T. Chekifi et al. Nano Studies, 2015, 11, 19-28.

NUMERICAL SIMULATION OF DROPLET BREAKUP,
SPLITTING AND SORTING IN MICROFLUIDIC DEVICE
T. Chekifi, B. Dennai, R. Khelfaoui
University Tahri Mohammed Bechar Bechar
Laboratory ENERGARID
Bechar, Algeria
chekifi.tawfiq@gmail.com
Accepted October 19, 2015
Abstract
Droplet in microfluidic is applied to lab-on-a-chip devices for biomedical testing and
synthesis, droplets of water–in-oil are produced by flow focusing technique; an obstacle
configuration is used to split the droplet. The finite volume numerical method was applied to
solve the Navier–Stokes equations in conjunction with the Volume of Fluid (VOF) approach for
interface tracking of the commercial code FLUENT. Numerical simulations were carried out for
different flow conditions. The effects of some parameters on the droplet motion were
investigated to find the optimal conditions for droplet breakup. The numerical results show that
the main channel width, the surface tension, the contact angle and the capillary number of
continuous phase play an important role on the droplet generation. The computation also
demonstrates that an obstacle configuration can be used to split droplet, where the latter are
sorted in the end of the main channel. It also demonstrates that the volume of fluid method is
an effective way to simulate the generation of droplets in flow focusing configuration.
Nomenclature
f: frequency (Hz)
u: velocity (m / s)
uc: continuous phase velocity (m / s)
ud: dispersed phase velocity (m / s)
unit vector normal to the interface
κ: curvature of the interface
F: the surface tension force
W: width (mm)
ρ: density (kg / m3)

µ: dynamic viscosity (kg / m  s)
α: phase fraction (%)
σ: the surface tension coefficient (N / m)
τ : time (s)
W: width of the main channel
Wc: width of continuous phase inlet
Wd: width of continuous phase inlet
ρc: continuous phase density
ρd: dispersed phase density

1. Introduction
Over the last few decades, modeling immiscible fluids such as oil and water have been a
classical research topic. Droplet-based microfluidics presents a unique platform for mixing,
reaction, separation, dispersion of drops and numerous other functions [1, 2]. Droplet-based
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microfluidics is of great interest for biological research, chemical synthesis, drug delivery and
medical diagnostics.
Droplet-based microfluidics refers to devices and methods for controlling the fluid flows
in length scales smaller than one millimeter. Monodisperse droplets in microfluidic devices
have been generated using different microchannel configurations such as T-junction [3, 4], flow
focusing [5], or co-flowing [6]. In microfluidics, controlling droplet size is a core technique not
only for producing highly monodisperse emulsions [7], but also for using the droplet itself as a
tool for manifold purposes [8, 9]. As for droplet breakup, Link et al. introduced two methods to
reduce droplet size using T-junction or a square obstruction deposited in the center of the
channel [10]. As these methods are passive ways in droplet manipulation, it provides a way of
reducing droplet size in a rapid process with a narrow size distribution. As this is an effective
process to reduce the droplet size, it is worthwhile to get physical insights through numerical
analysis on the relevant droplet flows in microfluidics [11].
In recent studies, unlike relatively simple geometries such as T-junctions [12, 13] or flow
focusing devices [14, 15], novel designs have been developed for improved manipulation of
droplets. Lee et al. [16] presented a one-step method for size control and sorting of droplets in a
modified flow focusing geometry with a moving wall technique operated by pressure inlets.
Also, in a cross-shaped channel, droplet generation by a thread breakup due to pressure inlets at
both sides was shown with a surface treatment technique [17]. Droplet fusion devices were also
proposed using a hydrodynamic trap at a wide cross channel [18, 19], at a tapered channel [20],
at a fluid resistance in straight channels [21], and an array of pillar elements [22]. As mentioned
previously, an obstruction in microchannel can also be utilized to reduce the droplet size [10].
