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Monodisperse microdroplets can be formed when a liquid is injected via a capillary
needle nozzle into another immiscible coflowing liquid in a microchannel. Such system
has been applied in microfluidic devices to produce monodisperse microdroplets with
controllable size. In this article, the drop formation in a coflowing system is simulated
numerically using a front tracking/finite volume method to investigate the droplet for-
mation mechanism. This numerical method solves a single set of Navier—Stokes equa-
tions for both liquid phases on a fixed Eulerian two-dimensional cylindrical coordinate
mesh to account for the fluid flow dynamics. The front tracking method is applied to
track the movement of the interface between the two immiscible liquids as well as the
surface tension force. The simulation results demonstrate that the process of droplet
formation in the coflowing immiscible liquids can be reasonably predicted. Two droplet
generation modes (namely dripping and jetting), which have been observed in experi-
ments, are successfully produced through the numerical simulations under certain flow
conditions. Moreover, the effects of the continuous phase flow speed, viscosity, and
the interface tension on the droplet size are investigated. The correlation of the non-
dimensional droplet size (rj) with the continuous phase flow parameters such as
the Reynolds number (Re,), Weber number (We,), Capillary number (Ca,), and vis-
cosity ratios (') can be obtained as rj Cay *Re,~/° for the dripping mode
and as 1) o« Caol/3WeO’1/2,u’"1/2 for the jetting mode from the current simula-
tions. © 2007 American Institute of Chemical Engineers AIChE J, 53: 2534-2548, 2007
Keywords: multiphase flow, numerical simulation, front-tracking method, monodisperse
droplet, droplet formation, coflowing fluid
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Introduction

Droplets of one fluid dispersed in a second immiscible
fluid are useful in a wide range of applications, particularly
when the droplet size can be prescribed at micro- or nano-
scale and the droplet size distribution is narrow. For exam-
ple, liquid emulsions are widely applied in the industries of
food, cosmetics, pharmaceutics, and polymers. Recently,
demand of nearly monodisperse emulsions has been rising
due to the recent advances in the production of microcap-
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sules or specially structured multiphase systems. The forma-
tion of microdroplet also has very important roles in applica-
tions of BioMEMS and Lab-on-Chip. Some emerging tech-
nologies and processes as reviewed in the works by Basaran'
and Barrero and Loscertales® are developed to make mono-
disperse droplets with controllable size.

Anna et al.” presented a range of droplet formation behav-
ior from experiments in a microfluidic flow-focusing device
with rectangular cross-section channels, in which the inner
and outer flow streams are water and oil, respectively. They
studied on the effects of the liquid phase flow rates on the
droplet formation pattern. Xu and Nakajima® presented
another configuration of a “flow-focusing” microchannel to
generate highly monodisperse droplets with diameter much
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smaller than the width of the channel junction, without
applying additional perturbations. Through control of the
flow rate ratios, the eventual break-up of the dispersed liquid
phase occurs as the flow is focused to a critical break up
width. Xu et al.” described a versatile strategy for producing
monodisperse solid particles with sizes from 20-1000 um.
Their method involves the formation of monodisperse liquid
droplets by using a microfluidic device, shaping the droplets
in a microchannel, and then solidifying these droplets in situ
either by polymerizing a liquid monomer or by lowering the
temperature of a liquid that sets thermally. Utada et al.® pro-
posed a method to produce double emulsions using multiple
streams of coaxial flows through microcapillary nozzles in a
microchannel. In all these state-of-the-art fabrication technol-
ogies, the generation of highly monodisperse droplets is one
of the core technical issues in these microfluidic devices to
produce particles with uniform microstructures. Hence, the
fundamental understanding of the hydrodynamic mechanism
governing the breakup of a liquid stream into monodisperse
droplets under a confined microchannel with a coflowing lig-
uid are essential to the success of applying these fabrication
technologies to industrial applications.

Although the breakup of capillary streams in open macro-
scopic environments has been studied by Zhang and Stone,’
Zhang and Basaran,® and Zhang,”'® the breakup of a liquid
stream in a confined microchannel with coflowing liquid
environment is still poorly understood. Cramer et al.'' stud-
ied experimentally the droplet formation at a capillary tip in
a coflowing ambient fluid. The droplet formation is affected
by the flow rates of the continuous and the dispersed phases,
fluid viscosity, and interfacial tension. Umbanhowar et al.'?
introduced a technology to produce highly monodisperse
emulsions by introducing the dispersed phase into a coflow-
ing stream via a tapered capillary. Drops detach from the
capillary when the streamwise forces exceed the force due to
interfacial tension. Garstecki et al.'® presented a qualitative
analysis on the liquid stream breakup in a viscous coflowing
liquid through a confined geometry of a long and narrow ori-
fice. Since the drop formation mechanism in a coflowing sys-
tem is affected by a number of parameters, such as flow
speed, viscosity, and capillary force as well as the confine-
ment of microchannel wall, it is difficult to obtain a deep
understanding of such complex problem if just relying on
experimental investigation and theoretical analysis. The first
principle based numerical simulation provides a wonderful
alternative solution to such complex problem. The develop-
ment of a numerical model will not only help us understand
the dominant factors on the drop formation mechanism, but
also provide a tool for the microdevice system design.

In the previous works of Zhang,”'® numerical simulations
have been used to investigate the drop formation dynamics
of a viscous liquid at the tip of a vertical, circular tube into
an viscous ambient fluid due to the gravitational force. A
volume-of-fluid/continuum-surface-force (VOF-CSF) method
was developed to predict the evolution of drop shape and its
breakup mechanism. It solved the Navier—Stokes equations
using finite-difference formulation on a fixed Eulerian mesh.
The interface was tracked using a function of the volume
fraction of fluid, which captured the moving interface and
the topology change resulted by interface breakup and coa-
lescence. Wilkes et al.'* also performed a numerical study
on the dynamics of formation of a Newtonian liquid drop
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from a capillary tube into an ambient gas phase. In their
modelling, the transient Navier—Stokes equations subject to
appropriate initial and boundary conditions were solved using
a finite element method in a two dimensional axisymmetric
domain to analyze the drop growth dynamics at finite Reyn-
olds numbers. The algorithm could capture not only the gross
features of the phenomena involved, such as the limiting lig-
uid thread length at the breakup of a drop and the volume of
the primary drop, but also its fine features, such as a micro-
thread that develops from a main thread or a neck in a vis-
cous drop approaching breakup. Further quantitative compari-
sons among simulations, experiments, and scaling theories by
the same research group were reported in the work by Chen
et al."” Numerical simulation of droplet formation using flow
focusing in microchannels can be found in the work of
Davidson et al.'® They used VOF method to predict the dy-
namics of drop formation in an axisymmetric microfluidic
flow-focusing geometry for an immiscible liquid-liquid sys-
tem. They concluded that both ending pinching and capil-
lary-wave instability were important for droplet breakup
from the liquid jet with high flow rate. Recently, Suryo and
Basaran'” studied the liquid droplet formation from a tube in
a coflowing outer fluid through numerical simulation. It was
found that the droplet size can be reduced, even leading to
tip streaming, when increasing the ratio of the outer liquid
flow rate to the inner liquid flow. Zhou et al.'® studied
numerically the breakup of simple and compound jets in a
flow-focusing channel. A finite element method was used to
solve the Navier—Stokes equation on an unstructured triangu-
lar, adaptive mesh. They successfully reproduced the scenar-
ios of jet breakup and drop formation previously observed in
experimental flow-focusing devices. They also elucidated the
effects of flow rate and rheological parameters on the drop
formation process and final drop size.

