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Abstract

This study investigates droplet formation in a micro-channel using the lattice Boltzmann (LB) method. A cross-
junction micro-channel and two immiscible, water and oil phase fluids, were used to form the micro-droplets. Droplets
are formed by the hydrodynamic instability on the interface between two immiscible fluids when two immiscible fluids
are imported simultaneously in a cross-junction micro-channel. The Shan & Chen model, which is a lattice Boltzmann
model of two-phase flows, is used to treat the interaction between immiscible fluids. The detailed process of the droplet
formation in the cross-junction micro-channel was illustrated. The results of the droplet formation by the LBM pre-
dicted well the experimental data by PIV (particle image velocimetry). The effect of the surface tension and the flow
rate of water phase fluid on the droplet length and the interval between droplets was also investigated. As the surface
tension increased, the droplet length and the interval between droplets were increased. On the other hand, when we
increased the flow rate of the water phase fluid under the condition of the fixed oil-phase fluid flow rate, the droplet

size was increased while the interval between droplets was decreased.
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1. Introduction

Due to the rapid development of micro-electro-
mechanical systems (MEMS) recently, many re-
searchers have shown strong interest in microfluidics
and have carried out many studies to apply the
MEMS technology to microfluidic systems such as
lab-on-a-chip and p-TAS (Micro Total Analysis Sys-
tem). In particular, many researchers have shown a
big interest in developing the technology to form
micro-droplets in a micro-channel, because chemical
reaction conditions can be controlled precisely by
using the droplet-based structure, and chemical reac-
tions with a constant diffusion distance can occur
effectively in the micro-volume. As a result, the mi-
cro-droplet technology can make very sensitive
chemical reactions, which was not possible in tradi-
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tional chemical reactions, possibly with a minimum
amount of reactants.

Micro-droplets have been used widely to increase
the diffusion rates between the interfaces of two im-
miscible fluids and have many applications in the
chemical and bio-chemical fields. Some experimental
studies to investigate the characteristics of micro-
droplets formed in the micro-channel have been re-
ported [1-8].

Anna et al. [1] integrated a flow-focusing geometry
into a microfluidic device and produced both mono-
disperse and polydisperse emulsions. Thorsen et al.
[2] showed that a microfluidic device designed to
produce reverse micelles can generate complex and
ordered droplet patterns as it is continuously operated
far from thermodynamic equilibrium. Tice et al. [3]
characterized the conditions required to form nanoli-
ter-sized droplets of viscous aqueous reagents in
flows of immiscible carrier fluid within micro-
channels. They also showed that combining viscous
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and non-viscous reagents could enhance mixing in
droplets moving through micro-channels by providing
a nearly ideal initial distribution of reagents within
each droplet. Burns and Ramshaw [4] demonstrated
the enhancement of diffusion rate in a micro-droplet-
based micro-reactor. Song et al. [5] described the
rapid mixing and transportation of multiple solutions
of reagents without dispersion by using water micro-
droplets in an immiscible oil-phase fluid. Song and
Ismagilov [6] described a microfluidic chip for per-
forming kinetic measurements of micro-droplets with
better than millisecond resolution. Song et al. [7]
presented a microfluidic system used to control net-
works of many chemical reactions on the millisecond
scale. Yoon and Kim [8] measured both internal and
external flow fields in and around micro-droplets
formed in the Y-junction micro-channel using the
micro-PIV (particle image velocimetry) method.
They suggested a method to measure the detailed
fields of two-phase flow with deformable and moving
boundaries.

Recently, the lattice Boltzmann (LB) method has
been developed from the lattice-gas automata [9, 10].
The LB method has emerged as an alternative method
for conventional computational schemes. Unlike con-
ventional numerical methods based on the discretiza-
tion of macroscopic continuum equations, the LB
method
mesoscopic kinetic equation. The LB method recov-

is based on microscopic models and

ers the Navier-Stokes equations in the incompressible
flow limit. Since the LB method can be considered as
a mesoscopic approach, lying in between microscopic
molecular dynamics and conventional macroscopic
fluid dynamics, it can be useful when microscopic
statistics and macroscopic description of flow are
important, e.g., in problems involving surface tension,
capillarity and phase transition in multiphase multi-
component systems [11].

