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ABSTRACT

Two immiscible fluids flowing in microchannels are essential for microdevices to achieve efficient transfer of
fluid reactions and heat, droplet mixing, extraction, and emulsification. In this study, a numerical investigation
of the flow regime of droplet generation and the droplet breakup behavior of immiscible fluids (water and oil)
in various microchannel structures was undertaken. To predict the influence of the microchannel structure on
droplet generation and the breakup process, a two-phase level set method was implemented. The generated
droplets were validated with experimental results of the T-shape microchannel structure. The obtained
numerical results were in good agreement with the experimental results. Furthermore, the validated model was
used to investigate the effect of various types of microchannel structures on droplet generation and breakup
behavior. Also, the effects of different viscosities, wetted wall contact angles, surface tension, the size of
continuous and dispersed channel widths, and the continuous flow rate for droplet generation and breakup in
the microchannel were studied. This work contributes to better understanding of effective microchannel design.

Keywords: Microfluidics; Immiscible fluids; Two-phase flow; Droplet; Channel structure; Level-set method;
Generator and breakup.
1. INTRODUCTION

Fast-growing  micro-electromechanical  systems through various applications such as spray cooling,

(MEMS) technology is capable of performing both
chemical and biological analyses at just a few
micrometers in size using microfluidic chips
(Dittrich and Manz 2006; Joanicot and Ajdari 2005;
Liu and Zhang 2009). Nowadays, microfluidic
systems are being developed for various purposes,
including for use in microdroplet technology and
microfluidic devices (Shang et al. 2017; Zhu and
Wang 2017). Generally, microdroplet technology is
established in microfluidic devices, where such
devices are used to generate tiny liquid droplets. In
the microdevice confirmed for droplet generation,
the generated droplet processing requires mixing the
fluid to generate the droplet (Ba et al. 2015), sorting
the droplet according to its size and shape (Zhang et
al. 2009), splitting the droplet to necessary size (Jung
et al. 2016), merging the different droplet
components (Yang et al. 2010), and trapping the
droplet in a delivery system (Rambach et al. 2017).
The microdroplet technology is implemented

self-cleaning, and anti-icing, and in the process,
droplets make contact with the solid surface directly
(Luo et al. 2021). Studied applications for this
technology include the fields of microreactors, drug
delivery systems, cell biology, chemical synthesis,
chemical Kkinetics (Song et al. 2003), protein
crystallization (H. Chen et al. 2005), micro
extraction (D. L. Chen et al. 2005), various synthesis
applications such as organic molecules (Hatakeyama
et al. 2006), nano particles (Shestopalov et al. 2004;
Yen et al. 2005), bead/particles (Nie et al. 2005),
chemicals (Shum et al. 2009), synthetic biology
(Gach et al. 2017), and organ-on-a-chip—based
COVID treatment (Yang et al. 2021).

There are two different major classifications of
techniques for generating droplets—namely, active
and passive techniques. Generally, an active
approach makes it more complicated to control
droplet generation because the active system itself
contains numerous controlling parameters within a
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microdevice. A system operated and controlled by an
intrinsic force and external energy, or an additional
energy source, is needed. Based on an external
source of input to the system, active techniques can
be further classified as: electrical, mechanical,
electromagnetic, and so on (Chen et al. 2007; Zhu
and Wang 2017). An intrinsic force approach based
on material properties means that droplet generation
is controlled via viscosity, interfacial tension,
channel wettability, fluid density, and velocity.
However, due to external energy, active system
design accounting for complexity and control
parameters has largely focused on an active-based
intrinsic force or a passive approach for microdroplet
generation. The use of a passive approach is majorly
influenced by fluid viscosity ratios. The principle
behind a passive system is that the immiscible fluid,
known as the dispersed phase, passes through
another fluid called the continuous phase and forms
a droplet in the system. Passive approaches are
classified according to geometrical configuration, for
example, squeezing (Garstecki et al. 2005), jetting
and dripping (Utada et al. 2007; J. Zhang et al. 2021),
and tip-streaming and tip-multi-breaking (Zhu et al.
2015). The squeezing mechanism is dissimilar to
other types of passive approaches, since channel
restriction plays a vital role in controlling the
squeezing reign and inhibits capillary instability so
that breakup reveals quasi-static mechanisms up to
the final stage of pinch off. In contrast, other types of
droplet breakup are based on capillary instability,
with the surface tension force reducing the interfacial
area needed for the minimum value of interfacial
energy to satisfy thermodynamic principles. To
avoid deformation, the viscous force and the inertial
force act on the liquid interface, and the effect of this
reduces the interfacial tension forces. Due to this
force behavior, a specific method of droplet breakup
is formed and a droplet is generated within the
established parameters. Furthermore, the influence
of flow rates and capillary number on microdroplet
generation in the crossflow of a microdevice have
been investigated (Venkateshwarlu and Bharti
2021).

