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Preface

Numerical study on droplet breakup dynamics in microchannels

1. Introduction

Droplet-based microfluidics in immiscible fluids is one of the emerging fields in recent
years due to its wide application in medicine, food, drug delivery, single-cell RNA/DNA
sequencing, droplet digital PCR, diagnostic tests, tissue engineering, and cell therapy. This
approach may regulate cell size and monodispersity while eliminating the need to immunize
medicines during cell culture. They can quickly isolate cells from the external environment.
Microdroplets can be created using two methods: 1) Active technique Il) and the Passive
technique. In the active technique, the droplet is generated using external forces like electrical,
magnetic forces, or thermal energies. The passive techniques include the geometry of the channel
and the flow hydrodynamics. There are several configurations through which micro droplets can
be created, such as T-junction, co-flow, flow-focusing, and some variations. Shear force is used
in these geometries in order for droplets to be broken down. A variety of flow regimes may be
seen, such as squeezing, dripping, jetting, and continuous regimes. Researchers have employed
multiphase numerical simulation to forecast the different flow regimes based on flow
hydrodynamics. Momentum and continuity are used as governing equations to determine the
interface in the multiphase numerical simulation. Multiphase flow may be modeled using a
variety of approaches, including the volume of fluid (VOF) model, the level set method (LS), the

phase-field method, and the lattice Boltzmann method.

Droplets can be utilized as miniature reactors. For the reaction reproducibility and

consistency, they allow accurate control over any reagent quantity. Hence, this dissertation
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reports some techniques through which we can get two or more daughter droplets from a single
mother droplet. Also, it reports droplet bifurcation and multi-furcation mechanism and many
parametric studies on the droplet breakup process. The inside physics of dripping and jetting
flow using velocity vectors in a flow-focusing device is also discussed. The effect of oil-water
viscosity ratio, surface tension, and wettability on dripping and jetting flow are observed. The

point-wise objectives of the thesis are as follows:

I. A computational study on phase velocity mediated droplet splitting and its mechanism

at T-junction microchannel
I1. Influence of microchannel geometry on droplet dynamics: a computational study
I11. Numerical appraisal on liquid-liquid two-phase flow in a flow-focusing system
a. 2D simulation of dripping and jetting flow in a flow-focusing geometry
b. 3D simulation of dripping and jetting phenomena in a flow-focusing geometry

IV. Two-dimensional numerical simulation of droplet splitting in multi-furcating

microchannel

A brief discussion on each objective is presented in the subsequent sections (3-6).
Finally, a summary of the dissertation and the future scopes are also provided at the end of

section 6.
2. Methodology
2.1 CFD Methodology

Computational Fluid Dynamics (CFD) is the simulation of fluid engineering systems

using modelling (mathematical physical problem formulation) and numerical methods

Vv
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(discretization methods, solvers, numerical parameters, and grid generation, among other things).

Figure 1 depicts the procedure.

Fluid
Problem Compansond&

Fluid Mechanics Analysis

Simulation Results

Physics of Fluid

Mathematics Computer
Nawvier-Stokes Equations Computer Program
Numerical Programming
Methods Geometrv Language
Discretized Form P Grids

Figure 1. Process of Computational Fluid Dynamics

To begin with, we have a fluid problem. To solve this problem, we must first grasp the
physical properties of fluids through the use of Fluid Mechanics. Then we may use mathematical
equations to reflect these physical properties. CFD's governing equation is the Navier-Stokes
Equation. Because the Navier-Stokes Equation is analytical, it will be discretized by a computer.
There are several numerical discretization methods, including Finite Difference, Finite Element,
and Finite Volume. As a result, because our discretization is dependent on them, we must also
divide our entire problem area into multiple little parts. There are several apps available on the
market to tackle CFD challenges, such as ANSYS FLUENT, COMSOL, and others.

Workstations or supercomputers are frequently utilized to run the programs. Finally, the results

Vi
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of our simulation are visible. We may compare and contrast the results of the simulation with
those of experiments and real-world challenges. If the results are inadequate to solve the issue,
the technique must be repeated until a satisfying solution is identified. This is how the CFD

technique works.

The VOF (Volume of fluid) model, available in CFD solver ANSYS FLUENT, has been

used for capturing the interface between the phases.

2.2 The Volume of Fluid (VOF) approach

In the VOF method, continuity equation and momentum balance equations are solved,
followed by a volume fraction equation. All the equations are taken from ANSYS FLUENT

theory guide with minor modification of nomenclature and discussed below.
Continuity equation:

%P v.(pu)=0

ot (2.1)

Momentum conservation equation:

M+V~(,ouu):V~(,¢Nu)—Vp+,og+FS

ot (2.2)

In Egs. (2.1) and (2.2), u is the velocity. awand a, are the volume fraction of water and oil phase
respectively and obey the relation (aw + oo = 1) and lie between 0 and 1 in each computational

cell. The fluid properties of the mixed-phase are computed as follows

P =0,pPy +(1_aw)po (23)

Vi
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p=a,p, +-a,)u, (24)

The volume fraction equation is given below
%+U.V0{i =0 (2.5)
ot

In Eq. (2.5), subscript i denotes the ith phase: water (w) or oil (0).
The surface tension force (Fs) by continuum surface force (CSF) used in Eq. (2.2) was calculated

as

(3 Jere) o

Where o is the coefficient of surface tension, n the surface normal, and k the local surface

curvature, which is calculated as
k=V.n (2.7)
Where i=n/|n|andn=V.,.

