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RESEARCH PROGRESS ON THE MARANGONI INSTABILITY OF A DROP/BUBBLE
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Abstract Marangoni instabilities can emerge when a liquid interface is subjected to a temperature or concentration
gradient. It has been extensively studied due to its wide relevance in industrial applications. It is generally believed that
when it comes to Marangoni flows, bulk effects like buoyancy are negligible as compared to interfacial forces, especially
on small scales. Consequently, the effect of a stable stratification on the Marangoni instability has been ignored.
However, some recent researches have shown that even at small scales, the effect of stable stratifications cannot be
ignored. This paper reviews the research progress on the Marangoni instability of a drop/bubble in a linearly stratified
liquid. Two oscillatory instabilities, i.e., diffusion-limited instability and viscosity-limited instability are introduced, and
the effect of advection, density stratification, diffusion, viscosity and container size on the instability are reviewed.
Current results suggest that when the interface is not horizontal at small scales, the effect of a stable temperature/
concentration gradient on the Marangoni flow and its instability may need reconsideration. Further research directions are
suggested based on the current studies.

2024-01-12 ek, 2024-04-12 FF, 2024-04-13 MEE UK.
1) 5 E AR (12272376), 1 miBeE AR 55 5 L BBt RN K 4R 235 BB I H
2) ﬁlﬂfﬁ%‘ BIEVR, BIZAR, RTINS 2 A2 1 0 ORI E -752 . E-mail: liyanshen@ucas.ac.cn
SIREI: ZEMEIR. f B LB A B F sl AR I W TTRERE. 77575741, 2024, 56(6): 1540-1551

Li Yanshen. Research progress on the Marangoni instability of a drop/bubble immersed in linearly stratified liquids. Chinese Journal
of Theoretical and Applied Mechanics, 2024, 56(6): 1540-1551



https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
https://doi.org/10.6052/0459-1879-24-034
mailto:liyanshen@ucas.ac.cn

%6 M

ZREIR: Fa e B LB L R S T 3 R AR IO WE 7T 2t e 1541

Key words stable stratification, drops, Marangoni flow, instability

jilllg

El

YA S EAELESPAT T 1% 5 I 00 R A B B
TR BERAFERT, S b= A gk I B6 R, itk
BRSPS 2 X e maht). T % m sl = AR AR
Fhi b, Pt E T A s, LSO T, %)
AfRRARAR, XN S 2= e i sh A ke M. VI
Pearson®! iff 70 2 J&, TR A AR Xyt #4230, i AR
H U810 i B R O100 0 5 il g U130 0 A A=
K42 IR H ) Z N, 522 e sl & H
AFEMEER TR, B2 LA
FeE Ve 2 0 B Ikig 20 23300 (1) 2 SR A, T H
FE B i AL BED 132 S8 2 N, T SRR 1
B 7T

M ERBERRFE B T 2 EmAR St Br= A =
LR MBI AT e M, 1B SRR N 7= A 5 B
FEE. SR, 12 FE A0 P55 %) L 280 5% 5 T L 230 F 2 il
T R S B3 X R RN G 22 R e B K AR L
ARSI b, H s i) R ELRN. TR AT HE,
B 5K B RO BGIE B, H ST TR TR S K
FEM— 07 B, /N REET, A LT S ik
JIAEFE /N, DRI B g ) A P O e . B gk — B,
B AL FEAEE ) N RS e N (RIAR e % FE A AT,
BN S Ty i A, RUOATE RS OL T, B
B AR T I FE MR B A 2 B S BUT TR S).

{H2 I ) — Le it SR B, B R e DR,
77200 ] Be A TGk 2, bl ] 5 R 25
(1) P B B 4301, T AR R B Ao i v = 7 ) 5 e A
Bl R LA AN T LG 1), B W A AR E R R
()3 SRk 37381, 3 A B AT 2 I ek R R A
JiE IR 2 A0 R AR € R 1 B 3K B (23300 B gk — 2,
R % LA 2 1 B ) s e AN AU T] 2208, AR /R
FEE T B 5 S5 1T 1] e 23 B TBOR B, IX R B, fRoe
Tofs FEE 0T S THI AL 30 B 2 ] e 5 22 BT B R, X
G B EAAR AE T2 RO AR B IS S T
MV FEA BRI LE S2 e, RO AR X 8 Tl #2
22 o W IR EU R P e B2 /R FEE A 2 A SR I ) A
S B A L. DRI, A B R R R A R 0T S T
B)) AT E VE B 52 W AT 8 o S 45, DA b B
TEIE T .

