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Abstract
A liquid-liquid, two phase, flow in a Y-shaped microchannel was
numerically studied. Liquids 1 and 2, which are immiscible into each
other, were injected into a Y-shaped microchannel from the two lateral
channels respectively. The widths of the lateral and main channels
are ten microns. The lengths of the lateral channels and main channel
are five and 15 times of the channel width. The Volume of Fluid
method was used to track the liquid-liquid interface, and PiecewiseLiner Interface Construction resolved a sharp interface. The interfacial
tension was simulated with the Continuum Surface Force model with
a wall adhesion boundary condition. The results show that a zebra
flow mode appears in the main channel. For a certain inlet velocity,
the length of zebra stripe depends on the interfacial tension force and
inclined angles of two lateral channels. The length of a zebra stripe is
See http://anziamj.austms.org.au/ojs/index.php/ANZIAMJ/article/view/75
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short at large interfacial tension. As for the effect of confluent angles of
Y-shaped junction, the zebra stripe length is largest when the inclined
angles of two lateral channels are 45◦ and smallest when a T-shaped
junction is used.
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1

Introduction

Microfluidic technology is widely used in various fields due to the excellent
mass and heat transfer properties as well as the uniform flow patterns and
residence time distributions. Especially for a microreactor, some of these
devices are available commercially and being tested by a growing community
of researchers [1]. Recently, immiscible liquid-liquid segment (slug) flows in
microchannels receive extensive exploration due to the segmentation of the
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two fluids, in which the chemical reaction, mixing and diffusion of the solutes
are enhanced greatly by the increase of the interfacial area. On the other
hand, microdroplets are produced in such a liquid-liquid system in the microchannel under certain conditions, for example, high inlet velocity of one
phase, large interfacial tension and small contact angle between the fluid and
the solid wall. The efficiency and properties of the segment (slug) flows in
microreactors are mainly influenced by the channel geometry, viscosity ratio
between two fluids, interfacial tension and the flux of the two liquids [2].
The variation in parameters imply that optimizing the segment (slug) flow
system in microreactors needs extensive experimental work. Therefore, numerical study on such problems is indispensable to provide a reasonable and
economical designing process.
For the numerical computation, accurate simulation of a multiphase flow
problems with a moving interface lies in the obtaining of a sharp interface.
Several techniques were developed in the last 25 years. Tang et al. [3] review
these methods in detail. Rider and Kothe [4] discussed the historical perspective and comparison of various interface reconstruction techniques. In
addition, in a multiphase flow, interfacial tension force plays a crucial role.
A popular model for the interfacial tension force is the continuum surface
force (csf) model proposed by Brackbill et al. [5].
In the present study, a liquid-liquid two-phase flow in a Y-shaped microchannel was numerically studied due to its importance in the microreactor
system, using vof method with plic interface reconstruction technique, in
which a cell-centered line segment was used to simulate the interface and the
flux of fluid was computed geometrically according to the interface location
and slope. The csf interfacial tension model was adopted here to simulate
the interfacial tension force.

2 Model system
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Figure 1: Computational model system.

2

Model system

Figure 1 shows the present model system. Liquids 1 and 2 were simultaneously injected into the Y-shaped microchannel from the two lateral channels
with the same inlet velocities ~u01 = ~u02 . Both phases were assumed to be
incompressible, Newtonian and immiscible at 1 atm and 25◦ C. The flow was
treated as laminar, which proved correct for the microflow under current
situations [6]. Gravitational force was not taken into consideration due to
its unimportance in the microflow. The widths (h) of the lateral and main
channels are same and equal to 10 µm. The lengths of the lateral channels
and the main channel are l = 5h and 3l = 15h , respectively. The inclined
angles of two lateral channels are ϕ1 and ϕ2 . A two dimensional computation was carried out and the domain (xl × yl) as shown in Figure 1. Here,
xl = l cos ϕ1 + 3l and yl = 2l + h . 300 × 220 rectangular grids were adopted.

3 Computational methods and governing equations
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Computational methods and governing
equations

The interface of the two immiscible fluids was tracked by the volume of
fluid (vof) method [7] on Eulerian grids. The color function C was set
to 1 for liquid 1 and 0 for liquid 2. The interface was reconstructed by the
Piecewise Liner Interface Calculation (plic) technique initially proposed by
Youngs [8]. The surface tension was computed by the continuum surface
force (csf) model [5].