The fluid presumed contact angle with the wall is utilized to alter the surface normal in cells near
the wall. The curvature of the surface near the wall is adjusted as a result of this so-called

dynamic boundary condition.

If 8,, is the contact angle at the wall, then the surface normal at the live cell next to the wall is
A=A, cosd,, +f, sing,, 2.8)

Where A, and f,, are the unit vectors normal and tangential to the wall, respectively. The local

curvature of the surface is determined by combining this contact angle with the typically

viii
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calculated surface normal one cell away from the wall, and this curvature is utilized to change

the body force term in the surface tension calculation.

In executing the VOF method, a and P are initially given in each

computational cell center, and u is given at cell surfaces. p and p at the interface can be
determined by Egs. (2.3) and (2.4) respectively. k and F, are determined by Egs. (2.7) and (2.6)

respectively. Subsequently, the continuity (Eq. (2.1)) and momentum equation (Eq. (2.2)) are
solved through a hydrodynamic scheme. The volume fraction equation is solved using a geo-
reconstruction interpolation technique to achieve the highest accuracy. Importantly it is noted

that the tracking of the interface between two phases is associated with this solution.

3. Objective — I: A computational study on phase velocity mediated droplet splitting and its

mechanism at T-junction microchannel

In this study, 2D numerical simulations were conducted to reveal the breakup and non-
breakup mechanism of a droplet in a horizontal microfluidic T-junction using oil-water volume
fraction contours, pressure profile, velocity profile, and vorticity profile. The numerical
simulation is validated with experimental results taken from the literature. Two types of droplet
breakup regimes, namely tunnel-breakup and obstructed breakup along with a non-breakup
regime with the alternate movement of droplets were found. The tunnel breakup is mainly due to
the formation of vortex flow in front of the droplets whereas the breakup at obstruction is
induced by the formation of high upstream pressure in the main channel. Interestingly, a pressure
swing phenomenon is identified, which drives the droplets in the horizontal microfluidic T-

junction’s alternating arms. Depending on the phase velocities, numerous mixed phenomena
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were also observed when the droplets flowed through the horizontal T-junction microchannel. A
flow pattern map is presented to guide the on-demand requirement of the flow behavior based on
two dimensionless numbers, namely capillary number and mixture Reynolds number. In pressure
drop analysis, the drift flux model provides a better prediction than the homogeneous model. The
pressure swing phenomena in the alternate movement of droplets through the T-junction of the

microchannel is depicted in Figure 2.
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Figure 2. Volume fraction contour of mineral oil-water, Dynamic pressure field contour,
Velocity vectors and Vorticity data during alternate movement of droplets at T-junction of the

microchannel.

4. Objective — II: Influence of microchannel geometry on droplet dynamics: a

computational study

In this study, the effect of width ratio (branch channel width/main channel width) on
droplet breakup dynamics in a horizontal microfluidic T-junction using oil-water volume fraction
contours, pressure profile, and velocity profile has been investigated using 2D simulation.
Simulations have been also conducted to reveal the effect of branch arm length ratio (right arm
length/left arm length) on droplet breakup dynamics. The numerical simulation is validated with
experimental results taken from the literature. Two types of breakup regimes, along with a non-
breakup regime, have been found. The breakup regimes are tunnel breakup, and obstructed
breakup, and the non-breakup regime is the alternate movement of droplets. The tunnel breakup
and the obstructed breakup are mainly due to the pressure difference in the branch channel and
the direction of the velocity vectors towards the branch’s exit. The pressure swing phenomenon
is the reason behind the alternate movement of the droplets. Breakup with tunnel is found in WR
=0.75, 0.5, breakup with obstruction is found in WR = 0.25 and alternate movement is found in
WR =1 for Vw = 0.01 m/s, Vo = 0.18 m/s. It has been found that breakup tendency increases as
we decrease the width ratio (1, 0.75, 0.5, and 0.25) and increase the arm length ratio (0.4, 0.6,
and 0.9). Droplet breakup conditions have been studied. Mixed flow patterns have been
displayed with the help of a flow pattern map for the width ratio = 1, 0.75, 0.5, and 0.25.

Prediction of simulated pressure gradient has also been made with the help of the Lockhart and

Xi
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Martinelli approach and Dimensional analysis for width ratio = 1. Some representative results on

the effect of width ratio (1, 0.75, 0.5, 0.25) on droplet breakup has been represented in Figure 3.

WR

WR=0.5 | WR=0.75

!
’

O o e O

iv

WR =0.25

— ) —

Figure 3. The width ratio alters the two-phase flow morphology. Red and blue colors represent
the volume fraction contour of oil and water, respectively. Three columns refer to three different
locations of the droplets in the microchannel along with the time of progression at a constant

phase flow rate (Vw = 0.01 m/s, Vo, = 0.18 m/s).
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5. Objective — 111: Numerical appraisal on liquid-liquid two-phase flow in a flow-focusing

system
a. 2D simulation of dripping and jetting flow in a flow-focusing geometry

2D simulations have investigated flow regimes in a flow-focusing geometry by changing
the dispersed phase and continuous phase velocities. The dispersed phase is the

Polydimethylsiloxane (PDMS), and the continuous phase is the water. Simulations have been

performed in a range of oil-water viscosity ratios (ﬁj from 3-50, and interfacial tension ranges