R S WIAN[R], F T 7 50 £ 57 1 ) 2K Sy
P2 9 BAR JLEEL (1) PHJZE A 2 18] R K 1 S
(2) AR AR L U ) B R (3) S ELRAE Y
B R (4) WP IERIE S (GRS R 1
VRO B T KT S, 7 AR RS E AR Y
1t L PR PR /A PR s FEE X LR i 5/ xS D 3
R, VR R AR BT BV A A R i ANER
PERIR T, DRI, AR SO0 RS e 5 S0 P Hh BR A S i i
B Je HATEE PR W REAT 2R3, S G590 /<R
NS S A NN -1 71 N NN B N DS &
PERIZI, X AR R AIBT T 7 17 24T FE 2.

ERER MR, A SRR (RS E 5 AR 1Y
BRI KT BRI F 0 4% A8 55 LR JEE 10
SRR T BE N T EE R S IR AE
ASSCHITF VR T . XA % P 20 R WA (AR SR 7T
T WLSCHR [40). TR, 152 PR DA 8 LA 2 A B R
LR T BRI S A2, BRIE S BT (3 AR A
JER LU AR A Ze i) AT ST A 2,
T WIS M 5 8, DA R IX 5 T R E TR 20 AT
KT 2tk IR L R PE R .

1 SR

BRAR AR ST HL S SRR E R B R K RS, H 2
T S 7 G A B T 2L B S T 2 A i,
N FER R N TE B, 0] R 52 25 A1 6 528 1
0. A 7k R 3G 0 52 % BE, A6 BT B A B A
(RN, 388 3 A TG 2 B o B ()56 B, AR AT DA B G b
o B BEAR FEAE P /R .
1.1 EBEFER

T RUR T, LA R AL R e % R FE iR
PR FER B2, Dok e 1R il FEE /R FE A B8 1 R B
TELAL T RS (1)L B A v B L A i S B )
55 o 3 0 e . 2 A B TN, X B
HE), PR AA B AR TR K R E0m 5 5. 5 R,
YR B R SHAR /NS, SRR 58, HHR
B B 3 s v DL 2. 1R IX AN s 2 A, B
B AT ), 58 75 L PR R S T 7k ) B IR R
SR FEE PR AR A A 2 1. T R PR A 3 T DA
BN g B 1 1, 3 A AH 4 TR AL S T 5K 7 B v



2
¥

1542 71

ns
&

Eivd 2024 5 56 &

HIZRAL R LR IE . T3 T AU T, LN ARIX 3 A
BN A IR g EAR R AL

X T B AR P P PRV BRI, A AR S I B
- THT P A T X R RO B A RV B,
YU T e Ao 4518 X RO S T ) o R A e 2, XA
T LU T V) Fge AP 8 B el . X T — MR AE
T R VA EE A JBE P A A LV VR (B i o YR 7 T )
JREALH Y 0), Hiitah 2 50T BRI 24000 5L
LI, FERO FRER AR R (A 1), Hs g K
FESI T N

u,:%lﬁj—gi—i (g—lj—j)cose 1)
ugz—%ﬁj—gj—s (1—:+f—j)sin€ 2)
u, = %;%Mg%%%(rz_RZ)COSG 3)
%:—%/ﬁ%i—i%(z >~ R?)sing 4)
C=C0+c(11—§(r+ ;;32)c0s9 &)

Horb, C R & BERE B TR T IR, R DN
1B, 15 w5 B e AR IR AR I B I, o
Bk 11, Co NS HIRIE, dC/dy NIz 3% (I BB
B AER (1) ~ 3K (5) o, 2 (1) At (2) 2 8
P, 2 (3) M= (4) & AR, 2 (5) 2
TR AR AR B2 ) RO NS0 T TR FE R 0). A
AR SR E 37 WL 2.

AR, T 5 i 3 2 T 0 7 R 3 B
RN, IRATAF IR LR ) O R T m AT, IS EE T
WO . =X (5) WA, 750 1) Rl

7

K1 B FRER AR R SR S

Fig. 1 Axisymmetric spherical coordinate and the drop’s parameters

K2 FARKE LT RO R k. I i B SRR FR, SR
AR ) 2% 1 o
Fig.2 Streamlines (solid lines) and the concentration field (color strips)
of a drop immersed in a stable stratification in the ideal condition

frE R, B r=R,0=90° &b, WKL Hy3/2-dC/dy ,
R Sy 3z 37 A B A B 1 372 A%, [RIE, B =X (2) mT A, TR
W ARTEAL B AL S 22 R eI N