3.1

Dimensional governing equation

The dimensional governing equations follow. Color function:
∂C ∂(uC) ∂(vC)
+
+
= 0.
∂t
∂x
∂y

(1)

∂u ∂v
+
= 0.
∂x ∂y

(2)

Continuity equation:

Momentum equation:


∂u
∂u
∂u
1 ∂p µ ∂ 2 u ∂ 2 u
1
+u
+v
=−
+
+
+ fsvx ;
∂t
∂x
∂y
ρ ∂x ρ ∂x
∂y
ρ
 2

2
∂v
∂v
∂v
1 ∂p µ ∂ v ∂ v
1
+u
+v
=−
+
+
+ fsvy .
∂t
∂x
∂y
ρ ∂y ρ ∂x
∂y
ρ

(3)
(4)

Here, ρ = ρ2 +C(ρ1 −ρ2 ) and µ = µ2 +C(µ1 −µ2 ) . Subscripts 1 and 2 denote
for liquids 1 and 2 respectively. The flow field was solved with the finite
difference method on a staggered mesh system. The hsmac algorithm [9]
was adopted to solve the pressure field and improve the velocity field. A
non-slip velocity boundary condition was applied on the solid boundaries.
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Interfacial tension CSF model

f~sv in equations (3) and (4) is the surface tension force per volume. In the
csf method, the surface tension is modeled as [5]
∇ρ
ρ
ρ
f~sv = σκ
= σκ
∇C .
ρ1 − ρ2 (ρ1 + ρ2 )/2
(ρ1 + ρ2 )/2

(5)

Here, σ is the interfacial tension coefficient [N/m]. κ is the local curvature
of the interface curve [1/m] and is calculated from



1
~n
κ = −∇ · n̂ =
· ∇ |~n| − (∇ · ~n) .
|~n|
|~n|
Here, n̂ = ~n/|~n| is the unit normal to the interface.
The effect of wall adhesion at fluid interfaces in contact with rigid boundaries is estimated easily in the csf model by applying a boundary condition
in equation (5):
n̂ = (cos θca )n̂w + (sin θca )n̂t ,
(6)
where θca is the contact angle between fluid and solid wall. n̂w is the unit
wall normal and n̂t is the unit tangent.

3.3

PLIC reconstruction of the interface

To get a sharp interface, the plic technique [8] was used to reconstruct
the interface, in which a cell-centered line segment simulated the interface
and the flux of fluid was computed geometrically according to the interface
location and slope. The line segment is described as
nx x + ny y + η = 0 .

(7)

According to the values of C, nx and ny , the interface location and slope
can be decided. Then, the flux of one phase whose color function is 1 is
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calculated analytically. In the present computation, the out-flow flux in a
grid was computed, and the in-flow fluxes were corrected by the out-flow
fluxes in the four neighbor grids. This is because the in-flow flux should be
computed according to the values of C in the neighbouring grid points.

3.4

Non-dimensional governing equation

Putting equation (5) into equations (3)–(4) and carrying out the dimensional
analysis on the governing equations, we get the following non-dimensional
governing equations. Color function:
∂C ∂(U C) ∂(V C)
+
+
= 0.
∂τ
∂X
∂Y

(8)

∂V
∂U
+
= 0.
∂X ∂Y

(9)

Continuity equation:

Momentum equation:
∂U
∂U
∂U
1
∂P
+U
+V
=−
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∂X
∂Y
ρ̄ + C(1 − ρ̄) ∂X
 2
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∂ 2U
2Γ
+
+
+
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∂X
∂Y
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∂V
∂V
1
∂P
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+V
=−
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 2

µ̄ + C(1 − µ̄) ∂ V
∂ 2V
2Γ
+
+
+
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ρ̄ + C(1 − ρ̄)
∂X
∂Y
1 + ρ̄

∂C
;
∂X

(10)

∂C
.
∂Y

(11)

The definition of the non-dimensional parameters are X = x/xa , Y = y/xa ,
U = u/ua , V = v/ua , τ = t/ta , P = p/pa , xa = h , ua = µ1 /ρ1 xa ,
ta = ρ1 x2a /µ1 , pa = µ21 /(ρ1 x2a ) , ρ̄ = ρ2 /ρ1 , µ̄ = µ2 /µ1 , Γ = σρ1 xa /µ21 . Here,
subscript a means the reference value. In the computations, xa = h = 10 µm.
Other conditions are ρ1 = 997.07 kg/m3 , µ1 = 9.09 × 10−4 Pa s, ρ̄ = 1.2 ,
µ̄ = 0.8 and |U01 | = |U02 | = 0.1 .
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Figure 2: Instantaneous flow modes until τ = 100 at Γ = 250 , θca = 90◦
and ϕ1 = ϕ2 = 30◦ .

4

Result and discussion

Figure 2 shows the instantaneous flow modes until τ = 100 at Γ = 250 ,
θca = 90◦ and ϕ1 = ϕ2 = 30◦ . The initial condition for the phase field is
shown with the picture of τ = 0 . For the multiphase flow computation,
the initial condition is very important: sometimes different initial condition
cause different results. In the present work, the same initial condition were
set for all the computational cases. At τ = 20 , liquid 2 flows into the main
channel. At τ = 40 the first slug of liquid 2 is produced near the crossing of
the two lateral channels. At τ = 60 , the second one starts to be generated
and the same situation occurs as the first one at τ = 20 . At τ = 80 , the
second slug of liquid 2 is produced. Such a process repeats in time. Segments
of the two liquids are alternately generated and the zebra flow mode appears
in the main channel.

4 Result and discussion

(a) θca = 30◦
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(b) θca = 60◦

Figure 3: Flow modes under different contact angles at τ = 80 , Γ = 250
and ϕ1 = ϕ2 = 30◦ .