Using a passive approach is a promising way to
generate a droplet that can be further classified into
three categories, according to: geometrical shape and
flow conditions, such as T-junction (Mastiani et al.
2017); flow-focusing (Kim et al. 2008); and
coflowing (Hong and Wang 2007). A T-junction
microdevice was reported by Thorsen et al. (2001) to
generate a monodisperse lower viscous phase droplet
(water) in a higher viscous phase (oil). The lattice
Boltzmann method has been used to predict droplet
size mainly correlated with capillary number and
flux in the system (van der Graaf et al. 2006).
Centrifugal microfluidics—lab-on-a-CD—is a passive
technique that generates multiple droplets using a
CD platform; it achieves monodisperse droplets
simply and quickly. This technique can very
precisely control droplet size (Madadelahi et al.
2020). Many studies have demonstrated that the
width ratio of the continuous phase channel to the
dispersed phase channel T-junction, and orifice flow
width, have influenced and determined the shape,
size, and diameter of droplets (Raj et al. 2010; Shi et
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al. 2014; van der Graaf et al. 2006). The
hydrodynamics interaction-based behavior of
droplet-synchronizing flow through a T-junction
microchannel controlled by flow conditions of
continuous and dispersed was observed (Um et al.
2020). Experimental studies for monodisperse
droplet generation designed for both low and high
capillary numbers using a T-shaped-junction—based
microdroplet generator have also been conducted
(Zeng et al. 2021). New methods to achieve a
monodisperse  droplet shape were observed
experimentally. The continuous phase was
considered as a lower viscous phase and the
dispersed phase was considered as a higher viscous
phase, causing droplet generation to be a balloon
shape regime (Tarchichi et al. 2013). Furthermore,
the sequence of droplet formation in microfluidic
networks involves complex behaviors to obtain a
simultaneous flow for generating many droplets. A
simplified description of the realistic estimation of
continuous hemodynamic models and the relevance
of the discrete nature of blood to the excitation of
oscillations was presented by Cybulski et al. (2019).
The most comprehensive study of the latest droplet
production techniques involve passive and active
approaches. The passive mode does not require
external power, while the active mode requires
external power, such as from an external electric
field, a magnetic field, an acoustic field, or a laser
field. The formation of the required number of
droplets in microfluidics is expected to form an
important direction for future research (Han and
Chen 2021). The development of machine learning
(ML) capabilities have also been explored to try and
overcome challenges in microfluidic technology and
biomedical and biotechnology applications. The
integration of both Droplet Based Microfluidic
(DBMF) and ML facilitates the development of high-
precision, automated and optimal tools for multiple
applications (Srikanth et al. 2021). Other aspects of
microdroplet interaction occur in proton exchange
membrane fuel cells (PEMFCs); their channels see a
considerable impact on the wall, and this affects cell
performance (Z. Zhang et al. 2021).

Achieving continuous production of microdroplets is
another area of challenge due to the droplet
generation and breakup directly associated with the
fluid physical properties. It is dependent on both
phases of viscosity, density, flow rate, interfacial
tension, and geometrical configuration. Depending
on the flow condition and geometrical configuration,
generated droplets may vary and experience
phenomena such as Taylor bubbles, choke flow, and
continuous flow. To avoid flow variation, each
condition needs to be verified to obtain the required
shape, size, and diameter of droplets. This kind of
verification is hard to do experimentally due to the
setup fabrication, flow rate control difficulties,
system complexity, and expenses of the system.
Added to that, research is still in progress to verify
which types of configurations obtain an effective
generation rate. Some researchers have proposed
droplet- or bubble-splitting techniques to increase
the generation rate. The approaches are quite
complex in terms of geometrical configuration and
improving the generation rate and various flow
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properties can be verified by using numerical
methods instead of a physical test setup. A numerical
approach is apt because there is an absence of device
complexity and controlling parameters; it is also easy
to test different ideas.

Most literature has focused on the T-junction
microchannel. In this numerical method, based on
two-dimensional (Ngo et al. 2015; Sartipzadeh et al.
2020), two-phase LSM, involves approaches for
analyzing the microchannel under various
phenomena using COMSOL 5.6. This study contains
mainly two approaches, that is, various
configurations  of  distributor/generator  and
splitter/breakup. Further investigation was carried
out based on flow physics with different viscosities
in the continuous phase (5e-2-8e-3 Pa. s), different
wetted wall contact angles (90-180°), different
surface tension (4e-3-10e-3 N/m), different sizes of
continuous and dispersed channel width (50 and 100
um), and different continuous flow rates (0.2-4
mL/h). In this simulation implemented different
geometrical configurations to investigate droplet
generation behavior for improving continuous
generation and increasing the rate of generation.
Geometries such as a T-junction with different
geometrical dimensions, L-junction, Y-junction, and
inclined dispersed channels with various angles were
studied. Moreover, after generating droplets from the
distributor, for reducing droplet diameter or
increasing droplet growth, a splitter was introduced
at the distributor outlet of the microdevice. From the
splitter, the droplet split into the required shape and
size based on the splitter shape, including V-shape
with various angles, needle shape, H-shape, root
shape, and M-shape. For achieving the
aforementioned shapes and purpose, numerical
approaches were implemented so as to be able to
study droplet generation and splitting in the
microdevice under various geometrical
configurations and flow conditions.

@ ®)

2. GEOMETRICAL CONFIGURATION

Our microchannel simulation wused a T-
junctiongeometry for investigating the breakup and
generation rate of droplets in a microdevice. The
computational geometrical configuration shown in
Fig. 1 and the geometrical dimension are presented
as Geometry (Gem) A in Table 1. Gem A had
uniform width for both continuous (Wc) and
dispersed (Wd) phases. A two-dimensional model
was initially used to validate the experiment
(Tarchichi et al. 2013; van der Graaf et al. 2006).
Furthermore, for quantitative analyses of different T-
junction dimensions, different types of distributors
(Fig. 2) and splitters (Fig. 3) were studied using two-
dimensional geometry to reduce the computational

time.
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Fig. 1. T-junction microchannel geometry.