Hy
from 0.0118-0.002 N/m. The walls of the microchannel are considered to be PMMA surfaces.
An oil droplet's contact angle (0) on the PMMA surface in the presence of water is 140°. Our
study observed two types of flow regimes, namely dripping and jetting, by changing the
dispersed phase and continuous phase velocities. The sequential time steps of void fraction
contour have been presented to explore the droplet formation mechanism. The droplet pinch-off
and jet growth time have been calculated for the dripping and jetting regimes, respectively. The
outcomes are summarized in the form of a flow pattern map at a viscosity ratio of 12 and
interfacial tension of 0.0118 N/m, which shows the transition boundary between dripping and
jetting phenomena. The simulated transition boundary gives good agreement with the analytical
solution available in the literature. The effect of oil-water viscosity ratio and interfacial tension
on droplet size is also investigated. Moreover, the effect of oil-water viscosity ratio and
interfacial tension on jet growth time has also been investigated. These findings will help to

understand the different flow regimes and their transition in a flow focusing geometry and will

xiii
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directly apply to microfluidic platform-based devices. Velocity vectors in Figure 4 represent the

inside physics of jetting flow at Ho _ 12,6=0.0118 N/m, 6 = 140°.

Hy
t=0s t=0.02s t=0.03s
0(m/s) 7 0;5 .?09 (a) (b) (C)
2 ~ v
ir| D — —
[ ) ¥ ’ % g
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(d) (e)
t=0.19s
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Figure 4. Velocity vectors at different time steps to explain the inside physics of jetting flow at

o —12,6=0.0118 N/m, 0 = 140°
Hy
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b. 3D simulation of dripping and jetting phenomena in a flow-focusing geometry

3D simulations have been performed on a flow-focusing geometry using the VOF method
to study the effect of viscosity, surface tension, wettability, and geometry on droplet generation
for the dripping regime. Here the dispersed phase is the PDMS oil (polydimethylsiloxane), and

the continuous phase is the water. Simulations were performed at different oil-to-water viscosity

ratios [&J of 3, 12, 27, and 50. The interfacial tension between PDMS oil and water is 0.0118

Hu

N/m. It has been reduced to 0.008 N/m, 0.005 N/m, and 0.002 N/m, and simulations were
performed. The walls of the microchannel are considered to be PMMA surfaces. The contact
angle of an oil droplet on the PMMA surface in the presence of water is 140°. The effect of
wettability was shown at various contact angles (angle created by water droplet on the PMMA
surface in the presence of oil) of 0°, 40°, 90°, 135° and 180°. Frequency of droplet (1/s), non-
dimensional droplet length (L/W¢), droplet volume (nL), and droplet velocity (m/s) have been
calculated for each of the cases. A flow pattern map has been developed to identify the dripping
and jetting regimes. A comparison between normal geometry and two constricted geometries
(having different orifice lengths) based on the frequency of droplet, non-dimensional droplet
length, droplet volume, and droplet velocity has been made for both dripping and jetting regimes.
Prediction of simulated non-dimensional droplet length has also been made using dimensional
analysis. An Iso-surface visualization of the dripping regime at different oil-water viscosity

ratios is represented in Figure 5.

Xv
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Figure 5. Time variation of Iso-surface visualization of dripping regime at different oil-water

viscosity ratio
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6. Objective — IV: Two-dimensional numerical simulation of droplet splitting in multi-

furcating microchannel

Multiple splitting of droplets through multi-furcating microchannel, consisting of five
outlets, is investigated using 2D simulation. For all five multi-furcating branches, a width ratio of
0.25 (branch channel width/main channel width) is used since multiple splitting occurs at this
ratio. The values of the dispersed phase velocity at which the droplets multi-furcate across the
five arms of the microchannel are determined. The mechanism of droplet multi-furcation is
explained. Oil fraction data were collected for five velocity combinations, with the continuous
phase velocity set to greater than 0.16 m/s, causing droplets to multi-furcate along the micro
channel’s five arms and is compared with the homogenous model. The droplet length distribution
in the branch channels with various angles (0°, +40°, and £90° branch channels) is performed.
The droplet frequency (counts per unit time) in the branch channels (0°, £40° and +90Q°) is
determined. Variation in the area distribution ratio with the capillary number was also observed.
In this study a method for droplet splitting is proposed and our findings can be used in droplet-
based biological assays. Mechanism of multi-furcation of droplets through multi-furcating
channel has been explained with the help of volume fraction contour, dynamic pressure, velocity

vector and vorticity in Figure 6.

XVii
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Figure 6. Pictorial representation of insight physics of a multi-furcation phenomena at Vv, = 0.002
m/s and V, = 0.16 m/s. 2" column -volume fraction contour; 3™ column -dynamic pressure; 4%

column -velocity vectors; and 5™ column -vorticity
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Summary
The detailed conclusions of the individual technical chapters are elaborated below.

e In the third chapter (first technical chapter), two types of droplet breakup regimes, namely
tunnel-breakup and obstructed breakup and one non-breakup regime, alternate movement has
been observed. New flow morphology, namely mixed flow pattern, transient in nature, has
also been observed in a wide range of phase velocities. It has been found that pressure swing
phenomena at the T-junction have instigated the movement of the droplets in alternate
directions. The formation of vortex flow at the front ends of the droplets is one of the critical
reasons for droplet breakup with tunnel. On the other hand, the resultant effect of larger
droplet volume, upstream pressure buildup, and vortex flow are found to be responsible for
droplet bifurcation with obstruction. The results show that the drift flux model gives a higher

accuracy in pressure drop prediction.

e In the fourth chapter (second technical chapter), the tunnel breakup and the obstructed
breakup are mainly due to the pressure difference in the branch channel and the direction of
the velocity vectors which are toward the branch’s exit, and the pressure swing phenomenon
is the reason behind the alternate movement of the droplets. It has been found that breakup
tendency increases as we decrease the width ratio (1, 0.75, 0.5, and 0.25) and increase the

arm length ratio (0.4, 0.6, and 0.9).

