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A B S T R A C T

Marangoni instability of immiscible liquid–liquid stratified flow with interfacial mass transfer was

investigated. In this approach, a linear approximation relation of surface tension with solute

concentration was assumed, and the stability of the flow was studied by small disturbance theory.

Numerical results indicated that Marangoni instability occurs when Re number is very small (less than 1)

and it should be considered in liquid–liquid stratified flows with interfacial mass transfer.
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1. Introduction

In recent years, liquid–liquid microextraction has been studied
by many researchers for its good performance of rapid mass
transfer, high extraction efficiency, small reagent consumption,
convenient operation, etc. Because Marangoni instability is always
induced by the interfacial tension gradient due to concentration
disturbance, it has attracted lots of researchers since Pearson [1]
and Sternling and Scriven [2].

Marangoni instability in liquid/liquid systems occurs with the
presence of bulk concentration gradient normal to the interface. It
is of interest since the interface instabilities promote the interfacial
mass transfer significantly [3]. A lot of researchers focus on
applying Marangoni instability to regulate the operation process.
The transient drop rise velocity in the system of toluene/acetone/
water for different initial solute concentrations and drop diameters
were investigated by Wegener et al. [4]. Their results showed that
the reacceleration time as an indicator of the end of Marangoni
dominance can be expressed as a function of drop diameter and
initial solute concentration. The deformable single droplet in the
toluene/acetone/water system was experimental investigated by
Wegener and Paschedag [5]. Their results revealed that the
influence of deformation on the enhancement of mass transfer in
Marangoni dominated systems.
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Besides, the criterion of Marangoni instability was widely
studied [6,7]. The classical linear instability analysis was carried by
Sternling and Scriven [2]. Their approach is considered as the
corner stone of theoretical research. The instability of various
binary liquid–liquid interfaces in the presence of surfactant
transferring was studied by Agble and Mendes-Tatsis [6]. The
available criteria of instability for the surfactant transfer through a
liquid interface were discussed by Kovalchuk and Vollhardt [8].
Their results indicated that the instability criteria are different for
plane and spherical interfaces, the surface area and the depth of
liquid layers can affect the instability, and the correlation between
the rates of diffusion and adsorption is important to instability. The
onset of Marangoni instability in partially miscible liquid–liquid
systems in the presence of surface-active solutes was studied by
Slavtchev et al. [9]. Their results indicated that the stability
conditions depend mainly on physical parameters of the system,
such as the solute diffusivity ratio and the kinematic viscosity ratio.
The influence of low frequency vibration on Marangoni instability
in a layer of binary mixture was studied by Fayzrakhmanova et al.
[10]. Their results indicated that the vibration destabilizes the
layer and the instability takes place even for zero Marangoni
number. The above approaches only discuss Marangoni instability
and rarely considering the important effects of mean flow.

Linear stability of two superposed fluids in plane Poiseuille flow
was first studied theoretically by Yih [11], who derived a general
expression for two-dimensional and long-wavelength disturbance
waves. It was shown that the viscosity stratification can give rise to
flow destabilization. The growth of disturbance depends on the
geometric and physical parameters of flow system, such as the
hed by Elsevier B.V. All rights reserved.
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v wave speed

c concentration

F non-dimensional gravity parameter

C mean concentration

Cmax the maximum value of mean concentration

D solute diffusivity

H half channel height

m dynamic viscosity

n kinematic viscosity

m viscosity ratio

n the solute concentration ratios of upper and lower

liquid at the interface

p the location of interface

r density ratio

Re Reynolds number

Rec critical Reynolds number

Ma Marangoni number

Sc Schmidt number

Pe Peclet number

S non-dimensional surface tension parameter

U mean streamwise velocity

Umax maximum value of mean velocity

V mean velocity normal to the upper and below wall

u flow streamwise velocity

v flow velocity normal to the upper and below wall

N–S Navier–Stokes equations

QH the disturbance of interface position deviate from

y = pH

x,y Cartesian coordinates

Greek letters

a wave number

r density

l diffusion ratios

s surface tension

Subscripts

i i = 1 upper layer or wall; i = 2 lower layer or wall

c critical

s disturbance

Fig. 1. The schematic of a two-layer flow. Where, the interface is planar and

nondeformable at original steady state, and the dotted line represents the

disturbance QH.
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ratio of viscosity, density and layer thickness. The effect of viscosity
ratio, thickness ratio, and surface tension on the stability of plane
Poiseuille stratified flow was studied by Yiantsios and Higgins [12].
They predicted theoretically the critical Reynolds number of
interfacial mode and shear mode. The two modes controlling the
stability of stratified flow were verified by Hooper [13].