Figure 2 shows the different types of distributors for
generating the droplet geometry. The geometrical
dimension took a uniform width of 100 pm for both
phase channels. All the microchannels fell under the
principle of capillary instability, with the surface
tension force reducing the interfacial area to break up
the droplets. The Y-, forward and backward inclined
channel webs were considered under different angles
of dispersed phase into the continuous phase
channel, and the changes of flow channel angle and

droplet breakup behavior were investigated.
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Fig. 2. Geometrical construction of various types of droplet generator/distributor channels: (a) L-
junction, (b) Y-junction, (c) backward inclined webs, and (d) forward inclined webs.
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Fig. 3. Geometrical construction of different types of microdroplet splitter channels: (a) V-shaped,
(b) H-shaped, (c) M-shaped, and (d) needle splitter.
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Table 1 Geometrical configuration for T-

junction
Geometry | We (um) | Wd (um) | H (um)
A 100 100 33
B 100 50 33
C 50 100 33
D 50 50 33
E 100 20 33

Figure 3 shows the different types of droplet splitter
geometrical models. Generally, the splitter was used
for splitting a droplet after it was generated by the
distributor. This approach was fast and produced
very tiny droplets; it mainly focused on symmetry
dividing the droplet method. The width ratio of the
splitting channel and the main channel in all
geometrical models was 0.5, except for the M-shaped
splitter channel. That had an angle of 30°, and the
middle channel width was 3/10 of the main channel

width.

3. GOVERNING EQUATION

The level set method (LSM) was implemented to
investigate droplet generation in a microchannel at
different operating conditions. Originally, LSM was
derived by Osher and Sethian (1988) and Osher and
Fedkiw (1991), and later improved by Olsson and
Kreiss (2005). This was the method used in the
current investigation. It was intended for a smooth
and moving interface between immiscible fluids and
denoted as ¢, when ¢= 1, and ¢ = 0 define the pure
phase of continuous and dispersed, respectively, 1 <
¢ > 0 denoted the interface region or mixture region;
however, between ¢ > 0.5 and ¢ < 0.5, it was
considered to be the mixture fluid of continuous
phase and dispersed phase, respectively. In this
simulation, an implicit approach of two-phase
incompressible  Navier—Stokes  equation  was
considered. The incompressible contained continuity
(mass conservation) and momentum equations, as
follows.

Continuity equation:

Vu=0 €y
Momentum equation:
Ju
pa+p(u-v)u= @)
V- {pI — u[Vu + (Vu)T]} + F + okén
_Ve . _ (Ve
"= el "‘V(|v¢|)' 3)

6 =06"1Vollp(1 + ¢)I

where, t, u, p, and | are time, velocity vector,
pressure, and identity matrix, respectively; o, k, n,
and O are surface tension, curvature, unit normal
vector, and Dirac delta function, respectively.

The most important problem in the numerical
analysis of a moving boundary involves the
occurrence of discontinuity in the fluid properties at
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the interface. To overcome this, it is important to
define the fixed interface thickness wherever flow
considerations can be efficiently changed. However,
this process might be the source of mass
conservation and constant interface thickness issues.
A level set function was developed and implemented
with a COMSOL Multiphysics® CFD module.
d¢

+u-Ve =

v @

ot
yV. [—¢(1 - ¢)|V_¢|

The strong stabilization and reinitialization terms
were formed, as in Eq. (4). The moving interface
defined in the left side of the equation at the same
time as the right side of the equation is accountable
for the numerical stabilization and reinitialization,
where € denotes interface controlling thickness, and
y denotes the reinitialization term. The p and p are
defined dynamic viscosity and density of the fluid,
respectively. In this simulation, y = 0.05 m/sand ¢ =
5e-6 m.

+ eV

w=pe + (g = 1e)o ©)
p=pct+(Pa—pP
pc and py denote density of the continuous and
dispersed phases, respectively; p. and p. denote
viscosity of the continuous and dispersed phases,
respectively.

For predicting the effective droplet diameter, d, an
integration operator was applied in the equation for
finding the area equivalent to the dispersed phase (¢
> 0.5) in Eq. (6).

303
d=2- ’EL(¢>O.5)dQ

4. NUMERICAL RESULTS AND DISCUSSION

(6)

Studies were conducted for microdroplet generation
with various physical and flow properties in order to
analyze the droplet-generating behavior. Various
sizes and structures of microchannel geometry as
well as generated droplets split using different types
of splitter geometry were also investigated, as
detailed in this section.

4.1. Geometrical Model and Validation

The simulation considered the geometrical model of
microchannel in order to study droplet breakup and
splitting behavior. The computational domain size is
displayed in Table 1. The continuous and dispersed
phase velocity was considered to be uniform at the
inlet, and the outflow was considered to be
extrapolation at the outlet. Initially, there was a half-
channel-filled dispersed phase in the orthogonal
channel; this condition was physically not possible
but computationally possible and could avoid
numerical instability. In this initial condition, all
types of microchannels were considered in this
study.

For a grid independence test, the T-junction domain
was taken with the flow rate of continuous phase
(Qc) =2 mL/h and dispersed phase (Qd) = 0.2 mL/h.
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Table 2 Physical properties of fluids
(Experiment 1; van der Graaf et al. 2006).