A state-of-the-art front tracking method, which is a
hybrid approach of the front capturing and front tracking
technique proposed by Unverdi and T ryggvason,19 has been
examined, further extended and validated by Hua et al 202!
In this article, this method is applied to investigate the
microdroplet formation in a coflowing liquid. A stationary,
fixed grid is used for the fluid flow, and a set of adaptive
elements on the front is used to mark the interface. A sin-
gle set of governing equations (Navier—Stokes equation) is
solved for the whole computational domain, treating the
different phases as one fluid with variable material proper-
ties. The fluid properties such as density and viscosity are
calculated based on the position of the interface. Interfacial
source terms such as interface tension are computed on
the interface between the two phases and distributed to the
fixed grid using a dirac-delta function. The transient incom-
pressible Navier—Stokes equations are discretized by a
finite volume scheme on the fixed, staggered, structured
grid, and solved numerically using SIMPLE algorithm.*?
The interface is tracked explicitly using the advection ve-
locity interpolated from the fixed background grid. The
fluid properties are then updated according to the move-
ment of the immiscible fluid interface.

The objectives of this study are two folds. One is to
evaluate the capability of the front tracking method to sim-
ulate the microdroplet formation in the coflowing viscous
immiscible fluids. The other is to investigate the effects of
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some flow parameters, such as liquid flow rate and fluid
property, on the drop formation dynamics. The rest of the
article is organized as follows. The mathematical formula-
tion of the governing equations, boundary conditions, treat-
ment of the fluid interface, and the numerical method are
presented in the following section. Then, a validation study
is presented to simulate liquid droplet formation in an im-
miscible quiescent liquid environment using the current
front tracking method.”! Subsequently, the numerical model
is used to simulate the typical drop formation processes in
both dripping and jetting modes, showing the droplet shape
evolution and breakup and flow field variation. The effects
of the flow rate and fluid parameters (e.g., viscosity and
interfacial tension) on the drop formation are investigated
numerically and discussed. Finally, the conclusions drawn
from this study are summarized.

Mathematic Formulation and
Numerical Method

Problem description

A typical coflowing system of two viscous immiscible
liquids is illustrated in Figure 1. The dispersed liquid (Fluid
1) is injected through a capillary nozzle with a radius of R;
into a coflowing liquid (Fluid 2) in a coaxial cylindrical tube
with an inner radius of R,. The gravitational force aligns
with the axis of the tube and nozzle. The disperse phase
(drop liquid) is injected into the system continuously at a
constant flow rate of Q;, and the continuous phase (coflowing
liquid) at a constant flow rate of Q,. The fully developed
laminar velocity profile is applied to the inlets for the inner
liquid and the outer liquid through the boundary conditions.
The length of the computational domain is about 30 R;,
which is sufficiently long for all the results to be reported in
this article. The outlet of the inner capillary nozzle is located
about one R; downstream from the outer tube inlet. The fluid
properties such as density and viscosity for both phases are
assumed to be constant while they flow through the system.
As the two fluid phases are immiscible, an axis-symmetric
interface is formed between two streams. The interface
evolves, collapses, and forms droplets when the two immisci-
ble liquid phases are flowing through the system. Because of
the low Reynolds number for the flow in microfluidic devi-
ces, the system can be reasonably represented by a two
dimensional axisymmetric model.

Governing equations and boundary conditions

For a multifluid system, the mass and stress balances on
the interface between two fluids may be described as fol-
lows? if the two fluids can be considered as incompressible.
Firstly, the normal velocity in each fluid phase on the inter-
face should be continuous, and can be expressed as

[u] -n =0, (0

in which the square brackets represent the jump across the
interface, u is the fluid velocity, and n represents the unit
normal vector to the interface. Secondly, a stress balance on
the interface may be expressed as
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Figure 1. Schematic of droplet formation from the tip
of a capillary tube in a coflowing viscous
liquid (not to scale).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

[-p + u(Vu+Vu')] - n = oxn, 2)

[1(Vu+vVu')] -t =0, 3)

where p is the pressure in the fluid domain, o is the surface
tension, « is the curvature of the interface, ¢ the unit tangent
vector at the interface, and p the fluid viscosity.

In this study, it is reasonable to treat the liquid phase as
incompressible fluid. Hence, the mass conservation equation
on the whole domain (both fluid phases and the interface)
can be expressed by

V-u=0. “)
The Navie-Stokes equation, governing the momentum bal-

ance in each fluid phase and on the interface, can be
expressed as,

9(pu)
ot

+ V- puu=—Vp+ V- [u(Vu+ Vu')

+ / ornd(x — xp)ds + (p — po)g. (5)

where, 0(x — X¢) is a delta function that is zero everywhere
except at the interface, g is the gravitational acceleration,
and subscript f refers the interface. p is the fluid density, and
po the density of the continuous liquid phase.

The transient Navier—Stokes equations are solved for the
drop formation, beginning at the instant at which the free
surface of drop is flat and situates at the tip of the inner cap-
illary tube and the entire system is assumed to be initially
rest. The following boundary conditions are applied to solve
the governing equations. In this study, we assume that the
wall thickness of capillary tube is sufficiently thin comparing
to the tube inner diameter. The interface between the two
immiscible liquid phases is always pinned on the sharp end
of the capillary tube.

At the upstream of the inner capillary tube, a fully devel-
oped laminar flow velocity profile is set as

Vi=0
Ui(r)zz'Qi[l_(”)z] for 0<r<R;, (6

where, V; and U; are the radial and axial component of
the velocity of the dispersed (inner) liquid, respectively.
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Similarly, a fully developed laminar flow is imposed on the
upstream annulus of the outer continuous liquid phase

r\, 1= (Ri/Ro)*
2.0, X . (R70) +W1H(F/RO)
n(Rg — Rlz) (1 Jr& _ 1(R‘/R°)2>

Vo=0

Uo(r) =

R, In(R,/R;)

for Ry <r <R,, (7)

where, V, and U, are the radial and axial component of the
velocity of the continuous (outer) liquid phase, respectively.
The averaged flow speed in the inner tube can be expressed
as u; = Q;/ nR?> and in the outer annular channel as
U, = Qo/n(R* — R?).

On all the solid walls, no-slip and no penetration boundary
conditions are applied. A symmetry boundary condition is
applied along the central axis. Hence, only half of the do-
main shown in Figure 1 is solved in the numerical simula-
tions. An outflow boundary condition is applied at the right
most boundary of the solution domain. The axial length of
the simulation domain is about 30 times of the inner capil-
lary nozzle radius, which is sufficiently longer than the esti-
mated drop pinch-off distance.