Menech [23] was performed numerical analysis to figure out the droplet breakup process and
optimize the geometry configuration for the process. In which, the author suggested T-junction
channel using a phase-field method to compute droplet breakup, Carlson et al. [24] extended
the phase field method to simulation of droplet motion in a Y-junction channel. Their results
showed that the tip of the junction affected the droplet deformation, and the droplet breakup or
non-breakup regime depended on the capillary number and droplet size. The droplet breakup
by a circular cylinder in a microchannel was computed by Chung et al. [25] using a front
tracking method, in which the droplet shape was represented by the moving front elements.
Their numerical results showed that the split droplets merged in the rear side of the obstacle
when the capillary number was not large.
Although various studies on the generation of droplets in T-junction and flow focusing
devices have been carried out, a fundamental understanding of the flow physics that account
for the effect of the geometry of the devices is still missing. In addition, simulation of two
immiscible phases flow in complex geometry is a challenging work [26].
Computational fluid dynamics (CFD) studies allow for broad parametric variations that
are hard to study experimentally. CFD also provides detailed information on flow details such as
pressures and velocities that are difficult to measure experimentally, and can thus provide
mechanistic insights needed to check various hypotheses. Recently, the volume of fluids
method has been proved to be a powerful method to simulate droplet dynamics [27]. In this
method, the interface is given implicitly by a color function, which is defined as the volume
fraction of one of the fluids within each cell. From this function, a reconstruction of the
interface is made and the interface is then propagated implicitly by updating the color function.
VOF methods are conservative and can deal with topological changes of the interface. However,
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VOF methods cannot accurately compute several important properties, such as curvature and
the normal to the interface. Moreover, a high order of accuracy is hard to achieve because of
the discontinuities in the color function [27].
Motivated by the previous work [26] and [28], using a VOF method, we perform a twodimensional numerical CFD study of droplet breakup, splitting and sorting, in the present study
we suggest device that allows droplet breakup in flow focusing configuration, splitting and
sorting. In this microsystem, the effect of main channel size and capillary number on the
droplet dynamics is investigated. In previous numerical works [26, 29, 30], surface tension plays
a significant role on the droplet deformation in confined microchannel flows. In the same
manner, by testing a several values between both phases, we expect that this parameter affects
the droplet dispersion in the microchannel. In which, the effects of inertia and gravity in the
volume does not play an important role with respect to the macroscopic scale. We also study
the droplet breakup as function of the capillary number and the main channel size to find the
optimal conditions for droplet detachment. In our model, we investigate the droplet splitting
and sorting by size in the end of the main channel by the use of an obstacle. The frequency of
droplet generation and droplet sorting is also considered. Finally, we suggest useful ideas for
manipulating droplets in microchannel flows.
2. Description of the system and geometries
The physics to be simulated involves droplet breakup by flow focusing technique. Three
sizes of the main channel are evaluated to produce water-in-oil droplet. There are two oil inlets,
one water inlet and one outlet in. All the micro- channels are 5 mm long. The description of the
geometries is presented in Figure 1. Due to the existence of the obstacle, two sub-channels are
formed in the end of main channel.

Figure 1. (a): Schematic of flow focusing configuration. Wc =Wd = 2. An orifice with width
d = 1.2 is placed at a distance H = 0.8 downstream of three coaxial streams. The main channel
width is varied (a): W = 1.2, (b): W = 4 and (c): W = 8). Wo = 0.16, sub-channel1: W1 = 0.8, subchannel 2:W2 = 0.24. The total length of the configuration is 12. (All the numbers are in mm).
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In our system, the droplet is generated by the flow focusing, which has been widely used
for generating highly spherical droplet [31 – 33]. Figure 1 shows the flow focusing geometry
implemented into a microfluidic device. In this structure, the dispersed phase flows in the
middle of the channel, while the continuous phase flows through upper and lower channels.
The continuous phase and dispersed phase penetrate into the downstream channel, and the
continuous phase exerts pressure and stress which force the dispersed phase into a narrow
thread. The dispersed phase breaks inside or downstream of the orifice, then the droplet is
generated at the end of the flow stream where the neck forms.