P Continuous | Dispersed
arameters
phase phase
Viscosity (Pa. s) 1.95e-3 6.71e-3
Density (kg/m”3) le3 le3
Surface tension 5e-3 5e-3
(N/m)
Wetted wall contact 135 135
angle (Deg)
Flow rate (mL/h) 0.2t04 0.2

The fluid properties are presented in Table 2. Here,
we considered the following grid densities: 5330,
37820, and 141140. The comparison of 37820 and
141140 grid numbers has a similar volume fraction,
velocity, and pressure profile obtained from points
P1, P2, and P3 shown in Fig. 4 (a—d). This
assessment gives acceptable convergence over the
range of grid densities. Consequently, in this
simulation, the droplet breakup and splitter were
resolved using 37820 grid densities.

This investigation focused on the formation of
droplets in the T-junction microchannel. The
dispersed phase from the orthogonal channel met
with the continuous phase in the main microchannel
to create an immiscible fluid interface. When the
dispersed phase penetrated the main channel due to
the shearing force of the continuous phase, stretching

15
Volume fraction -P3

= 1

2 %

5 &

s A

(= (Y

IS i

=} I

o ¥

> oL

059 005 __ 01 0.15 0.2
Time (ms)
@)
400
Pressure Point-P1

~

[ L
$300
N

e

>

7]

8200

o
Q
=
S100

G | | |
0 005 01 0.15 0.2
Time (ms)
)

of the dispersed phase and volume of the phase
increased. Therefore, due to the pressure difference
between the phases near the T-junction intersection,
it was obtained through the internal pressure gradient
in the dispersed phase. Owing to the pressure
difference and shear force near the intersection of the
T-junction, the dispersed phase lost its thickness. As
the interfacial tension of the continuous and
dispersed phases was not adequate to withstand the
shear force and the pressure difference, the dispersed
phase broke up and formed a droplet. The droplet
became separated and flowed into the main
horizontal channel.

Figure 5 shows the droplet generation based on the
above process. During the droplet generation, the
following stages were observed: instruction,
blocking, squeezing, pinch off, breakup, and droplet.
In these stages, the flow condition was heavily
influenced by the geometry shape and size. The
droplet formation detached physics occurred
continuously and a sequence of droplets was formed
in the microchannel. However, the size, shape, and
droplet frequency differed due to the fluid flow rate
of the two phases, geometrical dimension, and fluid
physical properties. For investigating the different
types of droplet-generating distributors and splitters,
the numerical model needed to be verified. Two
experimental cases were consequently considered in
order to validate the present numerical model.
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Fig. 4. Grid independence at location of measuring point P1, P2, and P3: (a) droplet volume fraction at
point P3, (b) velocity at point P2, (c) and (d) pressure at points P1 and P2.
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Fig. 5. Stages in the droplet evaluation processes.

111

Experiment results (van ~ Present results

der Graaf et al. 2006)

Fig. 6. Comparison of predicted dripping droplet
with experimental results and simulation results
at the T-junction. Flow rate considered for the
continuous phase was 2mL/h, and dispersed
phase was 0.2 mL/h. The comparison reports
every t = 2.5 ms using Geometry A (van der
Graaf et al. 2006).

Figure 6 shows a comparison of dripping droplet
generation and breakup with the experimental case.
The dripping droplet phenomena occurred when the
viscosity ratio of the continuous phase and the
dispersed phase was greater than 0.2. The flow rate
of the continuous phase was 2 mL/h, the dispersed
phase was 0.2 mL/h, and the ratio of the liquid—liquid
was 0.1. The dimension of the T-junction width of
both phases’ channels were 100 pm. The fluid
physical properties are set out in Table 2. When
compared with the experimental results, the present
numerical results are in good agreement. The droplet
generation and breakup were compared with the
same time period, showing good agreement between
the experiment and the numerical results. The
effective droplet diameter, d, was calculated using

Eq. (6).

Experimental
results
(Tarchichi et
al. 2013)
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Fig. 7. Effective droplet diameter, droplet
generating frequency over time.

0 0.05 0.2

Figure 7 illustrates the dispersed phase evolved into
continuous phase, which was due to loss of surface
tension near the T-junction where the droplet
formed. The droplet diameter reached a certain size
(0.081 mm) and then the droplet broke up. The first
droplet breakup occurred approximately at 0.05 s.
However, after that, droplet evolution happened very
quickly; the next 0.15 s saw seven droplets. The
second droplet occurred within 0.022 s, and the
droplet breakup time was 0.002 s, as shown in Fig. 7.

Figure 8 shows the additional validation of droplet
breakup for the balloon shape in the T-junction. The
flow rate of the continuous phase was 1.2 mm/s, the
dispersed phase was 2.1 mm/s, and the ratio of the
liquid-liquid was 0.57. The dimension of the T-
junction at the continuous phase width was 100 pm,
and the dispersed phase channel was 20 pm. The
wetted wall contact angle was considered as 180°.
The fluid physical properties are defined in Table 3.
This regime is based on the balloon droplet.
Generally, a balloon droplet occurred when the
dispersed phase was a highly viscous fluid. The
droplet was created in the continuous phase by the
dispersed phase and it assumes the shape of a balloon
being blown up. When the balloon formed in a
horizontal channel, the intersection of the T-junction
near the neck formed. Due to the pressure difference
and shear force causing the neck to be thin, the

t=125ms

Fig. 8. Comparison of predicted balloon droplet with experimental results and simulation results. The
flow rate considered for continuous phase was 1.2 mm/s and dispersed phase was 2.1 mm/s (Wc = 100
pm, and Wd = 20 pm; Tarchichi et al. 2013).
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droplet broke up. The droplet flowed through the
main channel. The size of the droplets purely
depended on the dispersed phase channel width and
droplet frequency based on the continuous phase
flow rate (Tarchichi et al. 2013). Comparison of the
experimental and the present numerical results
showed good agreement, as shown in Fig. 9. That
figure shows the overlapping comparison
experiment and numerical results of droplet size,
shape, and distance between droplets. Moreover, the
experimental effective droplet diameter was 81 um,
and the present numerical effective droplet diameter
was 83 pum. This validation shows good agreement
between them.