On the basis of the above description of the problem and
the governing Eq. 5, it can be concluded the flow field can
be expressed as a function of the following 10 variables: u,,
u;, Ry, Ry, po, Pis Mo» Wi 0, and g. To simplify the problem
parameter setting, we introduce the following dimensionless
variables,

*_x. WK r. *_u. . ! . *_p
X = r=_ u =—j; T=—=7"5 p —
R; R; u; Ri/u; i
p * :u * K * g
p*: . nwo=—; K =—; g =
piui*’ T R ui® /R

where, the radius of the capillary nozzle for the disperse
phase, R;, is used as the characteristic length, and the average
flow speed of the inner disperse liquid phase (u;) is used as
the characteristic velocity. And they are used to normalize
the Navier—Stokes Eq. 5. Hence, the nondimensional Navier—
Stokes equation may be re-expressed as

9(pu)

* * *T
oy (Vu*+Vu*)]

+V-pu'u*=—-Vp*+

)

1
g | wimO —xp)ds (- g
®)

The nondimensional parameters such as Reynolds number
and Weber number are defined as follows
iR
Re* = P ;o We' =
1 o
On the basis of the above formulation, the problem of
microdroplet formation in a coflowing liquid could be char-
acterized by the following nondimensional parameters,
namely, the ratios of density (p* = p,/p;) and viscosity

iqui
Pt . )
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(W = uy/p) of two fluids, Reynolds number (Re*), Weber
number (We*), the flow velocities or flow rates of two liquid
phases (;* = 1.0, T,* = u,/u;), and the geometrical size ra-
tio of the outer tube to the inner capillary nozzle (R./R;).
Even though the gravitational force normally does not have
significant effects in micro fluidic flows, the gravitational
force term is not neglected in the governing Eq. 8 in the cur-
rent study. This is because of the fact that a case study’ of
buoyancy induced droplet pinch off behavior is used as the
validation case in this article. Therefore, the following set of
dimensionless numbers: @, R,/Ri, p*, u*, g*, Re*, and We*
will be used as the input parameters for the simulations.

A number of dimensionless parameters for the continuous
phase have been defined to indicate the importance of vis-
cous force, inertial force, and gravitational force in the multi-
phase flows. The Weber number (We,) is deﬁned as the ratio
of inertia to surface tension We, =" The Capillary
number (Ca,) is defined as the ratio of viscous force to sur-
face tension (Ca, = “£). The ratio of the inertia to viscous
force is expressed as Reynolds number Re, = VCVZ M
Taking into account the nondimensionalization applled to the
basic governing equations, these dimensionless parameters
can be expressed using the simulation input parameters
@, Ro/Ri, p*, 1", g*, Re*, and We*)

poug pouoqu We

We, = . R, =p uWe', (10)
1
o ; * W * ko W *
Ca = totlo ol e MK BC = ()
o P R; Re
Re, = PotoRi _p” pi?“iRi :”*ﬁzfe*. (12)
Ho I It

One of the objectives in this study is to investigate the de-
pendence correlation of droplet size with these dimensionless
flow parameters. The nondimensional droplet size is defined
as r; = Rq/Ri.

Interface treatment and tracking

The distributions of fluid properties (density and viscosity)
over the whole solution domain are required to solve the
Navier—Stokes equations over a fixed grid. Although the den-
sity and viscosity of each fluid is constant, the abrupt jump
across an interface may lead to either excessive numerical
diffusion or numerical instability. The novelty of the front
tacking method proposed by Tryggvason’s group19 is that the
front is considered to have a finite thickness of the order of
the fixed background mesh size instead of zero thickness. In
the transition zone around the interface, the fluid properties
change smoothly and continuously from the value on one
side of the interface to the value on the other side. The artifi-
cial thickness of the front depends on the grid size, and is
kept constant during the computation. Hence, this method
does not have numerical diffusion across the interface. The
material property fields over the whole domain may be
reconstructed using an indicator function /(x,f), which has
the value of one in the one liquid phase and zero in another
liquid phase at a given time .
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b(x,t) = b; + (bo — by)I(X,1) ; (13)
I(x,1) = / 5(x — X')da, (14)
Q(r)

in which b stands for either fluid density or viscosity, and
the subscripts i and o stand for the inner and outer liquids,
respectively. The indicator function can be written in the
form of an integral of the d(x—x’) function over the domain
(Q(#)) bounded by interface I'(r). 5(x—x') is a delta function
that has a value of zero anywhere else except on the inter-
face. In this study, the delta function is approximated by the
following distribution function D(x) suggested by Peskin and
Printz** for a two-dimensional grid system

D(x — x¢)

e

e 1(1+cos(%\xi—xijf|)>, if [xi — x| < 2h

, otherwise.

=]

(15)

where h is the grid size of the background mesh and i stands
for the two directions of the coordinate system. The distribu-
tion function defines the fraction of the interface quantity
that can be assigned to nearby grid points across the artificial
thickness of the front.

When the fluid velocity is updated on the fixed grid, the
node moving velocity on the front could be computed by
interpolating from the fixed background grid to ensure that
the front moves at the same velocity as the surrounding flu-
ids. The distribution function has been used to spread the
fluid property jump to the fixed points near the interface.
Similarly, this function can also be used to interpolate field
variables from the stationary fixed background grid to the
front using the following equation

uf = ZD(X{ —x)u(x). (16)

Then, the front is advected along its normal direction in a
Lagrangian fashion

x" — x" = Aruy. 17

After the position of the front is updated, the sizes of the
front elements that are associated with front marker nodes
may have been modified as well. Hence, the front elements
are adapted to maintain the element quality. In the present
work, an axisymmetric model is applied, and the interfacial
front is marked by a set of connected line elements. In this
study, the front consists of 4-10 line elements within one
fixed background grid cell.

Numerical method

A projection method for the integration of the Navier—
Stokes Eq. 8 was used in the previous works of Unverdi and
Tryggvason.'” The difficulties in solving the pressure equa-
tion have been reported in the literature.”” For example, a
large density ratio may lead to the difficulty in convergence.
To overcome the difficulties in solving the pressure equation,
an alternative approach®®*! is implemented. Here, the cou-
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pling fluid velocity and pressure is updated by solving the
momentum equations and continuity equation using SIMPLE
scheme.?”> In the multifluid system, since there is density
jump over the phase interface, mass flux conservation in the
control volume crossing the front interface is not valid. Hence,
volume flux conservation is adopted to modify the SIMPLE
algorithm.>' On the basis of this approach, the SIMPLE algo-
rithm is used to calculate the correction value of pressure
and velocity after solving the momentum equation.

Solution procedure

With appropriate initial conditions for the fluid flow and
interface shape, the solution algorithm proceeds iteratively
through the following steps:

1. Using the fluid velocity field (u”) and the interface
position (x{), the moving velocity of the front marker points
(uf) is computed using Eq. 16.