Deformable surface and Marangoni instability are always
coexistence. How periodic wave trains are generated in liquid
layers was studied by Linde et al. when a surface-active vapor is
absorbed at a higher surface tension liquid [14]. Their results
indicated that traveling periodic wave trains are excited beyond
the critical Marangoni number. A stability due to a chemical
absorption for an infinite liquid layer with a deformable free
surface was investigated theoretically by Kozhoukharova and
Slavchev [15,16]. Their results indicated that the surface deform-
ability leads to the coexistence of oscillatory and stationary
instability mode.
The stability of a plane interface with a linear concentration
gradient and finite thickness of the both fluid layers was
investigated by Reichenbach and Linde [17]. In their research,
the effects of adsorption, surface viscosities and surface diffusion
were not considered. Their results indicated that the critical
Marangoni numbers were determined as a function of different
parameters of both phases. A numerical study of two-dimensional
Marangoni instability and shear instability of two-layer liquid flow
was conducted by Mao et al. [18]. In their research, the linear
relationship of interfacial tension versus the solute concentration
was assumed and incorporated into a mathematical model
accounting for liquid flow and mass transfer in both phases. Their
results agree well with experiments. Two superposed liquid–liquid
flow are widely used in the process of chemical engineering.
However, the effects of fluid flow were seldom introduced when
Marangoni instability was investigated in previous research. For
this reason, the effects of flow were considered to investigate
Marangoni instability of two superposed liquid–liquid plane
Poiseuille flow in this paper. The results indicated that Marangoni
instability occurs at very low Reynolds number (Re < 1) in the
system of liquid–liquid stratified flow with interfacial mass
transfer and the flow has large effects on the critical Marangoni
number.

2. Theory

Marangoni effect is an interface convection phenomenon
driven by interface tension gradient at the interface of two contact
fluids, and the strength of it is determined by dimensionless
Marangoni number Ma. To study the mechanism of Marangoni
instability, the following assumptions were made for simplifica-
tion:

(1) The fluids are Newtonian, incompressible, viscous and
isothermal liquids;

(2) The physical properties of fluids are constants;
(3) An approximate linear relation of surface tension with solute

concentration was assumed: Ds = DCds/dC, usually ds/dC < 0;
(4) The two liquids are immiscible and the thickness of interface

layer is infinitesimal;
(5) The two fluids are of equal densities but different viscosities,

and no slip at the interface.

Although the surface tension is generally a non-linear function
of solute concentration, the linear approximation is reasonable
when the concentration difference is small for assumption (4).

Fig. 1 shows the schematic of flow configuration. The origin of
the vertical coordinate was located at the center of the channel. All
quantities were nondimensionalized by half channel height H, the
maximum value of mean velocity Umax and concentration Cmax,
and the density r2, viscosity m2, solute diffusivity D2 of the below
fluid.
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2.1. Mean flow

For the two-dimensional plane channel flow studied here, the
mean velocity was simplified as Ui(y) and Vi = Wi = 0. The index i

represented the velocity of two bulk liquids. Substituting them into
the continuity and N–S equations of the two bulk liquids and
applying the boundary conditions of continuous velocity and stress
at the interface and no-slip velocity at walls, the nondimensio-
nalized mean flow were obtained as You and Zheng [19]:

U1ðyÞ ¼ � 1

Umax

1

m
ðy2 þ A1y þ A2Þ (1a)

U2ðyÞ ¼ � 1

Umax
ðy2 þ B1y þ B2Þ (1b)

where A1 = [(m � 1)(1 � p2)]/[p(m � 1) + m + 1], A2 = �1 � A1,
B1 = A1, B2 = B1 � 1, m is viscosity ratio m = m1/m2.