4.2. Effects of Physical and Fluid Properties

Continuing the validation, it was important to study
the behavior of the fluid and physical properties in
order to understand the generation behavior while
modifying the properties. The following sections
discuss the changes of fluid and physical properties
in terms of: (1) channel size, (2) flow rate, (3) wetted
wall contact angle, and (4) viscosity and surface
tension.

4.2.1. Channel size

In another simulation, we considered different
widths for both the continuous phase and dispersed
phase channels. The channel width assumed two
different dimensional values (50 and 100 pum) to
investigate the behavior of droplet formation, as set
out in Table 1. For this simulation, changing the
geometry dimension and predicting the optimal flow
rate to break up the minimum size of the droplet were
studied. The rest of the remaining flow and physical
properties were set to be constant, as displayed in
Table 2. When changing the geometry size, droplet
formation could be influenced due to the shear force
and pressure before and after the dispersed phase
enters into a continuous phase. Depending on the
flow rate ratio and the width of the geometry, the
droplet size, generation frequency, and droplet shape
will be determined. Figure 10 shows the simulation
comparison of different dimensions of the T-junction
geometry. Here, the optimal flow rate ratio of droplet
generation is shown. Thus, each geometry has a
different flow rate ratio due to its different
geometrical constraint. With the constant continuous
phase channel width of 100 pm and by varying the
dispersed phase channel widths of 50 and 100 um,
droplet generation increased in the small channel
width at the 0.05 flow rate ratio, and droplet
frequency increased, as shown in Figs. 10 (a) and 10
(b). Moreover, the droplet size reduced when the
dispersed channel width decreased. On the other
hand, with increasing flow ratio (0.1) with higher
dispersed phase channel width (100 um), the droplet
size increased, and the generating frequency also
increased to twice that of the smaller channel width.
Continually, there was a constant width of the
continuous phase (50 pm) and a change in the
dispersed phase channel width (50 and 100 pm).
Here, the droplet generation and the breakup process
would affect the same flow rate ratio 0.2 in the
smaller width of the continuous phase channel,
affecting droplet generation with changes of the
dispersed phase. A higher width of dispersed channel
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(100 pm) generated a larger droplet compared with a
lower width of dispersed channel (50 um) with a
constant flow ratio (0.2). The droplet size also
decreased, and the droplet generation frequency
increased by around three times, as shown in Figs. 10
(c) and 10 (d).

Additionally, the pressure difference between P1 and
P2, and effective droplet diameter were compared
with different geometrical models and flow rates. All
geometry profiles produced constant droplet
generation, with the exception of Gem-D, which
produced unequal intervals of droplet frequency. The
pressure difference comparison explained the time
gap between the droplet generating process. In this
manner, Gem-C had a higher droplet generation than
with the other geometries. This means flow rate and
geometry affects droplet frequency significantly, as
shown in Fig. 11. Figure 12 illustrates the effective
diameter of droplets of different geometrical sizes.
This comparison shows that reducing the size of the
continuous phase width will affect droplet
generation. The first and second droplets start the
cycle, and each alternative two droplets form a cycle,
because the first droplet is bigger than the second.
The same phenomena occur repeatedly, as shown in
Fig. 12.

4.2.1. Flow rate

In this simulation showed the behavior of droplet
generation based on the different flow rate ratios of
continuous and dispersed phase flows in the T-
junction channel. The flow rate of the dispersed
phase flow was constant (Qd = 0.2 mL/h), while the
continuous phase flow was varied (Qc = 0.2 to 4
ml/h), and other fluid and physical parameters were
constant, such fluid viscosity, wall wetted angle, and
density, as based on Table 2. In this, flow ratios were
1,0.5,0.2,0.1, and 0.05.

(@)

(b)

Fig. 9. Comparison of predicted balloon droplet
with experimental results and simulation results:
(a) position and shape (b) size.

Table 3 Physical properties of fluids
(Experiment 2; Tarchichi et al. 2013)

Parameters Continuous | Dispersed
phase phase
Viscosity (Pa. s) le-3 41e-3
Density (kg/m”3) le3 1.07e3
Surface tension 10e-3 10e-3
(N/m)
Wetted wall 180 180
contact angle (Deg)
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Fig. 10. Dissimilar sizes of T-shaped geometrical models for droplet formation with variable continuous
phase and constant dispersed flow rate (2e-5 mL/h).
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Fig. 12. Effective droplet diameter for dissimilar
sizes of T-shaped geometry with constant
dispersed flow rate.

Figures 13 and 14 illustrate the droplet generation
process based on different flow rate ratios from 0.05
to 0.2. Owing to the continuous phase of the viscous
shear force and the dispersed phase pressure

1298

variation before entering the continuous phase and
after, droplets are detached from the dispersed phase
and flow in the main channel along with the
continuous phase. Furthermore, when changing the
flow ratio, due to the constant value of surface
tension, phase density, phase viscosity, and dispersed
phase flow, the continuous phase flow rate changed
accordingly in the main channel. In the droplet
formation process, because of the higher rate of
continuous phase in the channel, the viscous shear
force increased. Due to this fluid behavior in the
channel, the droplets simply and smoothly detached
from the dispersed phase and the droplet breakup
time as well as the effective diameter also reduced.
Increasing the continuous flow rate led to an increase
in the droplet generating frequency, and the droplet
size and shape were affected. At a lower flow rate of
continuous phase below 1ml/h, on the other hand, no
droplet was generated, and a slug flow was created
in the main channel, as shown in Fig. 13 (a).