2. Using the estimated interface velocity (uf), the front is
advected to the new position (x,;’“). Subsequently, the ele-
ments, representing the front, are examined for adaptation
and topology change.

3. At the new interface positions, the redistribution of the
interface property is performed with the reconstructed indica-
tor function / (x’g“). Hence, new fluid property field such as
density (p"“), viscosity (,u"“), as well as the surface ten-
sion are obtained.

4. With appropriate wall boundary conditions, the momen-
tum equation and mass continuity equation can be solved
using the modified SIMPLE algorithm. This leads to update
fluid velocity (u”*') and pressure (p"*1).

5. Repeat the solution steps from (1) to (4) for the next
time step calculation.

A uniform background grid of 600 X 60 has been used in
the current simulation using an axisymmetric model. The
outlet of the inner nozzle is resolved with 20 grid points.
According to the grid sensitivity analysis presented in the
previous work,?' the background grid resolution is fine enough
to produce grid-independent results. In addition, a constant,
nondimensionalized time step size around 0.002 is used in
the simulation, which is small enough to capture the tempo-
ral variation of the droplet formation dynamics of the pri-
mary droplets. The simulation duration is also long enough
to capture the droplet formation dynamics when the droplet
generation process can be stably repeated. In the present
study, each simulation produces at least 10 primary droplets.
The simulation is performed on an IBM p575 super computer.
The simulation time normally takes about 10-20 CPU-hours.

Validation of numerical simulation method

Both experimental and numerical studies on the liquid
droplet formation in an immiscible quiescent liquid environ-
ment were reported in the past work of Zhang.® The experi-
ments have been designed to obtain quantitative information
on the dynamics of drop formation of a typical liquid-liquid
system of 2-ethyl-1-hexanol drops forming and breaking into
distilled water. The apparatus used to form drops has been
described elsewhere.® The liquid drop is formed at or
emerged from the tip of a capillary tube, which are sub-
merged in water container having sufficient large inner diam-
eter as compared with the capillary tube radius. The VOF/
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CSF based numerical simulations have also been performed by
Zhang® to simulate the complete process of drop formation
from the time a drop emerges from the tube to its break off
from the tube with continuous feeding of the drop liquid at a
certain flow rate. In this article, the front tracking method?! is
applied to simulate the same drop formation process. The inner
radius of the capillary tube is about 0.16 cm. The drop liquid,
2-ethyl-1-hexanol, has the viscosity and density of 0.089 Pa-s
and 830 kg/m3, respectively. The ambient liquid, distilled
water, has a viscosity and density of 0.001 Pa-s and 997 kg/m>,
respectively. The interfacial tension is measured to be 0.0132
N/m. Figure 2 shows the comparison of drop evolution
observed in the experiments’ and predicted using the current
numerical simulation method. The current numerical method
can make reasonable prediction on the liquid drop forming
process in another quiescent immiscible liquid due to the buoy-
ancy as a result of the density difference between two liquid
phases. In addition, extensive validations of the current numer-
ical method for modeling two-phase flow, e.g., bubble rising in
quiescent liquid, against experiments in a wide flow regime
have also been reported by Hua and Lou.?!

In the process of droplet formation, the break-up of the
necking liquid thread also plays an important role. In view of
drop pinch-off/snap-off physics, the breaking up dynamics
may depend upon the flow conditions at the place where lig-
uid thread necking occurs (e.g., distributions of flow speed
and pressure, fluid flow inertia), liquid property (e.g., density
and viscosity), and interface property (e.g., surface tension).
The dynamics of the drop formation and pinch-off has been

{a) (h) (c) (d)

i=-0672s t=-0362s t=-0062s t=-0022s

o (gl

t=-0.002%

t=000s t=00043

Figure 2. Comparison of the drop evolution observed
in experiment® and prediction by the present
simulation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 1. Typical Ranges of the Parameters Used in
Experiments®!! for Microfluidic System and the
Dimensionless Numbers Applied in the Simulation

Parameter Typical Value
Experimental Diameter of the 100-200 pum
parameters capillary nozzle
Diameter of the 300-600 pum
outer microchannel
Flow speed of the 0.02 —1.0 m/s
continuous liquid
phase
Flow speed of the 0.01-0.05 m/s
dispersed liquid
phase
Surface tension 20-70 mN/m
Liquid viscosity 0.001-0.3 Pa s
Liquid density 800-1000 kg/m3
Dimensionless  Diameter ration of the R,/R; = 3.0
numbers outer channel to the
capillary nozzle
Density ratio p =08
Flow speed of the it =1.0
disperse liquid
phase
Flow speed of the 2.0 < iy < 20.0
continuous liquid
phase
Viscosity ratio 05 <u <50

Weber number (We,,)
Capillary number (Ca,)
Reynolds number (Re,)
Bond number (Bo")

0.0030 < We, < 0.078
0.035 < Ca, < 0.35
0.01 < Re, < 10.0
0.0001 < Bo" < 0.002

investigated extensively in the faucet dripping,'*'>?%**" but

is still a challenge in mathematical modeling.?® Hence, in the
current simulation, a simple interface rupture model is
adopted to break the liquid interface when it comes within a
very small distance (Ad) from the symmetric axis. A similar
modeling strategy has also been adopted in the works of
Homma et al.*® and Jensen et al.>° The drop breaking dis-
tance (Ad) is chosen on an ad hoc basis as half of the grid
size of the background mesh used for the flow field solution
in the present study. As shown in Figures 2f, g, it is found
that the formation of the primary drop has less dependence
upon the breaking distance. However, the formation of satel-
lite drop does strongly depend upon the breaking distance
chosen. The emphasis in this study is focused on how the
dynamics of the primary drops formed in the coflowing
liquids and how the size of the primary drop is affected by
the liquid properties and flow conditions.

Results and Discussion

The typical ranges of the operation parameters used in the
experimental works on drop formation in a coflowing ambi-
ent fluid'"'? and in flow-focusing devices™® are listed in Ta-
ble 1. Accordingly, the ranges of the dimensionless operation
parameters such as Reynolds number, Weber number, viscos-
ity ratio, and flow speed ratio introduced in the previous sec-
tion to characterizing the multiphase flow system are also
listed in Table 1. The simulations presented in this study will
focus on the effects of the continuous liquid phase flow con-
ditions, e.g., the average flow speed (i}), viscosity ratio (u*),
and surface tension (Weber number We*), on the size of
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Figure 3. Simulation predicted temporal variation flow field and streamlines while droplet formation using coflow-

ing immiscible liquids in the dripping mode.