There are some LB models for the multi-phase
flows between immiscible fluids such as Rothman
and Keller model [12], Shan and Chen model [13],
etc. Particularly, the Shan and Chen [S-C] model,
which was proposed to simulate the multi-component
non-ideal gas, has been widely used to calculate the
movement of the bubble (s) or the droplet (s) formed
between the immiscible fluids.

Hou et al. [14] carried out a numerical study to
compare the Rothman and Keller model and the S-C
model to simulate a static bubble. They examined
isotropy, strength of surface tension, thickness of the

interface, spurious currents, Laplace’s law, and
steadiness of the bubble. They also showed that the S-
C model could simulate a physically correct, isotropic
and stable bubble formation satisfying Laplace’s law,
while the Rothman and Keller model was not good
for representing the bubble formation. Sehgal et al.
[15] simulated numerically the deformation and
fragmentation of a liquid drop in a flow field using
the S-C LB model. Yang et al. [11, 16] investigated
the characteristics of bubble growth, detachment, and
coalescence on vertical, horizontal, and inclined
downward-facing surfaces using the S-C LB model.
Yang et al. [17] also simulated the movement of Tay-
lor bubbles in a narrow channel using the S-C LB
model.

The present study investigates droplet formation in
a micro-channel using the lattice Boltzmann (LB)
method as a numerical method and S-C model to treat
the interaction between immiscible fluids. A cross-
junction micro-channel and two immiscible, water
and oil phase fluids, are used to form the micro-
droplets in the micro-channel. The detailed flow
fields in and around the droplets are investigated, and
the process of droplet formation between immiscible
fluids in a cross-junction micro-channel is illustrated.
The effect of the surface tension and the flow rate of
water phase fluid on the droplet length and the inter-
val between droplets is also investigated. The present
prediction results for the droplet formation by the
LBM are compared with the experimental data ob-
tained by using the PIV technique.

2. Numerical method

2.1 Formulation of lattice boltzmann method

LB models are derived from the continuous Boltz-
mann equation with the collision term in the Bhatna-
gar-Gross-Krook (BGK) approximation. The original
lattice Boltzmann equation is defined as

ff’(x+é,—At,t+At)—.f;-g("”)ZQfr M

where f;7 is the single-particle density distribution
function of direction i of phase o, x is the direc-
tional vector of lattice node, and e; means the mi-
croscopic velocity which represents the magnitude
and directional vector of particles. The right-hand side
in Eq. (1) is called the collision term, which expresses
the collisions between the particles propagated at a
previous time. This collision term is too complex to
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solve analytically, so Bhatnagar et al. [18] simplified
the collision terms by introducing single relaxation
time of a fluid, 7, expressed as

QF =={ 17 (x1) = /7 (x.1) @

This is called as the lattice BGK equation. f;*>*
represents the equilibrium distribution function, ex-
pressed as.
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where ¢ is the density of phase o, u? is the
velocity vector of phase o, and w; is a weighting
factor depending on the lattice model used. ¢ repre-
sents the propagation speed of particles moving be-
tween a lattice node and its nearest neighbors.

Fig. 1 shows a schematic diagram to indicate the
velocity directions used in the present D2Q9 model.
The D2Q9 lattice model has one velocity vector at the
center which is at rest, four velocity vectors for or-
thogonal lattices, and four velocity vectors for diago-
nal lattices. The weighting factor w; used in the
present calculation is

wy=4/9 if i=0

w; =1/9 if i=2,4,6,8 (5)
w; =1/36 if i=1,3,57

After we obtain the solution for £,”, the values of

macroscopic variables such as density and velocity of
fluid are calculated as

(6)

(7

Fig. 1. A schematic diagram to show the velocity directions
in the D2Q9 model.