(a) Γ = 100

(b) Γ = 500

Figure 4: Flow modes under different interfacial tensions (Γ) at τ = 80 ,
θca = 90◦ and ϕ1 = ϕ2 = 30◦ .
Figure 3 shows the flow modes under different contact angles at τ = 80 ,
Γ = 250 and ϕ1 = ϕ2 = 30◦ . At same time moment τ = 80 , almost one
slug was produced at θca = 30◦ (Figure 3(a)), one and half at θca = 60◦
(Figure 3(b)) and two at θca = 90◦ (shown in Figure 2, τ = 80). On the
other hand, at θca = 30◦ , the slug is produced far from the crossing of the
two lateral channels. However, the contact angle does not affect the slug
length.
Figure 4 shows the flow modes under different interfacial tensions at τ =
80 , θca = 90◦ and ϕ1 = ϕ2 = 30◦ : (a) is at Γ = 100 and (b) at Γ = 500 .
The nondimensional parameter Γ indicates the ratio of interfacial force and
viscous force on the fluid. The lengths of the zebra stripes are shorter at
Γ = 500 (Figure 4(b)) than those at Γ = 100 (Figure 4(a)). On the other
hand, at the same time moment τ = 80 , the numbers of generated slugs are 1,
2 and 3 for Γ = 100 , 250 (shown in Figure 3, τ = 80) and 500, respectively.
Thus the rate of production of slugs increases with the interfacial tension,
which is very important for enhancing the performance of chemical reaction,
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(a) ϕ1 = ϕ2 = 15◦

◦

(b) ϕ1 = ϕ2 = 45

(d) ϕ1 = ϕ2 = 90◦

(e) ϕ1 = 0◦ , ϕ2 = 30◦

(c) ϕ1 = ϕ2 = 60◦

(f) ϕ1 = 0◦ , ϕ2 = 90◦

Figure 5: Flow modes under various inclined angles of two lateral channels, ϕ, at τ = 80 , θca = 90◦ and Γ = 250 .
extraction, mixing and increasing the yields of micro particles/droplets in
the microreactor system. Besides, the location where the slug is generated
becomes further from the crossing of two lateral channels as Γ decreases. At
Γ = 100 (Figure 4(a)), the slug is generated at the middle of the main channel
and a parallel flow appears in the upstream of the channel. However, at
Γ = 500 (Figure 4(b)), the slug is generated just at the beginning of the main
channel. Therefore, a long channel is needed for two kinds of liquids with
small interfacial tension to generate zebra flow mode. With Γ decreasing,
the parallel flow mode occupies the channel more and more before a slug is
generated. Especially, at Γ = 0 , instead of the zebra flow mode, the parallel
flow appears in the whole channel and no slug is produced.
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Table 1: The value of w/h under various inclined angles at Γ = 250 .
ϕ
w/h
ϕ
w/h
ϕ1 = ϕ2 = 15◦ 4.39
ϕ1 = ϕ2 = 75◦
3.39
◦
◦
ϕ1 = ϕ2 = 30 4.67
ϕ1 = ϕ2 = 90
3.14
◦
◦
◦
ϕ1 = ϕ2 = 45 4.95 ϕ1 = 0 , ϕ2 = 30 4.17
ϕ1 = ϕ2 = 60◦ 4.60 ϕ1 = 0◦ , ϕ2 = 90◦ 2.71
Figure 5 shows the flow modes under various inclined angles of two lateral
channels at τ = 80 , θca = 90◦ and Γ = 250 . The length of zebra stripe
strongly depends on the inclined angles (ϕ1 and ϕ2 ). Table 1 shows the
value of w/h under various inclined angles. Here, w is the length of one
of the zebra stripes shown in Figure 4(a). Since the inlet velocities of the
two phases are the same and the channel width (both lateral and main) is
the same everywhere, the stripe lengths of two liquid are the same. Table 1
shows when ϕ1 = ϕ2 and smaller than 45◦ , the value of w/h increases with ϕ.
At ϕ1 = ϕ2 = 45◦ , the value reaches its largest value 4.95. When ϕ1 = ϕ2
and larger than 45◦ , the value of w/h decreases with the increase in ϕ. At
ϕ1 = ϕ2 = 90◦ , w/h is smallest and equals to 3.14. For all the cases shown in
Table 1, the smallest value of w/h is at ϕ1 = 0◦ and ϕ2 = 90◦ . Consequently,
obtain more segment/interfaces of the two liquids using T-shaped junction
(` or ⊥).

5

Conclusion

A liquid-liquid, two phase, flow in a Y-shaped microchannel was numerically
studied. Using the plic technique, a sharp interface of two fluids was simulated. A zebra flow mode was found in the Y-shaped microchannel. At a
certain inlet velocity, the length of the zebra stripe or the number of liquidliquid interfaces, which is very important for the mass transfer between two
phases, is strongly dependent on the interfacial tension and the confluent
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angle of the Y-shaped junction. When the interfacial tension is large, the
zebra stripe length is small and the parallel flow which appears before a slug
is generated is short. As for the effect of inclined angles of lateral channels,
the T-shaped junction (` or ⊥) tends to produce a short zebra stripe flow
mode and more interfaces between the two liquids.
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