2.2. Mean concentration

The concentration diffusion equation of upper and lower fluids
is:

dC1

dy
¼ k1;

dC2

dy
¼ k2; (2a)

where k1 and k2 are constants. The solute concentration at the
interface y = p satisfied:

C1ð pÞ ¼ nC2ð pÞ; D1
@C1ð pÞ

@y
¼ D2

@C2ð pÞ
@y

(2b)

where n denotes the solute concentration ratios of upper and
below liquid at the interface y = p. From Eq. (2), the nondimen-
sional mean concentration of upper and lower fluids is:

C1 ¼
1

Cmax
ðb1 þ k1yÞ (3a)

C2 ¼
1

Cmax
ðb2 þ k2yÞ (3b)

where the solute concentration at the upper and lower walls is C10

and C20, respectively. Cmax is the maximum value of mean
concentration. b1 = C10 � k1, b2 = C20 + k2, k2 = lk1,
k1 = (nC20 � C10)/(p � 1 � nlp � nl), l = D1/D2.

2.3. Flow stability

The small disturbance theory was adopted to carry out the
stability analysis. The flow velocity, pressure and solute concen-
tration were split into their respective mean and disturbance as

uiðx; y; tÞ ¼ UiðyÞ þ uisðx; y; tÞ (4a)

viðx; y; tÞ ¼ visðx; y; tÞ (4b)

piðx; y; tÞ ¼ PiðxÞ þ pisðx; y; tÞ (4c)

ciðx; y; tÞ ¼ CiðyÞ þ cisðx; y; tÞ (4d)
Two dimensional disturbances, which are most unstable [20], were
considered here. The disturbance of streamfunction and concen-
tration were introduced as:

½uis; vis; cis� ¼
dfiðyÞ

dy
; �iafiðyÞ; ia f iðyÞ

� �
exp½iaðx � vtÞ� (5)

where f and f are the amplitude of disturbance, a is wave
number and c is wave speed. The temporal mode was adopted.
The wave number a is a positive real number and wave speed
v = vr + ivi is a complex number. When vi > 0, the disturbance
grows with time and the flow is unstable. When vi < 0, the
disturbance decays with time and the flow is stable. Substitute
the above mean flow, mean concentration and disturbance into
the nondimensionalized continuity, N–S equation and convec-
tive diffusion equation of two bulk fluids, the disturbances
satisfy the following equations:

d4f1

dy4
� 2a2 d2f1

dy2
þ a4f1

  !

¼ iaRem�1 ðU1 � vÞ d2f1

dy2
� a2f1

  !
� d2U1

dy2
f1

" #

(6a)

d2 f 1

dy2
� a2 f 1 þ Pel�1 @C1

@y
f1 ¼ iaPel�1ðU1 � vÞ f 1 (6b)

d4f2

dy4
� 2a2 d2f2

dy2
þ a4f2

¼ iaRe ðU2 � vÞ d2f2

dy2
� a2f2

  !
� d2U2

dy2
f2

" #
(6c)

d2 f 2

dy2
� a2 f 2 þ Pef2

@C2

@y
¼ iaPeðU2 � vÞ f 2 (6d)

where Reynolds number Re = r2UmaxH/m2, Schmidt number
Sc = m2/D2r2, Peclet number Pe = ReSc. The boundary conditions
at walls are:

f1ð1Þ ¼ 0;
df1ð1Þ

dy
¼ 0; f 1ð1Þ ¼ 0 (7a)

f2ð�1Þ ¼ 0;
df2ð�1Þ

dy
¼ 0; f 2ð�1Þ ¼ 0 (7b)

The velocity is continuous at y = p:

df1ð pÞ
dy

þ f1ð pÞ
v0

dU1ð pÞ
dy

¼ df2ð pÞ
dy

þ f2ð pÞ
v0

dU2ð pÞ
dy

(7c)

f1ð pÞ ¼ f2ð pÞ (7d)

where v0 = v � U1(p). The continuous concentration and mass
transfer at y = p were expressed as

n f 1ð pÞ ¼ f 2ð pÞ; l
d f 1ð pÞ

dy
¼ d f 2ð pÞ

dy
(7e)
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Fig. 2. The nondimensionalized concentration profile at different diffusion ratios l
under steady state. Following the direction of black arrow, the cases are

corresponding to l = 0.5, 1, 1.5, 4. (a) Mass transfer from phase 1 to 2 (C10 = 1,

C20 = 0.2, p = 0, n = 1); (b) mass transfer from phase 2 to 1 (C10 = 0.2, C20 = 1, p = 0,

n = 1).

Table 1
Cases exemplified by Sternling and Scriven [2].