The flow parameters are as follows: % = 1.0, 7, = 5.59, Re* = 0.0698, We* = 0.00253, p* = 0.9, u* = 1.8 and Ro/Ri = 3.0. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

primary droplet formed in a coflowing system. The flow condi-
tions of the disperse liquid phase of the coflowing system are
kept fixed (;* = 1.0, Re* = 0.1, g* = 1.0, and p* = 0.8) for
the most simulations presented in this article, as well as the
radius ratio of the inner capillary nozzle to the outer channel
(Ro/Ri = 3.0), unless they are specified with other values. As
shown in Table 1, both Reynolds number and Weber number
(smaller than 1.0) are relatively small for the microfluidic
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system. Hence, it can be concluded from the Eq. 8 that the
gravitational force will not play a key factor on droplet forma-
tion in the microfluidic system. Since the inclusion of the grav-
itational force is quite easy and natural in the current numerical
method, and it is important for the validate case presented in
the previous section, the gravitation force term is included in
the governing Eq. 8, but its effects on drop formation in micro-
channel flows is negligible.
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Figure 4. Simulation predicted droplet formation pro-
cess from the tip of liquid jet of coflowing
immiscible liquids in the jetting mode.

The flow parameters are as follows: u; = 1.0, u, = 9.5,

Re* =0.1, We*=0.001, p*=08 =15 and
R,/R; =3.0.

Dynamics of droplet formation in microchannel

Experiments®'! have revealed that there are two modes of
the droplet formation, namely dripping mode and jetting
mode, in the coflowing system. In the dripping mode, the
droplets are formed in the downstream nearby the capillary
nozzle. In the jetting mode, the droplets are formed in the far
downstream from the capillary nozzle. These two droplet for-
mation modes associated with different droplet formation
mechanisms?® are explored in the current simulations under
different flow conditions.

Figure 3 illustrates the simulation predicted temporal vari-
ation flow field and streamlines while droplet formation using
coflowing immiscible liquids in the dripping mode under the
flow conditions of #u = 1.0, %, =5.59, Re* = 0.0698,
We* = 0.00253, p* = 0.9, u* = 1.8 and R,/R; = 3.0. In Fig-
ure 3, the upper part shows the flow vector of flow field in
both liquid phases, and the lower part shows the flow path-
lines in both liquid phases. The simulation reveals the key
phenomena during the droplet formation process in a micro-
channel such as the drop growth, necking, breakup of pri-
mary drop, and then satellite drop. As the continuous liquid
phase flows into the microchannel from the outer annulus at
a higher velocity, it produces viscous force on the interface
between the two fluids. A circulating flow is induced inside
the liquid tip of the dispersed fluid phase as shown in Figure
3a. As more dispersed liquid phase is injected into the micro-
channel, the front tip of the dispersed liquid phase moves
downstream, which induces a larger interface area between
the continuous phase and the disperse phase liquid. As a
result, more momentum is transferred from the continuous
liquid phase to the dispersed phase through viscous drag,
which strengthens the flow along the continuous phase flow
direction and weakens the circulation flow within the dis-
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perse liquid phase as shown in Figures 3b, c. The dispersed
phase inside the interface front finally flows along the contin-
uous liquid phase and is accelerated by the viscous drag
force. As the interface front is dragged further forward and
the dispersed phase velocity is increased further, the necking
of the liquid thread is started to conserve flow rate of dis-
perse phase within the interface as shown in Figure 3d. On
the one hand, the necking of liquid thread may lead to higher
drag force on the front part of the liquid thread. On the other
hand, the necking may cause higher capillary pressure inside
the necking region of liquid thread due to the higher curva-
ture at the necked interface. The high capillary pressure
pushes the front part of the dispersed liquid phase flow for-
ward, slows down the rear part of the dispersed liquid as
shown in Figure 3e. Finally, breaking off the liquid thread at
the position of neck occurs as shown in Figure 3f. After the
droplet pinches off, the front part of the dispersed liquid
thread will continuously flow forward because of its momen-
tum inertia and the drag force from continuous phase, and
the remaining part of the liquid thread is retracted backward
due to the interfacial tension force. The further breakup of
liquid thread occurs, and a satellite droplet is generated as
shown in Figure 3g. The interface tension force will retract
the liquid thread backward further and the satellite droplet
will be transported downstream by the continuous liquid
phase as illustrated in Figure 3h.

The front part of the dispersed liquid will expand again
as more dispersed liquid flow is continuously injected into
the microchannel through the inner capillary nozzle. And
the droplet formation process shown in Figure 3 will be
repeated to generate droplet periodically. Hence, the drop-
lets produced in each cycle will have similar pattern. For
the typical simulation case presented here, as satellite drop-
lets are formed, the final droplets will not be monodisperse.
However, the formation of satellite droplets and the pri-
mary droplet size can be controlled through adjusting the
operation conditions and fluid properties to achieve mono-
disperse droplets.

Similar simulation results about droplet formation dynam-
ics in a coflowing liquid have been reported in the recent
work by Suryo and Basaran.!” The theoretical analysis of the
droplet formation mechanism in a coflowing environment
can be also found in the work by Umbanhowar et al.'?
On the basis of the simulation results of the droplet forma-
tion process in the dripping mode, the critical point
starts with the liquid thread necking as shown in Figure 3d.
At this moment, the viscous force from the coflowing
liquid just overcomes the interfacial tension force. The vis-
cous force could be estimated using Stokes theory as
F, < Cq py (4o — un)Ry, and the interface tension force as
F; < oR,, where u, is the flow speed at the neck inside the
liquid thread, R, is the neck radius of liquid thread, and Cq4
is a coefficient associated with the viscous force. Hence, the
ratio of the viscous drag force to the interface tension force
is Fy/F; =Cqpo(tto —uy)/o~1 when the liquid thread
necking occurs. Therefore, u, ~ u, — 6/Cq u,. Appling the
principle of mass conservation to the dispersed liquid phase,
the neck radius of the liquid thread can be expressed as
R?  Qi/muy ~ Qi /(1o — 0/Cq it,). Hence, the droglet ra-
dius has the scaling as Rq x Ry  (#to — d/Cq ,uo)fl/ , when
the dispersed liquid phase flow rate (Q;) is fixed.
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Figure 5. A zoom in view of temporal variation of the pressure field while droplet pinch off in the jetting mode for

the coflowing liquids.

The traveling of capillary wave along the jet is captured in the simulation, which matches the end pinch of liquid jet and droplet forma-
tion. The flow parameters are as follows: % = 1.0, %, = 9.5, Re* = 0.1, We* = 0.001, p* = 0.8, u* = 1.5 and R,/R; = 3.0.

Figure 4 shows a typical droplet generation process in co-
flowing fluids in the jetting mode under the flow condi-
tions 7" = 1.0,%,* = 10.0,Re* = 0.1, We* = 0.001, p* = 0.8,
w* =15 and R,/R; = 3.0. As the continuous phase flow speed
increases, the flow momentum of the dispersed fluid phase will
be increased as well due to the viscous force, and the disperse
liquid phase will finally overcome the capillary pressure inside
the liquid thread, leading to a long stretched filament. Finally,
the combining effects of viscous force and capillary instability
cause the end-pinching of droplet from the liquid filament. A
detailed end-pinching process is predicted in the simulation and
illustrated in Figure 5 by showing the temporal variation of
pressure distribution both inside the liquid filament and in the
environmental coflowing liquid. Ten contour levels between the
maximum and minimum pressure values are shown in Figure 5.
The maximum pressure is found inside the dispersed liquid fila-
ment where a thread neck is formed, and the lower pressure
exists inside the continuous liquid phase. A high pressure-gradi-
ent occurs across the interface. The capillary waves propagate
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along the liquid filament downstream. When they arrive at the
end of the filament, an end liquid bulb is formed and then
pinched off as a droplet.