¢ Inthe 5.a. chapter (third technical chapter), a mechanism on dripping and jetting phenomena

also has been discussed. A flow pattern map has been presented identifying the dripping and

XiX
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jetting regimes. It has been observed that the dripping is restricted to low to moderate weber
numbers of the dispersed phase and low to high capillary numbers of the continuous phase.
At the same time, the jetting regime is limited to low to high capillary numbers of continuous
phases and moderate to high weber number of the dispersed phase. The transition between
dripping and jetting has been confirmed through the calculation of the effective capillary
number of the interface. The droplet size decreases with an increase in oil-water viscosity
ratio and with a decrease in interfacial tension. The time scale of jet growth increases with an

increase in oil-water viscosity ratio and a decrease in interfacial tension.

e In the 5.b. chapter (fourth technical chapter), It has been observed that the droplet became
smaller in size with an increase in the oil-water viscosity ratio. The frequency increases with
an increase in the oil-water viscosity ratio. On the other hand, droplets became larger with
the increase in the interfacial tension. The droplet is not generated at 0.002 N/m (i.e., 0 Hz
frequency) as a continuous oil thread is observed. In the present simulation, droplets onset at
the interfacial tension of 0.005 N/m and frequency at this condition is 60 Hz. Then, it
decreases continuously with an increase in the interfacial tension. Droplet velocity decreases
with an increase in the interfacial tension. The effect of wettability was studied by changing
wettability angles (0) (angle created by water droplet on the PMMA surface in the presence
of oil) from 0°-180°. For 6 <= 90°, water is the continuous phase in which droplets of PDMS
were formed. For 6 > 90, the water became the dispersed phase in the continuous oil
medium. At 6 = 135° and 180°, the channel becomes super hydrophobic, which gives an
annular flow configuration in the channel. Here, the oil phase warps the channel surface, and

the water phase turns into a continuous thread flowing through the centre of the channel.

XX
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Wettability also influences the non-dimensional droplet length (L/W¢). The highest value of
L/W. and droplet volumes are 1.25 and 220 nL, respectively, at 6 = 100°. The frequency
increases from 18-36 Hz for a change of 6 from 0°-90° respectively, and then it decreases due
to a change of 6 from 90°-180°. It is important to note that a water thread is formed beyond 6
= 135°. That is why droplet frequency is considered 0 Hz. The droplet velocity increases
from 0.045-0.050 m/s for change in 6 from 0°-80° and then it decreases from 0.050-0.020 for
the 0 ranging from 80°-180°. Prediction of non-dimensional droplet length was made with the

help of dimensional analysis in a flow-focusing geometry.

e In the sixth chapter (fifth technical chapter), the critical value of the dispersed phase and
continuous phase velocities at which the droplets multi-furcate across the five arms of the
microchannel is Vw = 0.0001 m/s and V, = 0.16 m/s respectively. The mechanism for droplet
multi-furcation is explained. A percentage deviation of 16.48 is found between the simulated
oil fraction data and the homogenous model. The droplet length distribution in the branch
channels (0° +40° and +90° branch channels) was found. It was observed that the
dimensionless droplet length (1) increases first up to a certain flow rate ratio (0.62), then
decreases. The frequency of droplet generation increases with an increase in capillary
number. Variations in the area distribution ratio with the capillary number have also been

reported.

XXi
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Future scopes:

The works presented in the technical chapters further open up a wide range of future scopes in

the relevant working fields, some of which are referred below.

» Experiments or simulation on droplet breakup can be done for non-Newtonian fluids.

« Air can be used instead of oil, and experiments/simulations can be done on droplet

breakup.

» The effect of mass transfer or heat transfer on droplet breakup dynamics can be observed

through simulation, experiment, or both.

» Experiments or simulations on droplet breakup can be done for more complex geometry.

XXii
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ABSTRACT

Droplets can be used as mini-reactors. They provide precise control over any reagent
amount, which improves reaction repeatability and uniformity. The small droplets decrease
exposure to potentially hazardous chemicals. The food industry, diagnostic testing, cosmetics,
supra-magnetic nanoparticle production, medication delivery, and drug discovery all use
homogeneous droplets. Droplets are often formed by mechanical agitation. However, mechanical
mixing produces droplets of varying sizes. This might jeopardize process controllability.
Microfluidics, the study of fluid dynamics at the micro to the nanoscale, enables the control of
droplet size and quantity. With hundreds to thousands of droplets formed each second, the
throughput of droplet formation rises. Droplets can be formed using i) Active method ii) Passive
method. The passive method includes various ways, such as T-junction, co-flow, flow-focusing,
and some variants. On the other hand, additional energy such as alternating or direct current is
applied in the case of active splitting. In this work, an interest was felt in doing the numerical
study on droplet breakup dynamics in microchannels using the passive method with the help of

CFD. The objectives of the present work are as follows:

I. A computational study on phase velocity mediated droplet splitting and its mechanism

at T-junction microchannel

I1. Influence of microchannel geometry on droplet breakup dynamics: a computational

study
[11. Numerical appraisal on liquid-liquid two-phase flow in a flow-focusing system