Case A B C D

v1/v2 2 2 2 2

D1/D2 0.5 1 1.5 4

Note. Specified by Sternling and Scriven [2]. v1 = 2 � 10�6 m2/s, D1 = 2 � 10�9 m2/s,

n = 1, ds/dc = �10�4 N m2/kg.
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The variation of shear force balances the gradient of surface tension
at y = p as

m
d2f1ð pÞ

dy2
þ a2f1ð pÞ

" #
� d2f2ð pÞ

dy2
þ a2f2ð pÞ

" #

¼ �a2 Ma

2Pe
ð f 1ð pÞ þ f 2ð pÞÞ (7f)

Because the interfacial tension decreases generally with the
increase of solute concentration, Marangoni number was defined
as Ma = � (ds/dc)(CmaxH/D2m2) for his positive number. The
continuous normal stress at y = p is

m
d3f1

dy3
� 3a2 df1

dy

  !
� iarReU1

df1

dy
þ iaReða2S þ FÞ df1

dy
=Uc

þ iarRe
dU1

dy
f1 �

d3f2

dy3
� 3a2 df2

dy

  !
þ iaReU2

df2

dy

� iaReða2S þ FÞdf2

dy
=Uc � iaRe

dU2

dy
f2

¼ �iavRe r
df1

dy
� df2

dy

� �
(7g)

where F ¼ r2 � r1

r2

gH

U2
max

; S ¼ s
r2HU2

max

; Uc ¼
dðU2 � U1Þ

dy

The disturbance equation (6) together with their boundary
condition (7) forms an eigenvalue problem. The flow stability is
determined by the eigenvalue v as a function of m, p, r, l, n, F, S, Re,
a, Sc and Ma. Chebychev collocation spectral method was adopted
to solve the eigenvalue problem [20].

3. Results and discussion

The nondimensionalized concentration profile for different
diffusion ratios l was presented in Fig. 2. For simplification, the
interface was put at y = 0 in this study. The discussion of interface
location on flow stability would be studied later. The concentration
gradient of the upper and below fluid is equal if the diffusion ratios
l is 1. For mass transfer from phase 1 to 2, the concentration
gradient of the upper fluid is less than that of the below fluid if the
diffusion ratio l is less than 1 and in reverse if diffusion ratio l is
bigger than 1. And the concentration gradient is in reverse for mass
transfer from phase 2 to 1. When there is a disturbance, the
interfacial tension will be disturbed by the low or high solute
concentration nearby and Marangoni instability probably happens.

To verify the correctness of our program, our results were
compared qualitatively with those of Sternling and Scriven [2].
Four cases shown in Table 1 were studied in their approach.
Sternling and Scriven concluded that the system is unstable with
transfer in either direction when the kinematic viscosity and solute
diffusivity are both lower in one phase. All the four cases shown in
Table 1 are unstable when mass transfer is from phase 1 to 2. And if
l = 0.5 or l = 1, the system is stable when mass transfer is from
phase 2 to 1.

Our results are shown in Fig. 3. It shows that the neutral curve of
plane superposed flow with m = 2 at different diffusion ratios l for
mass transfer in either direction. It was shown that the flow
located above the neutral curve is stable and the flow located in
below the neutral curve is unstable when mass transfer from phase
1 to 2. Marangoni instability occurs in the region of small Reynolds
number (less than 1). When mass transfer from phase 2 to 1,
Marangoni instability only located in the region of small Reynolds
number (less than 0.01) if the diffusion ratio l is bigger than 1.
Marangoni instability only occurs at the case of very small wave
number and Re if the diffusion ratio l is less than 1. It was found
that our results agree with most results of Sternling and Scriven.
The only exception is the case of l = 0.5 or l = 1 when mass
transfer is from phase 2 to 1. For this case, the system is stable for
Sternling and Scriven; however, it is unstable for small wave
number (ac = 0.03) and Re in our approach. For a long wave length
(small wave number) disturbance, it can experience a large
concentration difference, which starts Marangoni instability.

To further verify the correctness of our program, our results
were tried to compare qualitatively with those of Reichenbach and
Linde [17]. The cases of m = 2 and l = 0.5 under liquid–liquid
system were studied in their approach. Reichenbach and Linde
concluded that no matter mass transfer from phase 1 to 2 or from
phase 2 to 1, there exists a minimal critical Marangoni number
Macmin for each interface position. If |Ma| < |Macmin|, all dis-
turbances are stable. Our results of critical wave number ac with
respect to Marangoni number Ma are shown in Fig. 4. It was found
that the area surrounded by the curve and vertical coordinate is
unstable, and the other area is stable. The minimal critical



Fig. 3. The neutral curves at different diffusion ratios l for the cases of Sternling and

Scriven [2] (m = 2, S = 0.2, F = 0, p = 0, n = 1, Ma = 1000, Sc = 500). (a) Mass transfer

from phase 1 to 2; (b) mass transfer from phase 2 to 1.