The droplet formation mechanism in the flow-focusing devi-
ces has been studied numerically and analyzed theoretically by
Zhou et al.'® The droplet formation in the jetting mode is domi-
nated by the competition between two time scales: a capillary
time #. for the growth of interfacial disturbance and a flow time
t; for the convection of the fluid. If 7. > #, the capillary disturb-
ance is carried downstream before it is amplified and a droplet
gets pinched off. In our case, the capillary time'**® can be also
estimated as 7. o« (p;R;*/ 0)1/ %, where R; is the jet radius. We
take f¢ to be the time needed for the wave to travel one wave
length downstream, # = A,,/Vy, where A, and V,, are the
capillary wave length and wave speed. It can be noted in
the simulation that the wave speed is roughly equal to the
interfacial speed, which depends strongly upon the continu-
ous phase flow speed u,. Hence, t; o< Ay /uo. The ratio of the
capillary time to the flow time can be expressed as

October 2007 Vol. 53, No. 10 AIChE Journal
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Figure 6. Snapshots showing the droplet formation

under different flow speeds of continuous
liquid phase.
(a) u, = 1.0, (b) u, = 5.0, and (¢) u, = 10.0, while other
parameters are kept constant 1 = 1.0, Re* =0.1,
We* =0.001, p* =0.8, u* = 1.5 and R,/R; = 3.0. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

(t/1)* o piR*u,? /a)*. There are a number of reports®' >

on the gravitational capillary wave studies, but very few
reportss‘g’34 on the capillary wave length caused by viscous
drag on a cylindrical immiscible liquid-liquid interface. The
size of droplet pinched off from a jet is predicted to be scale
with the jet diameter linearly,'® and hence it can be esti-
mated as Rq o< Rj o< (642 / piute?)'?

The above simulation results and analysis demonstrate that
the droplet formation dynamics in coflowing fluids depends
strongly upon the viscous drag acting on the fluid interface
and the capillary instability. Hence, the effects of flow rate
and viscosity of the continuous liquid phase, as well as the
interface surface tension, on the size of droplets formed in a
coflowing liquid are further investigated numerically in the
following sections.

Effect of the flow rate of the continuous liquid phase

The simulation results show that the flow speed of the
continuous liquid phase has significant effect on the droplet
formation. Figure 6 shows the several snapshots of the drop-
lets generated under different average flow speeds of continu-
ous liquid phase in the outer annulus (a) #,* = 1.0, (b)
u,* = 5.0, and (c) %," = 10.0. The average flow speed of the
inner dispersed liquid phase is fixed and set to be ' = 1.0.
Other parameters are also fixed, e.g., Re*=0.1,
We* = 0.001, p* =0.8, u* = 1.5, and R,/R; = 3.0. Figure 6
shows that smaller sized droplets are formed when the speed
of the continuous liquid phase is increased. This is because
the higher speed of the continuous liquid phase induces a
higher velocity gradient on the liquid interface and a higher
viscous force, which causes the breakup of liquid thread into
smaller droplets.

To obtain a correlation of the droplet size with the outer
liquid flow rate, a number of simulations are performed by
varying the nondimensional flow rate in the range
2 < u,* < 20, which leads to the variations of the nondimen-
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sional numbers as 0.03 < Ca, < 0.3, 0.0032 < We, < 0.32,
and 0.10 < Re, < 1.0. Figure 7 shows the effects of the con-
tinuous phase flow rate on the size of droplet formed in the
coflowing system. A sharp transition of droplet forming
mode is observed when the continuous phase liquid flow
speed is about 9.5. During the transition of droplet formation
mode there is a sudden drop of the droplet size. The sharp
transition of the droplet generation mode from dripping and
jetting by adjusting the liquid flow rate has also been
observed and reported in the experimental works of Cramer
et al.'' and Utada et al.° On the basis of the simulation
results, the dependence of droplet size on the continuous
phase flow speed can be correlated using curve fitting, and a
power law correlation r; o 7, "%*%is obtained for the drip-
ping mode, and 7 7i," 073 for the jetting mode.

Effect of the viscosity ratio

The viscous force acted on the liquid interface depends
strongly upon the viscosities of liquids. The effects of liquid
viscosity ratio on droplet formation are studied by varying
the viscosity of the continuous phase only and keeping the
viscosity of the dispersed phase fixed. The viscosity ratio of
the continuous phase to the dispersed phase is varied at (a)
W =205, (b) p* =2.0, and (c) u* =4.0. Other parameters
are kept constant as: " =10, u=7.0, Re*=0.1,
We* = 0.001, p* = 0.8, and R,/R; = 3.0. The simulation pre-
dicted snapshots of the droplets generated such flow condi-
tions are shown in Figure 8. When the continuous phase has
a higher viscosity, the viscous drag force on the liquid inter-
face should be higher also. This high viscous force will
induce a liquid thread from the base cone jet attached to the
capillary nozzle (as shown in Figure 8c), and the liquid
thread will break into smaller droplets as well as satellite
droplets due to capillary instability. On the other hand, when
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Figure 7. Effect of the flow speed of continuous liquid

phase on droplet sized formed in the coflowing
system.
The flow speed of the continuous phase is varied from 2 to 20,
while other parameters are kept constant ; = 1.0, Re* = 0.1,
We* = 0.001, p* = 0.8, u* = 1.5andR,/R; = 3.0. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 8. Snapshots showing the droplet formation
under different viscosity ratios.

(a) ¥ =0.5, (b) u* =2.0, and (c) u* = 4.0, while other
parameters are kept constant u; = 1.0, u, = 7.0, Re* = 0.1,
We* = 0.001, p* = 0.8, and R,/R; = 3.0. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

the continuous phase has lower viscosity, the interfacial ten-
sion will help to stabilize the droplet growth, and larger
droplet will be formed.

To correlate the droplet size with the viscosity ratio, a se-
ries of simulations are performed by varying the viscosity ra-
tio in the range 0.5 < u* < 5. The corresponding variation of
Reynolds number is in the range of 0.112 < Re, < 1.12,
Capillary number 0.035 < Ca, < 0.35, and Weber number
We, = 0.0392. Figure 9 shows the variation of droplet size
with the viscosity ratio. It can be noticed from Figure 9 that
the droplet formation mode (dripping or jetting mode) can
also be observed in the simulations through adjusting the vis-
cosity of the continuous phase liquid. A sharp transition of
the droplet generation mode from dripping to jetting is also
predicted in the simulation. On the basis of the simulation
results, the dependence of droplet size on the viscosity ratio
can be correlated using power law fitting as 7 oc 1"~ for
the dripping mode and 7 oc *~%17> for the jetting mode.