The surface tension term reflects the interfacial force between the discrete liquid
(droplet) and the continuous liquid. The interaction (attraction or repulsion) between droplets
results from the continuous liquid flow which is affected by the interfacial forces existing at
each droplet surface.
3. Numerical approach
The segregated solver for an unsteady laminar flow was used in CFD, the volume of fluid
method was performed to track the interface between water droplet and the continuous phase.
The VOF model is a surface-tracking technique that is useful when studying the position of the
interface between two immiscible fluids. A single set of momentum equations is shared by the
fluids, and the volume fraction of each of the fluids in each computational cell is tracked
throughout the domain. The VOF model uses phase averaging to define the amount of
continuous and dispersed phase in each cell. A variable, α, was defined as [29, 30]:
α = 1  when the cell is 100 % filled with continuous phase
α = 0  when the cell is 100 % filled with dispersed phase
0 < α < 1  when the cell contains an interface between the two phases
The density ρ, and viscosity µ, for both phases (water and oil) can be calculated using a
linear dependence:
The subscript 1 is chosen for the continuous liquid (primary) phase, while the subscript
2 for the discrete phase (microdrops)
ρ = ρ1 α + ρ2 (1 – α),
(1)
µ = µ1 α + µ2 (1 – α).
(2)
There are several different VOF algorithms with different accuracies and complexities in
CFD. The geometric reconstruction scheme used in this study is based on the work of Youngs
(1982) [33] and further described by Rudman (1997) [34]. This scheme permits a piecewiselinear approach, which assumes that the interface has a linear slope within each cell, and the
position of the interface is calculated from the volume fraction and their derivatives in the cell.
The solutions of the velocity field and pressure are calculated using a body-force-weighted
discretization scheme for the pressure, the Pressure-Implicit with Splitting of Operators (PISO)
scheme for the pressure velocity.
The body-force-weighted scheme is used since it works well with the VOF model, and
the PISO scheme is chosen to improve the efficiency of the calculation of the momentum
balance after the pressure correction equation is solved. The CFD software was used to simulate
the flow of oil microdrops sorting. The governing equations are the mass conservation equation
for each phase and the momentum equation:

t C  uC  0 ,
(3)
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where the velocity is given by u. In addition, a single momentum equation is used for the
mixture of two-phase-fluid.
The momentum equation hence is described by
(4)
t ( u)    ( uu)  u  [ ]  P  F ,
where F is the surface tension F   ( x)n force, P is the curvature of the interface and n is a
unit vector normal to the interface. σ is the surface tension coefficient.
4. Droplet simulation and parameters
FLUENT 6.3 in CFD software was used to model droplet formation in the microfluidic
by flow focusing configuration (see Figure 1). The volume of fluid (VOF) model in threedimensional form was used, which enables capturing and tracking the precise location of the
interface between the fluids. The VOF method operates under the principle that the two or
more fluids are not interpenetrating. The flows are taken to be two-dimensional and laminar. In
the simulations, a constant velocity boundary scheme proposed by Zou & He [32] is imposed on
both water and oil inlet and the pressure of outlet is the same as the atmospheric pressure. At
the position where the fluid meets the solid walls, half-way bounce-back boundary scheme is
applied to achieve the non-slip velocity condition at the solid walls. The viscosities of both
liquids water and gasoil are respectively defined as µw = 0.001 and µo = 0.003 kg / m  s. An
equilibrium contact angle θ = 60 ° were prescribed. This contact angle is used to correct the
surface normal in the vicinity of the wall, and therefore adjusts the curvature of the interface
and the surface tension calculation near the wall [35]. The second-order upwind scheme is used
for discretization of the momentum equation. The PISO scheme is taken as the pressurevelocity coupling scheme, while the PRESTO! is taken as the pressure discretization scheme.
The geometric reconstruction scheme is used for interpolation of the interface geometry. It is
able to form mono-dispersed droplets by this way due to the different surface tensions of two
fluids.