4.2.2. Contact angle

Wall surface conditions have a major role in the
droplet generating process. Because wall wettability
is directly connected with surface properties, it
affects droplet generation. The characteristics of the
contact angle are decided by the interface between
the droplet and the channel wall. The droplet
generation method is influenced by it, as it involves
the simplicity of droplet generation, and with the
droplets spreading into a stream and affects their
droplet shape. Consequently, the behavior of a
wetted wall microchannel was investigated through
modification of the contact angle. A contact angle is
the point between the phase interface and the solid
wall at the position where the fluid interface connects
to the solid wall in COMSOL 5.6. The fluid flow in
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Fig. 13. Comparison of droplet generation behavior for different continuous phase flow rate (Qc) and
constant dispersed phase flow rate (Qd = 0.2 mL/h) in Geometry A (T-shaped).
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the confined domain will affect the flow due to slip
behavior between the fluid and the solid interface,
which is an extended distance relative to the wall
where the contact velocity component disappears.
This phenomenon of contact angle and velocity slip
is graphically explained in Fig. 15. Generally, in the
experiments, a wetted wall treated as surface

roughness using a chemical process ensured the
wettability at the level of micro/nano structure. In
the ensuing numerical analysis, the influence of
wall wettability on droplet formation, to predict the
minimum of optimal contact angle generating the
droplet, was tested using five different contact
angles (60°, 90°, 120° 135° and 180°). Fluid
properties and flow rate were kept similar to the
validation case.

Figure 16 shows the comparison of droplet
generation with different contact angles from 90° to
180°. With increasing contact angle, the effective
droplet diameter as well as the droplet volume
reduced. Due to the increasing contact angle, the
fluid and solid interfacial connection were affected,
and there was a decrease in the roughness on the
wall; this caused a reduction in wall resistance. With
the increasing angle, the droplet generation
frequency increased with decreasing volume of
droplet formed by equal intervals of generated
droplet.
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Fig. 16. Comparison of droplet generation behavior for constant flow rates (Qc =2 mL/h and Qd = 0.2
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Fig. 17. Comparison of droplet generation
behavior for constant flow rates (Qc =2 mL/h
and Qd = 0.2 mL/h) with different viscosity of
continuous phases for Geometry A (T-shaped).

4.2.3.Viscosity and surface tension

The purpose of this next simulation was to examine
the importance of the continuous phase viscosity on
the droplet generation process, as shown in Fig. 17.
We chose five variations of continuous phase
viscosity for this study: 5e-2, 8e-2, 1.95e-3, 5e-3, and
8e-3. The estimate showed that the effective droplet
diameter decreased when the viscosity of the
continuous phase increased, but when the viscosity
of the continuous phase decreased, certain
continuous, scattered or cloud droplets were
generated in the channel. However, increasing the
viscosity indicated a decreasing of droplet diameter.
An increase in viscosity caused droplet formation to
increase with the effect of viscous shear force.
Consequently, droplet breakup developed more
quickly, and droplet growth became shorter.

This simulation investigated the two phases of
different surface tension behaviors for droplet
formation in the microchannel. For the analysis, flow
and physical properties, including viscosity, flow
rate, density, and channel width were kept constant

1300

for both phases. For testing the surface tension
behavior, three different values were considered.
From the experimental value, higher and lower
conditions were selected for the simulation, such as
4e-3. The optimal conditions to generate a droplet are
provided by 5e-3 and 10e-3 N/m. Figure 18 shows
the comparison of different surface tensions. When
there is a decrease of surface tension, after a certain
time, droplets will not be generated; instead a slug
forms in the channel. But by increasing the surface
tension, the droplet will form continuously, with a
gradually elongated droplet being generated, as
shown in Fig. 18.

0.15

0.1

0.05 sigma=4e-3 N/m
sigma=5e-3 N/m

sigma=10e-3 N/m

Effective droplet diameter (mm)

0 ‘ o1
Time (s)
Fig. 18. Comparison of droplet generation
behavior for constant flow rates (Qc =2 mL/h
and Qd = 0.2 mL/h) with different surface
tension of between two immisible fluids for

Geometry A (T-shaped).

[

0.15 0.2

4.3.Distributor Influence

In this simulation, details of different types of
distributors and optimal flow rate to generate
droplets are elucidated. Slug flow behavior was not
considered. We made a numerous simulation to
predict the optimal flow ratio of the continuous phase
and dispersed phase. Initially, we considered a
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continuous phase flow rate (Qc) of 2e-6 mL/h and a
dispersed phase flow rate (Qd) of 0.2e-6; a ratio of
Qd/Qc = 0.1 was an optimal ratio to verify the
different distributor geometry. From Section 4.1, the
flow rate ratio of 0.1 provided a good prediction of
testing different geometry droplet behavior. This
flow ratio was used to predict the droplet shape and
generating frequency under different geometrical
shapes, including forward and backward inclined
webs with different angles (30°, 45°, and 60°), L-
junction, and Y-junction with different angles (30°,
45°, and 60°). These geometries were compared with
the T-junction effective droplet diameter, pressure
difference P3-P1, and P3 pressure.