In order to solve two-phase flow, we used the Shan
and Chen model [13]. To model surface tension
forces in multi-component fluids, the interaction po-
tential (x,x") can be incorporated [13]:

V (%X) = Gor (X197 (%)97 (X)) ®

where ¢7(x) is an effective density function.

Gyz(x,X) in Eq. (8) is the interaction strength de-
fined as
.10, [x-x]>c
Gos(x,X) = , ®
o [x=x|=c

The magnitude of G, in Eq. (9) controls the
strength of the interaction potential between fluid
components ¢ and &, while its sign determines
whether it is attractive or repulsive. When we calcu-
late the interaction potential ¥ (x,x"), we consider
only the interactions between lattices located at the
nearest neighbors shown in Fig. 1 to simplify the
calculation. In the region of the single phase
(0=0),Gy5 =0, whereas Gz #0 in the region
of multi-phase region (o # 7 ).

The total interaction force F°(x) on the o th
component at (x) is determined as

S b
F7(x) =07 (x)D Gor » 07 (x+ &) & (10)
o=l i=0

And the velocity of fluid is updated by the follow-
ing Egs. (11) and (12).

07 (x)u? (x)= p? (x)u(x)+7°F° (11)

B S S

u(x)=[zg fﬁ’éi] / [ZUZﬁ”] (12)
=17 %0 =17 %o

where the composite velocity u(x) represents the
flow of the bulk fluid and is the more meaningful
velocity to view and analyze the overall fluid flow of
the system.

In the lattice Boltzmann method, the kinematic vis-
cosity of fluid can be expressed as

279 -1
yo =%

S (13)

where 77 is the relaxation time of the o th compo-
nent [13].

2.2 Laplace’s law

There is a pressure difference between the inside
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and outside of bubbles and droplets. The pressure
difference Ap depends on the radius of curvature
R and the surface tension o for the fluid pair of
interest. For two-dimensional droplets and bubbles
there is only one possible radius of curvature, and
Laplace’s law indicates that the pressure difference
between the inside and outside of the bubble is line-
arly proportional to the reciprocal of bubble radius

(Ap=0/R) [11].

3. Numerical results

In order to represent the capability of the lattice
Boltzmann method for two-phase flow of the immis-
cible fluids, Yang et al. [11] demonstrated that the
density change across the interface can be captured
well and the Laplace’s law is represented quite well
by using the lattice Boltzmann simulation. The LBM
code developed in this work is validated by using
results illustrated by Yang et al. [11] as a benchmark
test.

Fig. 2 shows the density distribution of two immis-
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(b) Density distribution of bubble phase across the interface

Fig. 2. Density distribution for different lattices used when
Gg =0.05.

cible fluids for three different lattices of 50x50,
100x100 and 200%200, when G, = 0.05. It is shown
that the computational domain is normalized with a
scale of 1x1 for three different lattices, and a bubble
has a static size of 0.3 in radius, and the density of
each phase fluid is initially 0° =1. The contour of
density distribution of two immiscible fluids in the
whole computational domain is shown in Fig. 2(a).
The density distributions of two immiscible fluids
along the central line in the horizontal direction from
the center point of the static bubble to the boundary of
the computational domain are represented in Fig. 2(b).
Figs. 2(a) and (b) illustrate that the interface between
two immiscible fluids becomes narrower as the lattice
number is increased, and also the density gradient
across the interface can be captured for three different
lattices.

As shown in Fig. 3, it is found that Laplace’s law
for the formed bubbles obtained by the lattice Boltz-
mann simulation is satisfied quite well. The present
results are in good agreement with the results given
by Yang et al. [11].