I11a. 2D simulation of dripping and jetting flow in a flow-focusing geometry

XXiii
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I1lb. 3D simulation of dripping and jetting phenomena in a flow-focusing

geometry

IV. Two-dimensional numerical simulation of droplet splitting in multi-furcating

microchannel

A computational fluid dynamics study has been performed to reveal the inside physics of
the droplet breakup mechanism when droplets pass through the T-junction of a microchannel.
Two types of droplet breakup regimes, namely tunnel-breakup and obstructed breakup, and one
non-breakup regime, including the alternate movement, have been observed. A new flow
morphology, namely a mixed flow pattern, transient in nature, has also been observed in a wide
range of phase velocities. The effect of width ratio (branch channel/ main channel) and arm
length ratio (right arm length/ left arm length) on droplet splitting were investigated. It has been
found that breakup tendency increases as we decrease the width ratio (1, 0.75, 0.5, and 0.25) and
increase the arm length ratio (0.4, 0.6, and 0.9). Four flow pattern maps were developed based on
the various mixed flow patterns for four different width ratios. A flow pattern map has been
presented identifying the dripping and jetting regimes. The droplet size decreases with an
increase in oil-water viscosity ratio and with a decrease in interfacial tension. The time scale of
jet growth increases with an increase in oil-water viscosity ratio and a decrease in interfacial
tension. The effect of oil-water viscosity ratio, surface tension, and wettability on dripping and
jetting flow has been observed using 3D simulation. It has been observed that the droplet became
smaller in size with an increase in the oil-water viscosity ratio. The frequency increases with an
increase in the oil-water viscosity ratio. On the other hand, droplets became larger with the
increase in the interfacial tension. The droplet is not generated at 0.002 N/m (i.e., 0 Hz

frequency) as a continuous oil thread is observed. In the present simulation, droplets onset at the
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interfacial tension of 0.005 N/m and frequency at this condition is 60 Hz. Then, it decreases
continuously with an increase in the interfacial tension. Droplet velocity decreases with an
increase in the interfacial tension. The effect of wettability was studied by changing wettability
angles (0) (angle created by water droplet on the PMMA surface in the presence of oil) from 0°-
180°. For 6 < 90°, water is the continuous phase in which droplets of PDMS were formed. For 0
> 90°, the water became the dispersed phase in the continuous oil medium. Prediction of non-
dimensional droplet length was made with the help of dimensional analysis in a flow-focusing
geometry. In the last objective, the multi-furcation of droplets through a multi-furcating channel
was observed using 2D simulation. The critical value of the dispersed phase and continuous
phase velocities at which the droplets multi-furcate across the five arms of the microchannel is
Vw = 0.0001 m/s and Vo, = 0.16 m/s, respectively. It was observed that the dimensionless droplet
length (1) increases first up to a certain flow rate ratio (0.62), then decreases. The frequency of

droplet generation increases with an increase in capillary number.
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NOMENCLATURE

Subscripts

tp is the two phase
g is the gas

I is the liquid

m is the mixture

w is the water phase
Latin Capital Letters

D is the pipe diameter, m

Dw is the diameter of main and branch channel, m
X is the Martinelli parameter

Um is the mixed velocity, m/s

Uso is the superficial velocity of oil, m/s

Usw is the superficial velocity of water, m/s

Ho is the hold up

P is the Pressure, Pa

L is the Length, m

P is the total pressure, Pa
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Fs is the surface tension force, N

Vo is the oil velocity, m/s

Vw is the water velocity, m/s

Renm is the Reynolds mixture number

Qo is the volumetric flow rate of oil, m3
Quw is the volumetric flow rate of water, m®
A is the cross sectional area of the channel, m?
Greek Symbols

u is the viscosity, Pa.s

um is the mixed viscosity, Pa.s

p is the density, Kg/m®

pm is the Mixed density, Kg/m®

o is the Interfacial tension, N/m

¢ is the two phase multiplier

IT is the dimensionless group

0 is the Contact angle (°)

0o IS the volume fraction of mineral-oil

v is the area distribution ratio
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po is the oil density, Kg/m?®

pw is the water density, Kg/m?

aw IS the volume fraction of water
Lo IS the oil viscosity, Pa.s

ww IS the water viscosity, Pa.s

o is the vorticity, 1/s

0, is the contact angle, ° (Degree)
Bo is the input phase fraction
Lowercase Letters

f is the friction factor

fm s the friction factor of the mixture
e is the Roughness factor

| is the dimensionless droplet length
X is the mass fraction of oil

g is the gravity acceleration, m/s?

u is the velocity, m/s

i is the surface normal

k is the local surface curvature

XXXiii

TH-3136_166107025



i, are the unit vectors normal to the wall

A

t,, are the unit vectors tangential to the wall
p is the dynamic pressure, Pa
Abbreviations

CFD is the Computational fluid dynamics

VOF is the VVolume of fluid
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Chapter 1 Introduction

1.1 OVERVIEW

Droplet based microfluidics has attracted the attention of lot of researchers due to its easy
applicability in the field of food industry [1], diagnostic tests [2], cosmetics [3], supra-magnetic
nanoparticle synthesis [4], single-cell RNA/DNA sequencing [5], droplet digital PCR [6],
nanoparticle synthesis [7], drug delivery [8], and drug discovery [9], etc. Droplet miniaturization
is critical in micro channels because plug, slug, and separated flow dominate the morphology of
multiphase flow. Heat, mass, and other interfacial transit can be improved in gas-liquid, liquid-
liquid, and gas-liquid-solid flows by producing micro or miniaturized droplets. A small droplet
serves as a reagent vessel and a sample cage inside a continuous liquid phase [10]. Droplet flow
provides several advantages over continuous flow, including the ability to scale down the reagent
quantity to micro/Nano liters, shorten reaction time, and improve reaction efficiency [11]. This
facilitates simpler management of operational parameters, such as cost reduction if expensive
chemicals are used. There are two ways to make micro droplets: 1) Active method Il) Passive
method [12]. The droplet is created utilizing external forces such as electrical, magnetic, or
thermal energy in the active method. In passive method, droplet is created under the effect of the
shape of the channel and the flow hydrodynamics. Micro droplets can be formed in a variety of
ways, including T-junction, co-flow, flow-focusing, and some variants [13]. Shear force is
pragmatic in these geometries to break down droplets. Various flow regimes, such as squeezing,
dripping, jetting, and continuous regimes, may be seen. Also, there are several methods for
lowering the size of a droplet in a microchannel. This include modifying the fluid characteristics
[14], introducing constriction into the channel [15], producing a pattern on the inner wall of the
channel [16], diverting the flow through T and Y channel or through channel network [17], etc.