T 2u+p dC dy

A, B2 AJERUE SR AR R BUE L, B 5IRE
B dC/dy FUIE L.
2V AL A ST 5K 980, B dor/dy < O I,
Ly 223 SR sl ) . ] A A AR b e R e A
—NE BRI IREN ). 2SR E) 5 W A B
SPHTINS, VRO A3 8 E Mg A5 — ] v L. et
VRO 5 ) R A ) 2 T 22 0N
31 den
2u+p’ dy gR

Forp, pr ARV B B, p A W AR I B
T AN AR 1 P R P AR LR MR, B dp/dy A2 B
R (7) WL F B LA dp/dy, AT 15750 i 215 5
hH

(6)

’

p=p

™)

R
- 2u+u do gR
Hrb, h=00p=p WILLE, AR5 5MER A
UNIGERL A S
1.2 AEEREER
FEBLARE L, 18 RS 5 B AN T] 2%, I HLox
XK 7 i) 52 i AN T BSOS . 8 I A5 R 5
T 5K IR AR ARG RS, RIATIMER V¥ dor/dC

@®)



% 6 MW AR LR R 5T B BB B P BRI LTI A B 5 R (X B 5 0t 1543
AL SEIG AL E U 3(a) FTas. —ANEEN 1.2 mm )R E

e R R RS AT R, A5 IR/
FEZMIEOL T, XL A1 FE A 0 iR A, 2 1Mok
NI EARIEZE. 18] 3 &R 1 £ Hele-Shaw UiEH, 42
SE 10 73 PR VR PEE 96 B R R T B0 R S i ),

40 mm

gravity

water +

isopropyl alcohol
2.4 mm 90 mm

2 air bubble

water
1.2 mm 1

(a) Bratsun S5 5250256 B
(a) Experimental setup by Bratsun et al.*!

M ®)

(2 (6)
(3) (7
(C)) (©)

(b) MAAFIYIAGHFE N 00 A SUE I 1] 1224k, b3
SFOURRAEIRFZ LR, AL OB S AR Sl (R s 7 1h).

(1) ~ (4) VUG F N BERTE w, = 5 Wi, 8] 7 5024 05, 135,30 s
F1105's; (2) ~ (8) WIUE - NEERE wy =6 wt, IS TEI 71514 0 s,
1535, 17s fl122s
(b) Interference patterns at different times for two different initial
concentrations. Fringes represent liquid with equal concentration,
red arrows denote the flow direction of the bubble surface. (1) ~ (4)
Initial IPA concentration w, = 5 wt%, snapshots at times 0 s, 13 s,
30 s and 105 s; (2) ~ (8) Initial IPA concentration w, = 6 wt%,
snapshots at times 0's, 15.3 s, 17 sand 22 s

3 Hele-Shaw Jii R B4 55 DU B A X IR T O I3l
sz
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Fig. 5 The streamlines around a levitating drop. The drop viscosity
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gradient is 10 m™!
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How the instability criterion s in diffusion-limited instability

4 REERE

ATCERIR TR E B LR N BRI A B iiah A
e VER W Fu it . MR AEE I —— BRI B R %
B BE S0, I ELABGR S I 7K T8 BE O et ——
K, BT AR E . A kAL b [l
FEELARTE LN R I AR 2 JE AREE B 7
ONFEAS, [BIJB T A g B LB FE iR BRI ST
TENATREN. ZRGUH PR R —
Az FRAR RS S JiME 2 IRAR RS, BT R 2 i T 5
2B XK R, (A BOCRE R RS E IR E 3
IR IV EE N PR b el i LRI DA E R S
HEFFREUE MR BED TR S 8. R B8 T %
BR X i B AN E P AR 2 7% et /N B P A
FEAR/NI, Widh 32 IR, 7 B IBOIOKR, iZ & 48

JFA R E R 2 A AFEE.

LETHIE ST RAR TR BRI T AL AR
AL A 2 B B B A BRIE S T A s AN AR E 1k K
FOAF AT e B

(1) Bk 32 PR AR 1 B AR KA sE A R IR .