Fig. 4 shows the surface tension of two-phase flow
as a function of G, with 77 =1, P7=1 and
100x100 lattice. According to Laplace’s law, the
slope between the pressure difference Ap and the
curvature 1/R means the surface tension as shown
in Fig. 3. Therefore, Fig. 4 shows the variation of the
surface tension with respect to an increase in the in-
teraction potential parameter G in this model. The
surface tension increases almost linearly as a function
of interaction potential parameter G ; .
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Fig. 3. Comparison of the present results with Yang et al. [11]
for the pressure difference as a function of the curvature of
bubble with 7% =1, p° =1, Gg =0.05 and 100x100 lattice.
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Fig. 4. Surface tension of two-phase flow as a function of
Gy with7% =1, p® =1 and 100X 100 lattice.

Oil phase
100um

2

Water phase

_‘t

Oil phase

200um

Fig. 5. A schematic diagram of a cross-junction micro-channel.

A schematic diagram of a cross-junction micro-
channel used in this work is shown in Fig. 5. Inlet
width for the water and oil phase fluids is 200 and
100 um, respectively. The volumetric flow rate of the
water phase fluid is changed from 0.5 to 1.0 w¢/min.
The volumetric flow rate of the oil phase fluid is fixed
as 1.5 yl/min. Thus, the Reynolds number used in
this study for the water and oil phase fluid flows is
very small whose values are Re<0.01. Droplets are
digitized when the water phase and the oil phase flu-
ids flow into the cross-junction micro-channel.

For the present LB simulation, we used the inlet
boundary condition at the entrance of each phase fluid
and the outlet boundary condition at the outlet of right
side, respectively. Using the initial value of density
and velocity, f;”* is calculated by Egs. (3) and (4),
and then f° = f,°¢ is applied as initial and inlet
boundary conditions. In order to reproduce the no-slip
condition, the bounce-back boundary condition is

(b)

<Present results>

<Experimental data>

Fig. 6. Comparisons of the present predicted results (left side)
with the PIV experimental data (right side) for the instanta-
neous flow fields of droplet formation with V,;; = 1.5 (¢/min,
v, =0.5 p¢/min, G, = 0.085: (a)-(b) droplet growth, (c)

water
extension, (d) separation, and (e)-(f) stabilization.

adopted on the wall of the cross-junction micro-
channel.

Fig. 6 shows a comparison of the present predicted
results with the PIV experimental data [19] for instan-
taneous flow fields during the process of droplet for-
mation when V,;= 1.5 w/min, ¥, = 0.5 u¢/min
and G, = 0.085. The predicted and experimental
results are shown in the left and right sides of Fig. 6,
respectively. Here the volumetric flow rates of oil and
water phases are 1.5 and 0.5 u{/min, respectively. It
is shown that the droplet of water phase fluid grows,
extends and finally separates due to the hydrody-
namic instability on the interface between the water
phase and the oil phase fluids; then, the droplet of
water phase fluid is finally generated. This process is
repeated and the droplets that have constant shapes
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and sizes are regularly formed. The distribution of
velocity vectors obtained by the present lattice
Boltzmann method represents generally well the ex-
perimental data obtained by PIV, as illustrated in Fig.
6.

Figs. 6(a) and (b) show the growth and extension of
the water phase fluid during the process of droplet
formation. At first, the water phase fluid is smoothly
imported into the micro-channel from the left side of
a micro-channel. Next, while the water phase fluid is
supplied into the micro-channel continuously, the
droplet of water phase fluid grows and extends.
Moreover, the neck of the droplet is gradually con-
stricted due to more inflow of the oil phase fluid as
shown in Fig. 6(c). And in Fig. 6(d), the section area
near the droplet neck decreases abruptly and the in-
flow of the oil phase fluid increases rapidly. Figs. 6(¢)
and (f) show that the shape and movement of the
separated droplet have become stable and the water
phase fluid begins to grow to make the next droplet.