The various types of structured distributor
geometries were tested for their droplet generation
behavior. This was dependent on the dispersed phase
channel meeting the continuous phase channel.
Droplet size, shape, and flow behavior changed. First
in the discussion is about webs inclined backward
dispersed flow channel, as shown in Fig. 2 (a). When
the position of the webs are in a backward angle of
attack, the channel angle seems opposite to the flow
direction continuous flow. Thus, the shear force is
high when the dispersed phase meets the continuous
phase. Due to this shear angle change, the droplet
generation rate is significantly affected. The droplet
generation occurred after a certain flow ratio, such as
0.1. When the flow ratio (Qd/Qc) increased, instead
of droplet generation, a Taylor bubble, discontinued
bubble, or slug was generated depending on the flow
ratio. However, here we address the droplet formed
in the 0.1 flow ratio. The changes of the dispersed
phase angle would not affect the droplet shape, but
the droplet generation ratio was affected, as shown in
Fig. 19.

On the other hand, Fig. 20 shows the forward
inclined webs with different angles. In the geometry,
webs in a forward inclined position between a
continuous phase and a dispersed shear force have a
low angle because of the flow vector of the dispersed
phase toward the continuous phase flow vector
direction. As a result, when two flows meet at the
junction, the shear force is lower than the T-junction
geometry. In this type of geometry, a low flow ratio
operates compared with the T-junction. The
minimum flow ratio of droplet generation was 0.05
when the flow ratio was increased; this affects
droplet generation, and it generates the slug flow
behavior due to the low shear force. Even with a
decrease of the web channel angle, the droplet
generation rate as well as the droplet breakup are
affected. This is because the shear force reduces
while the angle decreases, as shown in Fig. 20.

Figure 21 shows a comparison of the Y-junction with
different angles of continuous and dispersed flow
channels. The present geometry is completely
different from forward and backward inclined web
geometries. In this geometry, both phase channels
inclined towards each other. The channel angle is
measured at the mid-axis of the main channel. Due
to both channels being inclined at the same angle, the
vector of flow direction of both channels collides at
the junction. Owing to this behavior, the flow rate
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Fig. 19. Comparison of droplet generating
behavior for backward inclined webs with
different angles of dispersed channels using
constant flow rates (Qc =2 mL/h and Qd =0.2

mL/h).
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Fig. 20. Comparison of droplet generating
behavior for forward inclined webs with
different angles of dispersed channels using
constant flow rates (Qc =2 mL/h and Qd = 0.2

mL/h).
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0d=60°deg  0d=45°deg  0d=30°deg

Fig. 21. Comparison of Y-junction with different
angle under (Qc = 2 mL/h and Qd = 0.2 mL/h).

i =30 ms it—42 ms
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Fig. 22. Comparison of L- and T- junction under
(Qc =2 mL/h and Qd = 0.2 mL/h).

and viscosity majorly influenced the droplet
generation process. When the flow ratio was
approximately above 0.05, instead of droplet
generation, long bubbles or slugs formed.
Furthermore, by reducing the angle, the droplet
process will change continuously with the angle of
the channel, as shown in Fig. 21. The generated
droplet shape and size were affected with respect to
the angle. As the angle neared 30° an elongated
droplet was generated from the breakup, and then it
changed to a circular droplet. During this process, the
droplet exhibited elastic flow and it caused back
pressure to be created in the channel.

Figure 22 shows the L- and T-junction geometry
generated droplets at the flow ratio of 0.1. The L-
junction geometry arrangement has both channels
fixed on the same axis, meaning the flow vectors are
directly opposite one another. Both channels are
connected to the main channel at 90°. The simulation
results of L-shape geometry compared the T-junction
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with same flow condition of T-junction. The droplet
shape and size were affected due to the high-impact
force on the dispersed phase from the continuous
phase at the L-junction, and this affected droplet
shape and size. However, the droplet processes of
pinch off and breakup took longer because of strong
interfacial tension near the wall of the main channel
connected to the phase channels.

Figure 23 compares the different geometrical models
with their generated droplet size and frequency of
droplet. Clearly, when the model is changed, the
droplet size, shape, and frequency will be affected,
but such changes need to be understood for the
purpose of being able to design better microdevices.
In this way, while comparing different geometrical
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droplet diameters and frequencies, we observed
significant changes due to the geometrical shape,
angle of geometry, and operating flow ratio. Figures
23 (@) and 23 (d) show a similar profile, with the
droplet generation process occurring in a linear
manner, compared with the other geometries. In Fig.
23 (a), the decreasing of web angle droplet diameters
reduces and the bubble frequency level increases
according to the geometry. Figure 23 (d) shows the
different droplet frequency and diameter of the L-
junction geometry. The droplet makes a pair set, with
the first droplet being higher and the second droplet
being smaller. This action repeatedly occurs until
0.2s, and these kinds of geometries helped to
generate alternative processes.
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Fig. 23. Comparison of effective droplet diameter with various types of microdroplet
generator/distributor.

Furthermore, Figs. 23 (b) and 20 (c) show a similar
kind of profile. In the frequency profile, the droplet
generating process is affected during the stages of
blocking, pinch off, and breakup. Figure 23 (b)
shows that changes to the web forward angle affect
the droplet process as well as droplet size; a different
profile is formed compared with Fig. 23 (a). Figure
23 (c) shows the Y-junction droplet profile. It clearly
shows that increasing the channel angle increases the
droplet diameter, and that droplet frequency
decreases.