Fig. 4. The critical wave number ac with respect to Marangoni number Ma under the

cases of Reichenbach and Linde [17] (m = 2, l = 0.5, Re = 0.000001, S = 0.2, F = 0,

n = 1, r = 1, Sc = 500). (a) Mass transfer from phase 1 to 2; (b) mass transfer from

phase 2 to 1.
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Marangoni number Macminexists and this agrees with those of Ref.
[17].

It was found in Fig. 4b that Marangoni instability happens when
mass transfer from phase 2 to 1 at m = 2 and l = 0.5. This is similar
to the result of l = 0.5 in Fig. 3b.

3.1. Mass transfer from phase 1 to 2

Fig. 5 shows the neutral curves of plane superposed flow with
m = 0.5 at different Marangoni number Ma. The neutral curve divides
the diagram into two parts, i.e. the flow in upper part is stable, and
the flow in under part is unstable. It was shown that Marangoni
instability locates in the region of small Reynolds number (less than
1). This instability is special important to the micro/nano channel
flows of microchips such as microextraction where Reynolds
number is generally less than 1. The unstable region is complex
for l < 1. For Re < 7 � 10�4, the unstable region (critical wave
number) is smallest at Ma = 800. For 7 � 10�4 < Re < 2 � 10�3, the
unstable region (critical wave number) increases with the increase
of Ma. For Re > 2 � 10�3, the critical wave number decreases rapidly
with the increase of Re. It finally deceases to 0 and no unstable region
for Re > 1. The results indicated Marangoni instability happens only
when Re number is small, where Marangoni instability induced by
mass transfer plays the main roles. When Re number is larger than 1,
the flow restrains Marangoni instability and the flow becomes
stable. For l � 1, the unstable region (critical wave number)
decreases with the increase of Ma and Re. Similar to the case of
l < 1, Marangoni instability is also important when Reynolds
number is less than 1.

Fig. 6 shows the neutral curves of plane superposed flow with
m = 2 at different Marangoni number Ma. It was shown that
Marangoni instability also happens in the region of small Reynolds
number (less than 1). This is in accordance with the result of
Fig. 5. Neutral curves of liquid–liquid stratified flow at different Marangoni number

Ma and mass transfer from phase 1 to 2 (m = 0.5, Sc = 4000, p = 0, S = 0.2, F = 0, r = 1,

n = 1).



Fig. 6. Neutral curves of liquid–liquid stratified flow at different Marangoni number

Ma and mass transfer from phase 1 to 2 (m = 2, Sc = 4000, p = 0, S = 0.2, F = 0, r = 1,

n = 1).

Fig. 8. The critical wave number ac with respect to Marangoni number Ma at

different Schmidt number Sc and mass transfer from phase 1 to 2 (l = 4, m = 0.5,

Re = 0.0001, p = 0, S = 0.2, F = 0, r = 1, n = 1).
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Slavtchev and Mendes, where mass transfer from water into
ethylacetate (m = 2.174) [21] and that of Perez de Ortiz and
Sawistowski, where mass transfer from isobutanol into water
(m = 3.46) [22]. The unstable region is complex for l = 4. The
unstable region (critical wave number) increases with the increase
of Ma number (Re < 5 � 10�4) at first, then it decreases with the
increase of Ma number and decreases quickly with the increase of
Re number. It finally tends to 0 and no unstable region for Re > 1.

From Figs. 5 and 6, it was found that the critical wave number is
closed to invariant in some region. If Re is small, the stability is
limited by diffusion and short wave length (large wave number)
disturbance can experience a large concentration difference, which
starts Marangoni instability. If Re is large, the stability is flow
limited by convection and only long wave length (small wave
number) disturbance can experience a large concentration
difference, which starts Marangoni instability.
Fig. 7. The critical wave number ac with respect to Marangoni number Ma at

different diffusion ratios l and mass transfer from phase 1 to 2 (m = 0.5, Re = 0.0001,

p = 0, S = 0.2, F = 0, r = 1, Sc = 4000, n = 1).
For Re = 10�4 and m = 0.5, the critical wave number ac with
respect to Ma for different diffusion ratios l and Schmidt number
Sc are shown in Figs. 7 and 8, respectively. In Fig. 7, the critical wave
number ac dramatically increases as Ma increases from 0 to 100.
When l is 1.5 or 4, ac increases first and then decreases as Ma

increases to 1000. When l is 1 or 0.5, ac gradually increases as Ma

increases to 1000.
Schmidt number Sc is a dimensionless number defined as the

ratio of momentum diffusivity (viscosity) and mass diffusivity. As
shown in Fig. 8, the unstable region increases with the increase of Sc.
The critical wave number increases suddenly when Ma increases to
200 and then decreases slowly when Ma increases to 1000.