More detailed processes of the droplet movement
to stabilization from separation in a cross-junction
micro-channel are shown in Fig. 7. The left and right
sides of Fig. 7 show the velocity vectors and stream-
lines, respectively. A droplet is separated from the
water phase fluid (Fig. 7(a)), and then abrupt move-
ment happens in the rear of the droplet in order to
form the stable shape of the droplet due to the surface
tension (Figs. 7(b)-(f)). Fig. 7(b) represents that vor-
tices occur in the front of the water phase fluid and
rear of the droplet, due to the recovery forces of the
droplet and the water phase fluid. Two kinds of vor-
tices in the rear of the droplet separated from the wa-
ter phase fluid appear as shown in Figs. 7(b)-(d). One
is a vortex toward the water phase fluid; this vortex
reacts as a power to push the water phase fluid back-
ward. The other is a vortex toward the rear of the
droplet; this vortex causes the droplet to be stable
rapidly. It is also seen that the internal velocity in the
rear of the droplet is faster than that in the front of it
up to taking the complete shape of a droplet (Figs.
7(e)-(g)). And inverse flow in the front of the water
phase fluid is formed to build up the stabilized shape
due to the interfacial tension between two immiscible
fluids as shown in Figs. 7(d)-(g). After some more
deformation, the droplet with a constant shape be-
comes stable and moves along the micro-channel with
a constant velocity finally as shown in Fig. 7(h)-(j).

Surface tension is an important and dominant pa-
rameter to govern the movement of Taylor bubbles,

(d)
] ]

(e)
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Fig. 7. Instantaneous velocity vectors and streamlines to
show the process of the water droplet movement from separa-
tion to stabilization with V,;; = 1.5 ué/min, 7, .., =1.0 uf
/min, G, = 0.085: (a) instant separated, (b)-(h) deformation
to be stable, (i)-(j) stabilization.
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especially, in a narrow channel [17]. So the effect of
surface tension on the droplet formation in the cross-
junction micro-channel is investigated by changing
the interaction potential parameter (G, ) used in the
present S-C LB model.

Figs. 8 and 9 show the variation of the length rate
(DL/L) and the interval rate (DI/L) between the gen-
erated droplets as a function of the interaction poten-
tial parameter, where DL, DI and L represent the
droplet length, the interval between the generated
droplets and the inlet width for the water phase fluid,
respectively. A longer time for droplet separation is
required due to the increase of the cohesive force in
the water phase fluid when the interaction potential
becomes larger. Thus, it is shown that the droplet

 RARANREARNLRANI RRREE LEENN ERRNI NAREE LEEE

Droplet length rate, DL/L
M W w L ©

AR RARRN LARAN RRRI

. 1 1 1 L
0.05

0.06 0.07 0.08 0.09
Interaction potential parameter, G

o

Fig. 8. Droplet length rate as a function of the interaction
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Fig. 9. Droplet interval rate as a function of interaction poten-
tial.

length and interval rates are almost linearly increased
as the interaction potential parameter is increased. Fig.
10 shows the droplet formation obtained from the
present computations by using the lattice Boltzmann
method for different G, values of 0.05, 0.065 and
0.08 0.08. As shown in this figure, the droplet length
and the interval between the generated droplets
gradually increase as the interaction potential parame-
ter (surface tension coefficient) increases.

Fig. 11 shows a comparison of the present pre-
dicted results ((a), (c)) with the PIV experimental data
((b), (d)) for the droplet formation in the micro-
channel with G, = 0.08 for the fixed oil-phase fluid
flow rate of 1.5 wf/min and two different water-phase
fluid flow rates of 0.5 and 1.0 ul/min. Droplets ob-
tained by the present simulation are formed with con-
stant droplet length and interval between droplets, and
the present results for the droplet formation obtained
by the lattice Boltzmann simulation reproduce gener-
ally well the experimental results obtained by PIV
technique.

Figs. 12 and 13 show the droplet length rate and
droplet interval rate, respectively, as a function of the
water-phase fluid flow rate with ¥, = 1.5 ul/min for
different interaction potential parameters of 0.08 and
0.085. The experimental data are also shown in Fig-
ures 12 and 13. The droplet length rate increases as
the flow rate of the water phase fluid increases. On
the other hand, the interval between droplets gradu-
ally decreases as the flow rate of the water phase fluid
increases. The present computational results represent
the PIV experimental data reasonably well, as shown
in these figures.