5. INFLUENCE OF SPLITTER/BREAKER

Droplet splitting is a pioneering technique for
increasing the efficiency of a reaction depending on
the microfluidic approach. The technique has been
adopted in most microfluidic processing industries,
including for use in chemical kinetic reactions and

the pharmaceutical industry. In this simulation took
a constant flow ratio of 0.1, and a droplet was
generated from a T-junction and passed through a
splitter domain. The droplet from the T-junction
resembled a bullet shape and flowed symmetrically
in the main channel. The splitter geometrical model
was considered as a symmetrical flow divider. Most
previous work considered a single droplet splitting
mechanism from a mother droplet to two sister
droplets, but here we have discussed generating the
mother droplet and splitting the droplet using
different types of splitters. For this simulation we
considered five different types of splitting
geometrical designs and compared the pressure
behavior at the symmetrical position of splitter. The
geometries were V-shaped with different angles, H-
shaped, needle, M-shaped, and root-shaped. The
simulation took a 0.1 flow ratio for all models and
calculated a computational time of 0.2 s.
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Fig. 24. Comparison of Y-junction with different
angle under (Qc =2 mL/h and Qd = 0.2 mL/h).

Figures 3(a) — (d) show the different types of splitting
geometries. The mother droplet comes from the T-
junction as the droplet generator to the splitter. The
two-channel inner wall connects each other and
forms a splitting edge, and the outer wall connects
with the main channel with a certain position or
angle. The inner edge position is the droplet-hitting
position, and the droplet pressure increases at the
nose. Furthermore, the droplet penetrating the
splitter will be divided symmetrically into two
droplets. This phenomenon changes the mother
droplet into two sister droplets. An increase in the V-
shaped splitter angle leads to an increase in the
droplet splitting time, as shown in Fig. 24 (a) — (c).

Figure 24 (d) shows the impact of a droplet divided
into two droplets. The two splitting channels are
connected with the main channel at a 90° angle, and
two dividing channels are connected in the line of the
axis at 180°. In this geometry there is no connecting
shape edge. However, the incoming droplet in the
main channel directly hits the middle of the two
splitting channels and divides into two separate
droplets. This separation mechanism highly depends
on the continuous phase flow rate; a higher flow rate
sees droplet splitting occurring more quickly than
with a low flow rate. This system is quite different
from the rest of the model.

Figure 24 (e) shows the M-shaped droplet splitting
geometry. The purpose of this geometry is to
generate a greater number of droplets from the
mother droplet. Generally, the middle of the droplet
volume is higher than the top and bottom of the
droplet, so the splitter to divided ratio is taken as 3.5
: 3: 3.5, forming the M-shaped droplet. The volume
of the separated three parts are nearly same. This
droplet looks like a Taylor droplet, and it occupies
both ends of the wall. This geometry has three
different channels to flow through the droplet

Figure 24 (f) shows the needle-type splitting method.
Near the exit of the main channel, the channel is split
into a thin layer placed in the middle of the main
channel. Geometrically, it looks like two different
channels inside the main channel. When the droplet
nose meets the needle edge, pressure increases at the
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needle edge and breaks the surface tension; the
mother droplet becomes separated into two different
droplets. In this geometry, the narrow type of
droplet-splitting method was defined and was much
completed from the design aspect. The tree root
channel based on multiple VV-shapes was attached at
each outlet port and formed the root. Continuous
droplet splitting seemed to occur in a chain, branch
by branch. This kind of geometry produces a smaller
droplet than is produced by the distributor. A root-
shaped splitter helps to mix two or more different
materials together showed in Fig. 24 (g).

5. CONCLUSION

This numerical investigation of microdroplet
generation and break up with different geometrical
model structures in immiscible fluid (water and oil)
phases was accomplished with use of COMSOL 5.6.
We validated the droplet generation with two
different experimental results in order to improve the
numerical model stabilization. The implemented
simulation setup predictions for the droplet size,
position, frequency, and shape were compared with
experimental results. The results of the present
simulation are in good agreement with the
experimental results. The generation of the droplet
process was examined until 0.2 s, in which time
approximately 8-20 microdroplets were generated.
With this, the study focused on the different fluid
conditions, different physical properties and
geometry of the droplet generator and splitter to
predict the optimal conditions for generating
droplets. From the numerical simulation results, the
completion of the droplet generation process and the
droplet splitter can be summarized as follows.

Droplet frequency generation was based on
increasing the continuous flow rate and contact
angle, and also on decreasing the channel width. In
contrast, the decreasing of flow rate and contact
angle led to a continuous slug being created in the
main channel and the interaction between the
dispersed phase and the solid wall reducing near the
junction. This was due to droplet break up occurring
earlier in higher contact angle while the droplet
breakup is delayed in in the lower contact angle.
Furthermore, a change of viscosity in the continuous
phase, and the interfacial force, affected droplet
generation due to the sensitivity of fluid viscosity.

The droplet formation purely depends on the
structure of the geometrical shape, size, and channel
angle. The T-junction and backward inclined web
channel could generate larger droplets, and smaller
droplets could be generated by lower angle
geometry, such as Y-junction 30° and forward
inclined web 30°.

In droplet splitting technique, based on the shape of
the splitting edges and the output channel shape
arrangements and increasing of splitter angle, could
significantly increase the splitting frequency. We
simulated an effective splitting technique to produce
microdroplets. Based on the splitting technique, the
two-droplet approach involved V-shaped, needle,
and H-shaped, and the three-droplet approach
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involved an M-shaped splitter; for more droplets, a
root-shape can be used.

Future work should investigate synchronous and
asynchronous droplet formation in double T-junction
geometry.
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