The computations were run for a large number of time steps (10–5) to generate a database
from which statistically converged mean and perturbation flow quantities could be extracted.
The convergence limit was set to a residual sum of 10–3 for the continuity and velocity
components. These results are discussed in the following sections.
The requirement to successfully follow of droplets behavior leads to very large numbers
of grid cells when uniform meshes are used. Three intervals mesh sizes were tested to obtain
grid independent solutions (h = 0.06, 0.08 and 0.10 µm). The relative difference of droplet
volumes and interface shapes between successive mesh sizes is observed to be small as the mesh
size decreases. Therefore, our simulations in this study are done with h = 1 μm to save
computing time without losing the accuracy of the numerical results.
4.1. The main channel width effects
To test whether the confinement of geometry plays an important role in the breakup of
plugs, we first perform computations to investigate the effect of the main channel width on the
droplet flow regime. In the simulations, to single out the geometrical parameter, the inlet flow
velocity of both phases is (ud = uc = 0.2 m / s), the densities of both fluids are ρc = 830 and ρd =
998.2 kg / m3. the results for three configuration are presented in the Figure 2.
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Figure 2. The droplet generation at ud / uc = 1 (ud = uc = 0.2 m / s) for three
different widths of main channel. (a) W=8mm, b) W=4mm and c) W=1.2mm.
The geometry effect, i.e., the width of the main channel (W) plays an important role in
the flow dispersion in the main channel Figure 2, at the same conditions for large main channel
the flow is observed in thread regime due to the accumulation of generated droplets, which are
flew with low velocity Figures 2a and b, where droplet emerging is occurred. For the smallest
model Figure 2c, no emerging is observed, because droplets flow with high velocities. Therefore,
the flow pattern is clearly observed with high dispersion. For the next sections, we use the
smallest model with main channel width = 1.2 mm.
4.2. Surface tension effect
For two phase flows in microchannels, the surface tension forces play an important role
in determining the dynamics of droplets, whereas gravitational forces are generally less
important, we investigate the influence of surface tension coefficient on the droplet flow
regime.
In this subsection, we use water as the dispersed phase and oil as the continuous phase,
and observe flow regime, which depends on the surface tension coefficient. The densities of the
continuous and dispersed phase are assumed respectively ρc = 830 and ρd = 998.2 kg / m3. The
channel surface is hydrophobic, i.e., the contact angle between dispersed phase and the channel
surface is θ = 0°. It is shown in Figure 3 that for capillary numbers which define flows in the
jetting to dripping regime through numerical simulations, and quantify the results in terms of
the “stable” droplet formation regime in a microchannel. for a given inlet velocity of both
phases (u = 0.2 m / s) As shown in Figure 3, three typical flow patterns are identified for
different surface tension at a fixed capillary number (Ca = 3.43  10–2). For low σ, thread regime
of dispersed phase is clearly observed, as we increase σ, the thread becomes unstable after a
distance of laminar flow σ = 0.01 N / m, for higher surface tension σ = 20 N / m, droplet are
formed with high dispersion due to the squeezing mechanism. For the next simulations, we use
σ=20N/m to generate mono dispersed droplet.
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Figure 3. Droplet flow regimes as a function of the surface
tension (σ) for uc / ud=1 (uc = ud = 0.2 m / s) for the small model.
4.3. Contact angle effect
Wetting properties are usually characterized by the contact angle on a surface. Young’s
law provides the relation between interfacial tensions and contact angle. For a water droplet on
a surface, surrounded by oil, the equilibrium contact angle is [36]:
cos(θ)
.
where σoil,wall is the interfacial tension of oil with the wall surface, water, wall is the interfacial
tension of water with the wall surface, and σoil,water is the interfacial tension of the oil with water.

Figure 4. Droplet (water-in-oil) flow pattern as a function of contact
angle at Ca = 0.053 (uc = 0.5 m / s and ud = 0.3 m / s) and σ = 10 N / m.