Researchers used multiphase numerical simulation to estimate different flow regimes based on
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flow hydrodynamics. In the multiphase numerical simulation, momentum and continuity are
employed as governing equations to compute the interface. A variety of methodologies may be
used to simulate multiphase flow, including the volume of fluid (VOF) model, the level set
method (LS), the phase-field method, and the lattice Boltzmann method (LBM) [18]. The VOF
method [19] is a Eulerian-Eulerian variant in which the secondary phase is not dispersed inside
the main phase but rather exists as an interface between the phases, which must be tracked while
also calculating a momentum equation for each phase. Even on coarse meshes, the VOF
maintains mass conservation, while the level set offers a defined contour for the interface and a
smoothly differentiable field. The level set method [20] is a technique for describing moving
fronts implicitly. The fundamental principle is that the front position is specified as the zero level
set of an auxiliary field defined across the domain of interest. In the phase field technique, the
state of the whole microstructure is represented continuously by a single variable known as the
order parameter w [21]. For instance, ¢ =1, ¢ = 0, and 0 < ¢ < 1 denote the precipitate, matrix,
and interface, respectively. The latter is thus found by the area where w shifts from its precipitate
value to its matrix value. The width of the interface is the range across which it changes. The
phase field is the collection of values of the order parameter throughout the entire volume. The
LBM is a numerical approach for studying fluid flows at the microscopic level that is analogous
to the kinetic theory of gases [22]. Instead of solving the Navier—Stokes equations directly,
streaming and collision (relaxation) processes are used to simulate a fluid density on a lattice.
The approach is adaptable because the model fluid may be easily modified to imitate common
fluid behavior such as vapor/liquid coexistence, allowing fluid systems such as liquid droplets to

be mimicked. Furthermore, fluids in complicated settings, such as porous media, can be easily
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simulated, whereas other CFD methods might be difficult to deal with when the boundaries are

complex.

Table 1.1. Comparison between level set method and VOF method [23]

Characteristics & features

Level set method

VOF method

Governing equation

o

op _

DPiu =0

ot

' oX,

Physical interpretation

Application of (Kinematic)
free surface boundary

condition ( De/Dt =0)

Transport equation of mass

fraction (or concentration)

Location of interface

@ =0 (usually)

@ = 0.5 (usually)

Re-processing of interface

Reinitialization
(Redistancing) — PDE or

Geometric approach

Reconstruction of free surface

(SLIC, PLIC etc.)

Surface tension modelling

Easy to incorporate

Not straightforward

3D extension

Relatively straightforward

Not easy

Development

Osher and Sethian [24]

Hirt and Nichols [19]

Applications

Research in CFD, special

effects in movies, etc.

Commercial codes in CFD
(FLOW 3D, FLUENT,
ANSYS, etc.), CADMAS-

SUREF, etc.
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Table 1.2. Applications, advantages and disadvantages of VOF, LS and LBM Method

[25]
VOF & Level set method LBM method
Applications Cardiovascular system Arterial flow and pathologies
Arterial flow and pathologies Respiratory flows
Respiratory flows Cell dynamics and interactions
Medical devices Microfluidics/ lab-on-a-chip
Advantages Suited to larger space/time scale Retains particle-based physics

Mature, well understood and robust

Handles macroscopic quantities

Restricted to adjacent points
Simple basic boundary conditions

Incorporates physics naturally

Disadvantages

Limited by continuum assumption
Time consuming mesh generation
Complex non-linear, non-local

equations

Stability limitations with basic model
Generally limited to square lattices
Relatively new method as compared

with LS & VOF
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1.2 DROPLET SPLITTING THROUGH T-JUNCTION OF A MICROCHANNEL

Droplet splitting through T-junction of a microchannel is a passive method. Mainly two
types of breakup phenomena take place at T-junction of a microchannel: i) Breakup with tunnel
i) Breakup with obstruction. And one non-breakup phenomena: i) Alternate movement of

droplets. These three types of flow are schematically shown in Figure 1.1.