Effect of the interface tension

The interfacial tension is of great importance in influenc-
ing the breakup behavior of disperse liquid droplet in micro
channels. In the study, the flow parameter of the inner dis-
perse liquid phase is fixed, and the effects of the interface
tension can be investigate by varying the Weber number as
defined in Eq. 9. Figure 10 illustrates the snapshots of drop-
let formation under different interfacial tension as indicated
by Weber number (a) We* = 0.0005, (b) We* = 0.001, and
(c) We* =0.0015, while other parameters are kept the same
as ;" =1.0, u," =7.0, Re* =0.1, p* =0.8, p* =1.5 and
Ro/R; = 3.0. When the Weber number is decreased, the cor-
responding interfacial tension will increase. The stronger
interface tension will hold the droplet to the exit of capillary
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Figure 9. The effect of viscosity ratios on droplet size
formed in the coflowing system.

The viscosity ratio is varied from 0.5 to 5, while other pa-
rameters are kept constant u; = 1.0, %, = 7.0, Re* = 0.1,
We* = 0.001, p* = 0.8, and R,/R; = 3.0. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

nozzle. As more inner liquid is pumped out, the liquid inter-
face front will grow outward. The area of the interface
between the two liquid phases will increased as well, and
higher viscous force will be obtained on the liquid droplet.
When the droplet size is large enough, the viscous force will
overcome the interfacial tension. Finally the droplet will be
pinched off from the capillary nozzle and form a droplet
with a larger size.
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Figure 10. Snapshots showing the droplet formation
under different interface surface tension.
(a) We* =0.0005, (b) We*=0.001, and (c) We*
=0.0015, while other parameters are kept constant
u =1.0, 4, =7.0, Re* =0.1, p*=0.8, p*=1.5, and
R,/R; =3.0. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 11. The effect of surface tension on droplet size
formed in the coflowing system.

The surface tension (We*) is varied from 0.0001 to 0.002,
while other parameters are kept constant # = 1.0, u, = 7.0,
Re*=0.1, p*=0.8, y*=1.5, and R,/R; =3.0. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Effect of the surface tension on the droplet size was stud-
ied by varying the Weber number within the range
0.001 < We* < 0.002 in the simulation. In this case, the cor-
responding Capillary number will be in the range of
0.0105 < Ca, < 0.21, and Weber number in the range of
0.0039 < We, < 0.078, and constant Reynolds number
Re, = 0.37. The variation of the droplet size with the Weber
number is shown in Figure 11. As shown in Figure 11, it is
obvious that the droplet formation mode can also be affected
by the surface tension, and that two modes of droplet forma-
tion are also predicted. The dependence of droplet size upon
the Weber number is correlated using power law ﬁttm%
ra x We* %7 for the dripping mode and rq oc (We)* ¥
for the jetting mode based on the simulation results.

Scaling analysis of the continuous phase flow
parameters on droplet generation

As presented in the previous sections, it is noted that the
dispersed liquid droplet can be formed in a coflowing system.
Two droplet forming modes, namely dripping mode and jet-
ting mode, can be caused by controlling the continuous phase
flow speed, viscosity, or interface tension. The dependences
of the droplet size upon the continuous phase flow parame-
ters such as flow rate, viscosity ratio, and interfacial tension
has been analyzed independently in the previous sections.
They can be fitted well using power law curve fitting. In
fact, for a practical coflowing system, the effects of these pa-
rameters may interact with each other. Hence, it is essential
to find out the correlations of droplet size with the physical
dimensionless parameters such as Reynolds number, Weber
number, and Capillary number, where are commonly used to
characterize the droplet formation in the microscale channels.

The drop formation dynamics in the faucet dripping into a
stationary air environment has been extensively studied by
Basaran’s group.m’ls’%’27 In their studies, the drop formation
is dominated by the capillary, gravitational, and inertial
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forces. While in the coflowing system, the drop formation is
dominated by the capillary, viscous, and inertial forces. A
number of the previous studies have been reported about the
correlation of droplet size on the flow rate ratio of the two
fluid flows in the flow focusing or coflowing system. Experi-
mental studies by Ganan-Calvo®® on the monodisperse micro-
bubbling generation by capillary flow focusing showed
dn/D o< (Qg/Q1)™", where dj, D are the diameters of micro-
bubble and nozzle orifice respectively, and Q,, O, are the
flow rates of gas and liquid through the orifice, respectively.
This correlation is valid for the case with high Reynolds
number (typical from 10 to 10 and the viscous term is
ignored. Zhou et al.'® studied the droplet formation in the
flow focusing devices by numerical simulation. Their analy-
sis showed that the ratio of the diameters of the dispersed
liquid filament () and the nozzle orifice (a) obeys the fol-
lowing power law with the rat1o of the inner and outer liquid
flow rates: r¢/a o (QI/QO) in the dripping regime. How-
ever, the microdroplet size produced in the flow focusing de-
vice does not scale with (Q; /Qo)l/ * due to the flow expan-
sion in the collection tube. In the current study on droplet
formation in coflowing immiscible liquids, the droplet forma-
tion is mainly dominated by the capillary force and viscous
force in the dripping mode, which can be represented by
Ry x (1o — 0/Cq yo)fl/z as discussed in the previous section.
If Capillary number (Ca, :“%‘““) is used to characterize
the  multiphase  flow  system, we can  obtain
Ry x (1 —1/C4Ca,)” V212 The power law correlation
1% o 1" "%% obtained in the current simulation agrees well
with the scaling analysis result 7} o Ti,* /2 for the dripping
mode, when we account for the effect of the continuous
phase flow speed.

The numerical analysis by Zhang and Stone’ studied the
drop formation at the tip of a vertical, circular capillary tube
immersed in a second immiscible liquid for low-Reynolds-
number flow using boundary integral method. Their simula-
tion results indicated that the primary drop volume (V)
decreases as the Bond number increase V4 ox Bo%?, where
Bo = pgR,?/a, and R, is the nozzle radius. Theoretical
results based on static analy31s shows that the critical drop
radius is Ry = (36/16R,*pg) '3 Nondimensionalization gives
R4 x Bo~1/3. Moreover, Garsteckl et al.'>? studied the
microbubble formation in the flow-focusing device, and
found that the bubble size is not affected by the interfacial
tension substantially. Therefore, the effects of interfacial ten-
sion on droplet formation depend strongly upon the flow sce-
narios. Our analysis of droplet formation in coflowing immis-
cible liquids presented in the previous section shows
Ry o (1o — 0 /Cq uo)fl/z. Unfortunately, we do not have a
reasonable estimation of the viscous force coefficient (C4) on
the liquid thread. Hence, it is difficult to draw any correlation
between droplet diameter and interface tension. From the
current simulation results, it is revealed that the droplet size
scales as rj oc We*~ 0437 1t may be approximately expressed
as r; oc We*~1/2 based on the above analysis.