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A constant contact angle associated to a non slip condition was imposed at the contact
point between the gas–liquid interface and the walls defining our structure. The corresponding
numerical procedure is described in detail in Dupont and Legendre [20]. The result of the
droplet flow pattern as function of contact angle is presented in the Figure 4.
The wetting properties of the fluids relative to the channel walls, more specifically the
contact angle, have also been shown to affect the two-phase flow patterns in microchannels
[41]. In order to determine the influence of the contact angles on droplet shape, different values
of the contact angles (Θ = 0, 60, 90, 120 and 180 °) are tested by keeping the same conditions to
find the optimum contact angle to obtain spherical form of droplet. It is clearly observed that
the droplet takes a shape for each contact angle. For Θ = 0 °, elongated droplet are observed
with low production frequency, whereas the rest of contact angle the geometrical form is
smaller. For Θ = 90 °, the droplet takes uniform rectangular shape with high production
frequency compared of Θ = 0 °. For both Θ = 120 ° and Θ = 180 ° droplets take concaved shape
in its extremity. The contact angle of 60 ° is the optimum condition for droplet flow pattern;
which is used for the next sections. The droplet are taken uniform spherical shape.
5. Droplet splitting and sorting
Numerical simulations of droplet breakup and splitting are performed using VOF
method, droplet of water-in-oil are generated by flow focusing configuration, The simplest
droplet sorting techniques require no detection or switching mechanisms, but instead rely on
creative device geometry that allows the separation of droplets by size. By simply creating an
obstacle geometry in which the daughter channels had different widths, droplets were induced
to sort into one of the channels (Figure 5). The split daughter droplets pass the sub-channels,
while the bigger split daughter droplets pass the sub-channels 2. When a droplet collides with
the obstacle, it splits into the obstacle-wall gaps (or sub-channels). The split portions of droplet
leave out the sub-channels to the outlet of microsystem.

Figure 5. Droplet breakup, splitting and sorting for two different capillary numbers:
a) uc =1 m / s, ud = 0.1 m / s, Ca = 5.3610–2 and b) uc = 0.5 m / s, ud = 0.3 m / s, Ca = 6.6410–2.
Figure 5 shows the droplet motion. A convergence test for grid resolutions is first
conducted for droplet breakup by the use of a quadrate obstacle. Water-in-oil droplet are
generated by flow focusing configuration, splitting of droplet is performed by thinner obstacle
at the end of the main channel, for both capillary numbers (Ca = 5.3610–2 and 6.6410–2). We
observe for in three successive moments that the split daughter droplets pass the sub-channels
without re-merging unlike; our numerical simulations are in good agreement with previous
works of [2] and [37]. It is also seen from Figure 5b that the droplet volume fraction is higher
for higher capillary number Figure 4b, as we demonstrated in the previous section. Due to
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difference of both sub-channel widths, the bigger split daughter droplets pass the sub-channels
1, while the smaller split daughter droplets pass the sub-channels 2.
The present computations demonstrate that an inclined obstacle can be used as an
effective method for droplet splitting with even-sized daughter droplets.
6. Conclusions
Droplet generation in flow focusing configuration, splitting and sorting were
investigated numerically by using the VOF method of the commercial code FLUENT. Various
parameters which affect the generation of the droplets, including capillary number, geometry of
configuration, surface tension and contact angle are systematically analyzed. It shows that the
droplet breakup depends on fluid properties such as capillary number, surface tension and the
main channel width. We also find that the flow focusing configuration with the smaller main
channel width likely to generate stable droplet. The capillary number is an important
parameter to define the droplet length and droplet generation frequency. The increase of this
parameter leads to the increase of droplet frequency, while it conducts to small droplet length.
The numerical simulations of droplet breakup also showed that the obstacle configuration is
effective for droplet splitting and sorting, where, daughter split droplet are sorted into smaller
droplet that passed through small sub-channel and the bigger passed the bigger sub-channel.
We hope this numerical study helps understanding the underlying physics on the droplet
dynamics as well as designing the complicated flows in future microfluidic applications.
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