Alternate movement Breakup with tunnel Breakup with
obstruction
O $ $ $ U $ » T[ﬂ& w$ flow $
c () ®© od €O & Qe

Figure 1.1. Type of breakup in a T-junction of a microchannel adopted from [26]

In case of breakup with tunnel, the breakup process is divided into three parts: i)
Extension ii) Squeeze iii) Post-breakup [27]. The interface is warped from a circular shape to a
spherical cap during the extension stage, and it eventually converts to a slug with a continuously
flattening back interface. When the back interface simply leaves the main channel, it is
completely flat. Following that, the upstream liquid squeezes the central section of the slug,
indicating that the droplet breakup process has entered the squeeze stage. The liquid flows
downstream via the "tunnel” wedged between the droplet and the branch wall (i.e. the lubricating
liquid flow) during the squeeze stage, and the droplet is lengthened and pushed downstream in
the branch. When the droplet becomes the shape of a dumbbell, it reduces the width of the neck
between two branches. The lubricating liquid flow velocity is substantially larger than the droplet
velocity. When the shear force of the lubricant liquid layer acting on the droplet exceeds the

interfacial tension, a local vortex flow forms at the droplet's front edge, pushing the dumbbell-
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shaped bubble towards the channel outlet. This vortex flow and the accumulated upstream
pressure in the main channel aid in narrowing the neck in the center of the droplet, eventually
causing the pinch-off of the neck and splitting of the droplet with tunnel. In case of breakup with
obstruction, the breakup process is divided into three parts: i) Extension ii) Squeeze iii) Post-
breakup [27]. In contrast to the "tunnel™ breakup regime, the upstream liquid is unable to flow
around the droplet to the downstream during the whole droplet breakup process in the obstructed
breakup regime. During the extension stage, the droplet is twisted from a slug shape to a "T"
shape before reverting to a slug shape in the branch. As, no upstream liquid can bypass the
droplet, so surface tension force is the dominating force here. In the middle of the bifurcation, an
arc-shaped depression emerges, and the droplet flow enters the squeeze stage. As time passes,
the neck narrows until the droplet pinches off into two daughter droplets that still obstruct the
branch. And alternate movement of droplets is due to pressure swing phenomena. The periodic
difference in pressure in the left and right arm of the microchannel causes the alternate
movement of the droplets. There is no squeezing and pinch-off stage of the droplets observed
during an alternating flow of droplets. It happens for small droplets with low dispersed and
moderate continuous phase velocity onsets. Only extension and pushing stages exist [27]. During
the extension stage, the droplet makes contact with the opposing wall and deforms. As a result,
the front interface flattens out gradually. The degree of deformation is inadequate to split the
droplet since the shear force exerted on it is relatively little in comparison to the surface tension
force. Following the extension stage, the droplet enters the pushing stage. The continuous phase
runs across the space between the droplet's surface and the channel wall's corner. This results in
the formation of a high-pressure zone on the left side of the T-junction. This increased pressure

forces the droplet into the right side of the T-junction. When the second droplet arrives at the T-
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junction, a high-pressure zone forms on the right side of the T-junction, pushing the droplet into
the left side of the T-junction. As long as the velocity of the phases remains constant, this time-
periodic change of pressure and alternating droplet motion will continue. Thus, the alternative
motion of the water droplet is caused by the periodic swing of the high-pressure zone in the left

and right sides of the T-junction microchannel.

1.3 DROPLET FORMATION IN A FLOW-FOCUSING GEOMETRY

Flow focusing on fluid dynamics is a technique whose goal is to produce droplets or
bubbles using simple hydrodynamic procedures. The result is dispersed liquid or gas. Flow
focusing has potential applications in the food, medical, pharmaceutical, cosmetic, photography,
and environmental industries, etc. Droplet formation takes place in a flow-focusing geometry due
to the balance in inertia, surface, viscous and pressure forces. According to the varied
confinements, common microfluidic flow-focusing devices may be classified into three kinds: i)
Axisymmetric capillary co-flowing device ii) The flow-focusing junction iii) Cross-junction
geometry. Jetting and dripping are the two main flow regimes seen in a flow-focusing geometry.
Other flow regimes which can be seen are: tubing, viscous displacement, dripping-plug,
dripping-monodispersed, jetting-monodispersed, jetting-plug [28]. All these flow regimes are

schematically shown in Figure 1.2.
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Figure 1.2. Different regimes in a flow focusing geometry adopted from [28] and [29]

The dripping—jetting transition may be calculated by comparing the capillary collapse

time in Rayleigh—Plateau instability to the dispersed thread growth time [30], or by comparing

the capillary time for interfacial disturbance growth and the fluid's convective flow time. The

factors on which the size and frequency of the droplets depends are: i) surface tension ii)

viscosity iii) contact angle. It can be seen that with increase in oil-water viscosity ratio, the

droplet size decreases and frequency of droplet formation increases. This is because increasing

the oil-water viscosity ratio means increasing the viscous force. This increases the shear force

acting on the dispersed phase. Moreover, now, the shear force is greater than the interfacial

tension. This leads to the breakup of the dispersed thread faster, generating tiny droplets. With

the decrease in surface tension, the droplet size decreases and frequency of droplet formation

increases.
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The formation process of micro droplets in a flow-focusing is basically divided into three
stages: i) Filling stage ii) Necking stage and iii) Detachment stage [31]. The two phases enter
from three distinct inlets during the filling stage. The dispersed phase enters through the inlet
which is symmetry with the X axis, and the continuous phase enters through the inlet which is
symmetry with the Y axis, and the two fluids meet at the confluence of the micro channel. The
two phases run downstream of the main channel due to the pressure in the second stage. Because
of the combined influence of interfacial tension and viscous force, the dispersed phase's manifold
is compressed by the continuous phase. Due to capillary instability and contact between the two
phases, the continuous phase exerts a flow-focusing effect on the dispersed phase in the third
stage. The symmetrical shear pressure of the continuous phase influences the dispersed phase on

both sides, causing it to fail to remain stable and break into uniform droplets.

In case of dripping flow, the thickness of the neck of dispersed phase reaches critical and
droplets are formed near the junction but in case of jetting flow, the thickness of the neck of
dispersed phase doesn’t reaches critical value, instead a lengthy jet is formed. Due to jet

instability, it breaks into uniform droplets at a certain distance from the junction.