Garstecki et al.'*?® studied the microbubble formation in
the flow-focusing device. Jensen et al.*® performed the nu-
merical simulation of the two-phase stokes flow in an axi-
symmetric flow-focusing device. They derived the scaling
laws for the volume of the created bubble as Vg o< 1/14,0,,
where p, and Q, is the liquid viscosity and flow rate respec-
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tively. Hence, the bubble diameter scales as Dy o o v 3 In

the current simulation, the power scaling law of the droplet
radius with the viscosity ratio r o w934 is reasonable cap-
tured for the dripping mode. It can be approximately
expressed as 1 oc y*~'/3, when the inner fluid viscosity is
kept constant.

On the basis of the above scaling analysis, the size of the
droplet formed in a coflowing liquid system can correlate
with the operation parameters approximately as rj oc "2,
ri oc =13, and 1 oc We*=1/2 for the dipping mode. Com-
bining the effects from the three parameters such as the flow
speed, viscosity, and interfacial tension, we may obtain the
relationship for the drippin% mode as
rh o 1, 12 ,u"‘1/3We*_1/2 ~ Cay *Re, /6 Figure 12a
shows the variation of nondimensional droplet size with the
combined dimensionless parameter (Cay /> Re;'/%) for all
the simulation cases with the dripping mode presented in the
previous sections. It is interesting to notice that the droplet
size correlates with the combined dimensionless parameter
(Cag'? Re; /%) linearly for all the simulation cases under the
dripping mode. It also indicates that the droplet formation in
the dripping mode could be dominated by the balance
between the capillary force and viscous force.

The scaling analysis in the previous section shows that
Ry (672 /pius?)'”? for the jetting mode. The dependenc
of droplet size and continuous phase speed is as Rq o uy 2
if the capillary wave length is a function of surface tension
and viscosity and remained constant. In the review work by
Lasheras and Hopfinger’” on the liquid jet instability and
atomisation in a coaxial gas stream, the liquid core length
(L) can be estimated using capillary wave theory as
L/D, :C(plulz/pgug)z/S(a/u]u1)1/3, where D; is the nozzle
diameter of liquid jet, and C is an adjustable constant, and
subscript / and g represent the liquid and gas phases, respec-
tively. The shorter liquid core length means that the shear
viscous force is stronger to break up the jet, and the droplets
produced will be finer. In our immiscible coflowing liquid
system, the abovementioned formation can be used to
estimate the jet breaking length (L,) as % =
C(1/p(,Lt(,2)2/3((7/,uo)1/3 when the inner liquid has a fixed
flow rate. The droplet volume may scale with the jet break
length as Ry® o R;Ly. As R4 o R;, the droplet size may scale
as Ry o< Ly'/? oc uy 23" /0, ~17°. The simulation results
show that r} o ¥ 073, rh o w175 and ry o< We* 0180
Combining the effects from the three parameters of flow
speed, viscosity, and interface tension, we may obtain the
relationship, 7} o 7, * 073 ,1[0‘175We*_0'180. And this correla-
tion can be estimated approximately as 1} TARE
woWe*=1/6 and re-expressed in the physical dimension-
less numbers as 7} o Ca01/3 Weo’l/z,u*’l/z. Figure 12b
shows the variation of droplet size with the combined dimen-
sionless parameter (Cao'/*We,'/? *~1/2) for all the simula-
tion cases with the jetting mode presented in the previous
sections. Although the droplet size correlates with the com-
bined dimensionless number linearly with almost same slope
for the all simulation cases, they deviate from each other
with certain shifting. The challenges in correlating the drop-
let size with the operation parameters for the coflowing sys-
tem in the jetting mode come from the difficulties to estimate
the capillary wave length along the immiscible liquid—liquid
interface. In addition, because of the large aspect ratio of the
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jet (small in diameter and large in jet length), it is also a
challenge in simulation to achieve high resolution in both
time and space domains to capture the details about the cap-
illary wave and droplet pinch-off dynamics.

Conclusion

The drop formation of a disperse liquid injected into
another coflowing immiscible liquid within a microchannel is
simulated numerically using front tracking method to investi-
gate the drop formation mechanism. The understanding of
such droplet formation mechanism is very critical to the
design of microfluidic devices to generate monosized drop-
lets in a controllable manner. The key phenomena in the
droplet formation process, such as liquid drop growth, neck-
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Figure 12. Scaling analysis on the size of droplet
formed in the coflowing system at (a) drip-
ping mode and (b) jetting mode under the
effects of different continuous phase flow
speed, fluid viscosity, and interface ten-
sion.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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ing, breakup of primary drop, and satellite drop formation,
are reasonably captured. In addition, the effects of some im-
portant parameters of flow conditions and fluid property,
such as continuous liquid phase flow speed, viscosity, and
interface tension, on the size of droplet formed in the micro-
channel were also studied. It is found that there are two
kinds of droplet forming modes, namely dripping and jetting
mode, depending upon the flow conditions. The droplet size
correlated with the continuous phase flow parameters as
ra < Ca,""*  Re,"'/® under dripping mode and as
ra < Cao'® Weo V2 1*~1/2 under jetting mode.

The simulation results indicates that the droplet formation
in coflowing system depend strongly on the balance between
the viscous shear force from the continuous phase flow and
interface tension force on the droplet. The higher flow speed
and viscosity normally generates higher shear viscous drag
force on the droplet, which helps drop breakup from the cap-
illary exit and form smaller droplets. On the other hand, the
higher interface tension (i.e., lower Weber number) may
delay the droplet breakup from the capillary exit. And hence,
more disperse liquid is accumulated in the droplet, and the
final detached droplet normally has large size. From this
study, it can also be concluded that the coflowing system in
microchannel has good mechanism to control the size of the
droplet produced, and could produce same size droplet peri-
odically.
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Notation

Ca = capillary number, dimensionless
Bo = bond number, dimensionless

D () = distribution function, dimensionless

g = gravitational acceleration, m*/s

h = grid size of background mesh, m
I () = fluid indicator function, dimensionless

n = unit outer pointed normal vector on interface, dimensionless
static pressure, Pa
volume flow rate of fluid, m3/s
radial distance, m
droplet radius, dimensionless
radius of tube, m
reynolds number, dimensionless
unit tangential vector on interface, dimensionless
time, s
fluid velocity, m/s
axial component of fluid velocity, m/s
radial component of fluid velocity, m/s
axial component of fluid velocity, dimensionless
radial component of fluid velocity, dimensionless
X = position of the interface, dimensionless

=<C:=Nn§%r;§e~.©"3
[ | | | | | (| A (A A I

<
Il

Greek letters

Ad = interface breakup distance in simulation
0() = dirac delta function

Kk = curvature of interface, m~
/w = capillary wave length, m

= fluid viscosity, Pa-s

p = fluid density, kg/m>

o = interface tension, N/m

7 = dimensionless time
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Subscript/superscript symbol

= interface

i = inner tube/liquid phase

n = time step in the simulation or the neck of liquid thread
o = outer tube/liquid phase

* = nondimensionalised parameter

= area averaged parameters
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