3.2. Mass transfer from phase 2 to 1

The neutral curves of plane superposed flow with m = 2 at
diffusion ratio l are shown in Fig. 3(b). When m = 2, the flow
instability was found for Ma = 800; however, it was found for
Fig. 9. Neutral curves of liquid–liquid stratified flow at different Marangoni number

Ma and mass transfer from phase 2 to 1 (m = 0.5, Sc = 500, p = 0, S = 0.2, F = 0, r = 1,

n = 1).



Fig. 10. The critical wave number ac with respect to Marangoni number Ma under

different diffusion ratios l mass transfer from phase 2 to 1 (m = 0.5, Re = 0.0001,

p = 0, S = 0.2, F = 0, r = 1, Sc = 1500, n = 1).
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Ma = 1000 presented in Fig. 3(b). When the diffusion ratio l is 0.5
and 1, the critical wave number is very close to 0 and Marangoni
instability only occurs for long waves if Re < 1. When the diffusion
ratio l is 1.5 and 4, the unstable region appears at Re < 7 � 10�3.

Fig. 9 shows the neutral curves of plane superposed flow with
m = 0.5 at different Marangoni number Ma. The area surrounded by
the neutral curve and vertical coordinate is unstable. It was seen
that the unstable region increases with the increase of Ma. The
unstable region appears at Re < 1 � 10�2. The narrow range of Re in
Fig. 3(b) and Fig. 9 can be regarded as a threshold of critical
Reynolds number Rec separating the regions of Marangoni
instability and shear instability. Below the Rec, Marangoni
instability controls the stability of the flow. As Rec increases, the
instability of flow changes to be controlled by shear instability.

Fig. 10 shows the critical wave number ac with respect to
Marangoni number Ma under different diffusion ratios l for
m = 0.5 and Re = 0.0001. The area surrounded by the curve and
vertical coordinate is unstable, and the other area is stable. The Ma

corresponding to the left endpoint of each curve is defined as
critical Marangoni number Mac, where Marangoni instability
occurs if Ma is larger than Mac. The value of Mac increases with the
increase of diffusion ratio l. For small viscosity ratio m and low
diffusion ratio l, the flow is easier to start Marangoni instability
and the diffusion plays domain roles on flow instability.
Fig. 11. The critical wave number ac with respect to Marangoni number Ma under

different Schmidt number Sc and mass transfer from phase 2 to 1 (l = 4, m = 0.5,

Re = 0.0001, p = 0, S = 0.2, F = 0, r = 1, n = 1).
Fig. 11 shows the critical wave number ac with respect to
Marangoni number Ma under different Schmidt number Sc for
m = 0.5 and Re = 0.0001. It was shown that the unstable area
increases with the increase of Sc. The increase of Sc is favorable to
start Marangoni instability.

The results indicated that the onset of Marangoni instability is
distinct for different mass transfer direction. For the cases of
present research, Marangoni instability occurs in small Reynolds
number (Re < 1) and the shear instability hardly occurs for low
flow velocity.

4. Conclusions

Marangoni instability of liquid–liquid stratified flow with mass
transfer was studied based on an approximation of linear relation
of surface tension with solute concentration. Numerical results
indicated that Marangoni instability happens when Re number is
small (Re < 1 for the cases studied here), where Marangoni
instability induced by mass transfer plays the main roles.
Marangoni instability is very important to the control of flow
instability of low Reynolds flow such as micro or nano scale flow.
The effect of parameters, such as Marangoni number Ma, Reynolds
number Re, viscosity ratio m, diffusion ratio l, Schmidt number Sc

and mass transfer direction, on Marangoni instability is complex.
Marangoni instability should be considered in the cases concerning
on low Reynolds number liquid–liquid stratified flow with mass
transfer.
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