(@) G,=0.05
(b) G, =0.065
(©) Gy=0.08

Fig. 10. Droplet formation for different interaction potentials
0f 0.05, 0.065 and 0.08.
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(a) Present result

(b) Experimental result
(Vy;=1.5 ut/min , =0.5 u¢/min )

Vwater

(c) Present result

o &

(d) Experimental result

(Vpjy=1.5 ut/min , V40 =1.0 ¢/ min )
Fig. 11. Comparison of the present predicted results ((a), (c))
with the experimental data ((b), (d)) for the droplet formation

in the micro-channel with G, = 0.08.
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interaction potentials of 0.08 and 0.085.
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Fig. 13. Droplet interval rate (DI/L) as a function of the wa-
ter-phase fluid flow rate with y,;; = 1.5 ué/min for different
interaction potentials of 0.08 and 0.085.
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Fig. 14. Droplet formation for different water-phase fluid
flow rates of 0.5, 0.7 and 1.0 4¢/min with ,; = 1.5 ué/min
and G, =0.085.

Fig. 14 shows the droplet formation for different
water-phase fluid flow rates of 0.5, 0.7 and 1.0 ul
/min when V,;= 1.5 u¢/min and G, = 0.085. When
the volumetric flow rate of water phase fluid in-
creases, the size of the formed droplets gets larger and
the time period of the droplet formation decreases,
because the velocity of the water phase fluid becomes
faster under the condition of the fixed volumetric
flow rate of the oil phase fluid.

4. Conclusions

The lattice Boltzmann method for two-phase flow
has been applied in this work to simulate droplet for-
mation between the immiscible fluids of water and oil
phase fluids, when two immiscible fluids are simulta-
neously imported into a cross-junction micro-channel.
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The process of droplet formation between two im-
miscible fluids in a cross-junction micro-channel is
investigated. It is shown that the droplet of water
phase fluid grows, extends and finally separtes due to
the hydrodynamic instability on the interface between
the water and oil phase fluids, and then a droplet of
water phase fluid is generated. A constant moving
velocity is finally established when the shape and
movement of the droplet is stabilized. This process is
repeated and the droplets with constant shapes and
sizes are regularly formed. Present results obtained by
the present lattice Boltzmann simulation represent
generally well the experimental results obtained by
the PIV technique.

The effect of the surface tension coefficient on the
droplet length rate and the interval rates between the
formed droplets has been investigated by changing
the interaction potential parameters. When the
interaction potential becomes larger, a longer time for
droplet separation is required because the cohesive
force in the water phase fluid increases. Thus, the
droplet length rate and the formed interval rate in-
crease linearly as a function of the interaction poten-
tial parameter (surface tension coefficient).

The droplet length rate increases with an increase
in the flow rate of the water phase fluid. On the other
hand, the interval between droplets gradually de-
creases as the flow rate of the water phase fluid in-
creases. The present results for the droplet length rate
and the interval rate of the generated droplets ob-
tained by the LB simulation represent generally well
the experimental results obtained by the PIV tech-
niques.

5. Aknowledgment

This work was supported by the Korea Foundation
for International Cooperation of science & Technol-
ogy (KICOS) through a grant provided by korean
Ministry of Science & Technology (MOST) in 2008
(No. k20702000013-07E0200-01310).

Nomenclature

: Lattice speed, m/s

: Distribution function
. Force, N

: Interaction strength
. Pressure, N/m?

: Droplet radius, m

T QE~

t : Time,s

. Velocity, m/s

: Coordinates, (x,y ), m
DL : Droplet length
DI : Droplet interval

L : Inlet width for the water phase fluid
¥V : Volumetric flow rate

Greek symbols

v : Kinematic viscosity, m*/s

o Density, kg/m’

7 : Relaxation time

w : Effective number density

o Surface tension, N/m

Superscript and subscripts

a : Index of discrete lattice velocity

b : The number of the discrete velocities
: Critical value

eq : Equilibrium

S : The number of phases

o : Index of phase, surface tension
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