008,
41: 2121~2106

McGrew J L, Rehm T L, Griskey R G. The effect of tempera-
ture induced surface tension gradients on bubble mechanics.
Appl Sci Res, 1974, 29(1): 195~210

Hardy S C. The motion of bubbles in a vertical temperature
gradient. J Colloid Interface Sci, 1979, 69(1): 157~162
Merritt R M, Subramanian R S. The migration of isolated
gas bubbles in a vertical temperature gradient. J Colloid
Interface Sci, 1988, 125(1): 333~339

W= H, Subramanian R 3 Interactions between two bubbles
unde=r isothermnel conditicns and in a downward temperature
gradieus. Phys iPluids, 1994, 3(9): 2971~2978

Wei 1, Subeamenian R S. Migration of a pair of bubbles
under the combined action of gravity and thermocapillarity.
J Colloid Interface Sci, 1995, 172: 395~406

Barton K D, Subramanian R S. The migration of liquid
drops in a vertical temperature gradient. J Colloid Interface
Sci, 1989, 133(1): 211~222

Morick F, Woermann D. Migration of air bubbles in silicone
oil under the action of buoyancy and thermocapillarity. Ber
Bunsenges Phys Chem, 1993, 97(8): 961~969

Wozniak G. Experimentelle untersuchung des einflusses
des einflusses der thermokapillaritat auf die bewegung von
tropfen und blasen: [Ph.D. Thesis]. Mechanics, Universitat-
GH-Essen Federal Republic of Germany, 1986

Hahnel M, Delitzsch V, Eckelmann H. The motion of
droplets in a vertical temperature gradient. Phys Fluids
A, 1989, 1(9): 1460~1466

Rashidnia R, Balasubramaniam R. Thermocapillary migra-
tion of liquid droplets in a temperature gradient in a density
matched system. Ezperiments in Fluids, 1991, 11: 167~174
Papazian J M, Wilcox W R. Interaction of bubbles with
solidification ingerfaces. AJAA J, 1978, 16: 447~451
Thompson R L. arangoni Bubble Motion in Zero Grav-
ity. In: [Ph.D. Thesis].
of Toledo, USA, 1979
Smith H D, Mattox D M, Wilcox W R, et al. Experimental
observation of the thermocapillary driven motion of bub-

Engineering Science, University

bles in a molten glass under low gravity conditions. In:
Rindone G E, ed. Materials Processing in the Reduced
Gravity Environment of Space. New York: North-Holland,
1982. 279~288

Meyyappan M, Subramanian R S, Wilcox W R, Smith H D.
Bubble behavior in molten glass in a temperature gradient.
In: Rindone G E, ed. Materials Processing in the Reduced
Gravity Environment of Space. New York: North-Holland,
1982. 311~314

Langbein D, Heide W. The separation of liquids due to
Marangoni convection. Adv Space Res, 1984, 415: 27~36
Wozniak G. On the thermocapillary motion of droplets un-
der reduced gravity. J Colloid Interface Sci, 1991, 141(1):
245~254

Braun B, Ikier C, Klein H, Woermann D. Thermpcapillary
migration of droplets in a binary mixture with miscibil-



338 51 2 s B 2008 4 & 38 %

ity gap during liquid/liquid phase separation under reduced 61 Neuhaus D, Feuerbacher B. Bubble motions induced by a

gravity. J Colloid Interface Sci, 1993, 159: 515~516 temperature gradient. In: Heiss Mit T, Schneiders, eds.
57 Treuner M, Galindo V, Gerbeth G, et al. Thermocapillary Proc 6th European Symposium on Materials Sciences un-
bubble migration at high Reynolds and Marangoni num- der Microgravity Conditions, 1986-12-02~05. Bordeaux,
bers under low gravity. . J Colloid Interface Sci, 1996, 179: France, Noordwijk, The Netherlands: ESA Publication Di-
114~127 vision, 1987. 241~244
58 Xie J C, Lin H, Han J H, et al. Experimental investigation 62 Balasubramaniam R, Lacy C E, Wozniak G, Subramanian R
of thermocapillary migration of isolated drops. Adv Space S. Thermocapillary migration of bubbles and drops at mod-
Res, 1999, 24(10): 1409~-1415 erate values of the Marangoni number in reduced gravity.
59 Nahle R, Neuhaus D, Siekmann J, et al. Separation of fluid Phys Fluids, 1996, 8(4): 872~880
phases and bubble dynamics in a temperature gradient-a 63 Xie J C, Lin H, Zhang P, et al. Experimental investigation
Spacelab D1 experiment. Z Flugwiss Weltraumforsch, 1987, on thermocapillary drop migration at large Marangoni num-
11: 211~213 ber in reduced gravity. J Colloid Interface Sct, 2005, 285:
60 Szymczyk J A, Wozniak G, Siekmann J. On Marangoni 737~743
bubble motion at higher Reynolds and Marangoni numbers 64 Gezo P, Yin Z H, Hu W B. Numerical investigation of ther-
under microgravity. Appl Microgravity Tech, 1987, 1(1): moceapilleiy raigration of the drop for large Marangoni num-
27~29 bers. Sci in China: E, 2007, 50(3): 624~656

THE PROGRESSES OF DROP THERMOCAPILLARY
MIGRATION RESEARCH*
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Abstract The migration of bubbles or droplets in liquids is a very important topic in materials science, chem-
ical engineering and fundamental researches. Under the micro-gravity condition, if the temperature gradient of
the background flow field is non-zero, bubbles or droplets will move because of differences in interfacial tension
on the drop surface. Such motion is termed Marangoni migration or thermocapillary migration. In this paper,
the progresses of researches on the drop/bubble thermocapillary migration, including theoretical analysis, nu-
merical simulation and experimental studies, are reviewed. At present, the theoretical analyses mainly focus on
linear or weak non-linear steady problems. Some numerical simulations were carried out on unsteady migration
processes of drops with the Marangoni number less than 100. When the heat convection effect is strong(over
100), no numerical results were reported that are consistent with those from experiments. In this paper, we
summarize previous research results, give our new numerical results of unsteady drop migration problems with
large Marangoni numbers and discuss new phenomena under this condition. Finally, some problems in current

studies are pointed out and the development of drop thermocapillary migration problems in future is discussed.
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