(2) R o R RE A, A 5 T A 2R F) o 3 2
Fe o€ VE S WU BRI o7 LA R 25 8% KNI IE A Ay
BT, L, B e w AR B RO E
R, B WHURETAR BRI B B R T ——e 1]
{1 7 AR R AT B By [ B, OF L EAT R
) A B 2 2 BRI

(3) % F I A% 24/ A% AN 7T 2 PR DL 3 A 5
BE— BRI, AR BT RS TR BEAH B2 PAY A VL B
I (A A AR, BUEER BT R E IR R
PRI AT (128 S T P A ).

o

=

£ X @

1 Scriven LE, Sternling CV. The Marangoni effects. Nature (London),
1960, 187(4733): 186

2 Pearson J. On convection cells induced by surface tension. Journal
of Fluid Mechanics, 1958, 4(5): 489-500

3 R, 5k, BUFIEE. Bénard-Marangoni X IR FE R 3 4 R S 56 F
F. 155, 2011, 43(6): 1054-1060 (Wu Di, Zhang Yang, Duan
Li, et al. Experimental investigation of the transition of temperature
oscillation in Bénard-Marangoni convection. Chinese Journal of
Theoretical and Applied Mechanics, 2011, 43(6): 1054-1060 (in
Chinese))

4 Sternling C, Scriven L. Interfacial turbulence: Hydrodynamic in-
stability and the Marangoni effect. AIChE Journal, 1959, 5(4): 514-
523

5 Groothuis H, Zuiderweg F. Influence of mass transfer on coales-
cence of drops. Chemical Engineering Science, 1960, 12(4): 288-289

6 Rother MA, Davis RH. The effect of slight deformation on thermo-
capillary-driven droplet coalescence and growth. Journal of Colloid
and Interface Science, 1999, 214(2): 297-318

7 Berejnov V, Leshanksy A, Lavrenteva O, et al. Spontaneous thermo-
capillary interaction of drops: Effect of surface deformation at
nonzero capillary number. Physics of Fluids, 2002, 14(4): 1326-1339

8 Jain A, Verma KK. Recent advances in applications of single-drop
microextraction: A review. Analytica Chimica Acta, 2011, 706(1):
37-65

9 Yarin A. Surface-tension-driven flows at low Reynolds number

arising in optoelectronic technology. Journal of Fluid Mechanics,

1995, 286: 173-200

Demekhin EA, Kalliadasis S, Velarde MG. Suppressing falling film

instabilities by Marangoni forces. Physics of Fluids, 2006, 18(4):

042111

Gupta AK, Saxena BK, Tiwari SN, et al. Pore formation in cast

metals and alloys. Journal of Materials Science, 1992, 27(4): 853-

862

12 Ratke L. Theoretical considerations and experiments on microstruc-



%6 M

ZREIR: Fa e B LB L R S T 3 R AR IO WE 7T 2t e

1551

13

14

15

16

17

18

19

20

2

—_

22

23

24

25

26

27

28

29

tural stability regimes in monotectic alloys. Materials Science and
Engineering: A, 2005, 413: 504-508

Zhang LF. Indirect methods of detecting and evaluating inclusions in
steel — A review. Journal of Iron and Steel Research International,
2006, 13(4): 1-8

Schwabe D, Scharmann A, Preisser F, et al. Experiments on surface
tension driven flow in floating zone melting. Journal of Crystal
Growth, 1978, 43(3): 305-312

Schwabe D, Scharmann A. Some evidence for the existence and
magnitude of a critical Marangoni number for the onset of oscillat-
ory flow in crystal growth melts. Journal of Crystal Growth, 1979,
46(1): 125-131

Chang CE, Wilcox WR, Lefever RA. Thermocapillary convection in
floating zone melting: Influence of zone geometry and Prandtl num-
ber at zero gravity. Materials Research Bulletin, 1979, 14(4): 527-
536

Chun CH, Wuest W. Experiments on the transition from the steady
to the oscillatory Marangoni-convection of a floating zone under re-
duced gravity effect. Acta Astronautica, 1979, 6(9): 1073-1082
Schwabe D, Scharmann A, Preisser F. Studies of Marangoni convec-
tion in floating zones. Acta Astronautica, 1982, 9(3): 183-186
Preisser F, Schwabe D, Scharmann A. Steady and oscillatory ther-
mocapillary convection in liquid columns with free cylindrical sur-
face. Journal of Fluid Mechanics, 1983, 126: 545-567

Kamotani Y, Ostrach S, Vargas M. Oscillatory thermocapillary con-
vection in a simulated floating-zone configuration. Journal of Crys-
tal Growth, 1984, 66(1): 83-90

WS, Wi 4R, V71X Marangoni X ROV BE 1 46 4. 15543,
1993, 25(3): 276-282 (Hu Wenrui, You Renran. Solutal boundary
conditions of Marangoni convection in floating zone. Chinese Journ-
al of Theoretical and Applied Mechanics, 1993, 25(3): 276-282 (in
Chinese))

X EK A £ B3k Marangoni Xf i, 712 544k, 2002, 34(4): 481-
491 (Liu Qiusheng. Marangoni convection in multiple liquid layers.
Chinese Journal of Theoretical and Applied Mechanics, 2002, 34(4):
481-491 (in Chinese))

Rednikov AY, Ryazantsev YS, Velarde MG. Active drops and drop
motions due to nonequilibrium phenomena. Journal of Non Equilib-
rium Thermodynamics, 1994, 19(1): 95-113

Rednikov AY, Ryazantsev YS, Velarde MG. Drop motion with sur-
factant transfer in a homogeneous surrounding. Physics of Fluids,
1994, 6(2): 451-468

Herminghaus S, Maass CC, Kriiger C, et al. Interfacial mechanisms
in active emulsions. Soft Matter, 2014, 10(36): 7008-7022
Yoshinaga N. Spontaneous motion and deformation of a self-pro-
pelled droplet. Physical Review E, 2014, 89(1): 012913

Ryazantsev YS, Velarde MG, Rubio RG, et al. Thermo-and soluto-
capillarity: Passive and active drops. Advances in Colloid and Inter-

face Science, 2017, 247: 52-80

Maass CC, Kriiger C, Herminghaus S, et al. Swimming droplets. An-
nual Review of Condensed Matter Physics, 2016, 7: 171-193

Morozov M, Michelin S. Self-propulsion near the onset of
Marangoni instability of deformable active droplets. Journal of Flu-

30

3

—_

32

33

34

35

36

37

38

39

40

4

—_

)

43
44

45

46

47

48

id Mechanics, 2019, 860: 711-738

Lohse D, Zhang X. Physicochemical hydrodynamics of droplets out
of equilibrium. Nature Reviews Physics, 2020, 2: 426-443

Degner B, Olson K, Rose D, et al. Influence of freezing rate vari-
ation on the microstructure and physicochemical properties of food
emulsions. Journal of Food Engineering, 2013, 119(2): 244-253
Degner BM, Chung C, Schlegel V, et al. Factors influencing the
freeze-thaw stability of emulsion-based foods. Comprehensive Re-
views in Food Science and Food Safety, 2014, 13(2): 98-113
Nepomnyashchy A, Legros JC, Simanovskii I. Interfacial Convec-
tion in Multilayer Systems. Springer, 2012

Edwards AMJ, Atkinson PS, Cheung CS, et al. Density-driven flows
in evaporating binary liquid droplets. Physical Review Letters, 2018,
121(18): 184501

Li Y, Diddens C, Lyu P, et al. Gravitational effect in evaporating
binary microdroplets. Physical Review Letters, 2019, 122(11):
114501

Diddens C, Li Y, Lohse D. Competing Marangoni and Rayleigh con-
vection in evaporating binary droplets. Journal of Fluid Mechanics,
2021, 914: A23

Li Y, Diddens C, Prosperetti A, et al. Bouncing oil droplet in a strati-
fied liquid and its sudden death. Physical Review Letters, 2019,
122(15): 154502

LiY, Meijer JG, Lohse D. Marangoni instabilities of drops of differ-
ent viscosities in stratified liquids. Journal of Fluid Mechanics,
2022,932: All

Li Y, Diddens C, Prosperetti A, et al. Marangoni instability of a drop
in a stably stratified liquid. Physical Review Letters, 2021, 126(12):
124502

Blanchette F, Shapiro AM. Drops settling in sharp stratification with
and without Marangoni effects. Physics of Fluids, 2012, 24(4):
042104

Young NO, Goldstein JS, Block MJ. The motion of bubbles in a ver-
tical temperature gradient. Journal of Fluid Mechanics, 1959, 6(3):
350-356

Bratsun D, Kostarev K, Mizev A, et al. Adaptive micromixer based
on the solutocapillary Marangoni effect in a continuous-flow mi-
croreactor. Micromachines, 2018, 9(11): 600

Schlichting H, Gersten K. Boundary-Layer Theory. Springer, 2016
Dedovets D, Monteux C, Deville S. Five-dimensional imaging of
freezing emulsions with solute effects. Science, 2018, 360(6386):
303-306

Ratke L, Miller A. On the destabilisation of fibrous growth in
monotectic alloys. Scripta Materialia, 2006, 54(6): 1217-1220
Blanchette F, Peacock T, Cousin R. Stability of a stratified fluid with
a vertically moving sidewall. Journal of Fluid Mechanics, 2008,
609: 305-317

Phillips O. On flows induced by diffusion in a stably stratified fluid.
Deep Sea Research and Oceanographic Abstracts, 1970, 17(3): 435-
443

Wunsch C. On oceanic boundary mixing. Deep Sea Research and
Oceanographic Abstracts, 1970, 17(2): 293-301