1.4 MULTI-FURCATION OF DROPLET THROUGH MULTI-FURCATING CHANNEL

The droplets multi-furcate due to the pressure drop and the shear stress of the flow field.
The formation process of micro droplets in a multi-furcating channel is basically divided into
three stages: i) Expansion ii) Squeezing and iii) Pinch-off [32]. During the expansion stage, the
mother droplet spreads continuously until the moment that it firstly touches the sharp corners of

the branches. During the squeezing stage, the mother droplet moves toward the junction under
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the combined action of inertia force, shear force, surface tension and became into a thin threaded
necklace-like structure due to the vortex formation in the sharp corners of the branches. After
that it enters into the pinch-off stage where the mother droplet splits into five daughter droplets
under the influence of local surface tension and pressure forces and pass through the five arms of
the microchannel. The droplets passing through the five arms of the microchannel are not having

the same size because of the difference in the pressure in the five arms of the microchannel.

Critical condition for multi-furcation of a single mother droplet into five daughter
droplets can be found by tuning the dispersed and continuous phase velocities. Finding the oil
fraction data, dimensionless droplet length in branch channel, area distribution ratio of droplet in
branch channel and frequency of the droplets generated in each arm of the multi-furcating

channel will help us in understanding the performance of the microfluidic device.

1.5 COMPARISON BETWEEN 2D AND 3D SIMULATIONS

Although 2D simulations take less computing time than 3D simulations, the 2D technique
has numerous drawbacks over the 3D method. The 2D model is insufficient for estimating shear
forces accurately. It can only provide an estimate. However, the general pattern of the shear force
and the type of its influence will stay unchanged. Furthermore, 2D simulation does not
adequately account for surface force and does not estimate viscous force with better precision. In
comparison, the 3D technique considers surface and viscous force. As a result, the droplet’s
shape and size will vary, but the overall flow pattern (interfacial arrangement or volume fraction
contours) will remain constant. Although 2D simulation is not ideal for accounting the absolute

values of the various forces, it is useful for qualitative estimation of flow patterns. It is also

11
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useful where there is influence of channel geometry. 2D simulation perfectly accounts the
velocity field and fluid properties (except surface forces). Whereas 3D simulations are ideal for

quantitative measurement (for measuring droplet length, neck thickness, film thickness, etc.).

1.6 OBJECTIVES AND SCOPE OF PRESENT RESEARCH WORK

Microfluidics has piqued the interest of many experts from industry and academia
because microchannel-based devices allow us to scale down the reagent amount to micro/Nano
liters, reduce reaction time, and improve reaction efficiency, and provide significant advantages
in terms of environmental point of view. It also allows for the miniaturization of a wide range of
existing scientific and industrial equipment. The literature review is discussed in the introduction

section of the respective chapters. So, here in this thesis, we aim to explore:

I. A computational study on phase velocity mediated droplet splitting and its mechanism

at T-junction microchannel

I1. Influence of microchannel geometry on droplet breakup dynamics: a computational

study
I11. Numerical appraisal on liquid-liquid two-phase flow in a flow-focusing system
Ila. 2D simulation of dripping and jetting flow in a flow-focusing geometry
I1lb. 3D simulation of dripping and jetting phenomena in a flow-focusing
geometry

IV. Two-dimensional numerical simulation of droplet splitting in multi-furcating

microchannel

12
TH-3136_166107025



Chapter 1 Introduction

1.7 ORGANIZATION OF THE THESIS

The present dissertation is organized into eight chapters:

1. The first chapter gives a brief introduction to about the droplet microfluidics, it’s area of
applicability, different methods to create droplet, different ways through which size of a droplet

can be reduced, the different multiphase models.

2. CFD methodology in detail have been discussed in chapter two.

3. Chapter three reports the probable insights behind the droplet breakup and the mixed flow
pattern in a microchannel T-junction. The velocities of the oil and water phases were altered to
better understand the mechanics of the many forms of droplet breakup occurrences. The effects
of the velocity field, pressure field, and vorticity magnitude on droplet breaking up have been

investigated.

4. Chapter four reports the effect of width ratio and arm length ratio on droplet breakup
dynamics in a microfluidic T-junction. Prediction of pressure drop using Lockhart and Martinelli

approach and Dimensional analysis have been reported.

5. In chapter 5a, 2D simulations have been performed to investigate the effect of phase velocities
on flow regime in a flow-focusing geometry. Regime transition criteria has been discussed. The

effect of oil-water viscosity ratio and interfacial tension on droplet size is also investigated.

6. In chapter 5b, 3D simulations have been performed to investigate the effect of viscosity,
surface tension, wettability and geometry on droplet size, frequency, droplet volume and droplet
velocity in a flow-focusing geometry. Prediction of simulated non-dimensional droplet length

has also been made using dimensional analysis.

13
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7. Numerical simulation of droplet splitting in multi-furcating microchannel using 2D simulation
has been reported in chapter 6. The mechanism for droplet multi-furcation has been explained in
this chapter. Critical value of dispersed phase velocity at which multiple splitting takes place has
been revealed. Study of three parameters (dimensionless droplet length, droplet frequency
(counts per unit time), and area distribution ratio) have been done to understand the insight of the

multi-furcation.

8. Finally, novel contributions from the preceding chapters are presented as conclusion and

potential area for future scope are proposed in the chapter seven.

14
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2.1 CFD METHODOLOGY

Computational Fluid Dynamics (CFD) is the simulation of fluid engineering systems
using modelling (mathematical physical problem formulation) and numerical methods
(discretization methods, solvers, numerical parameters, and grid generation, among other things).

Figure 2.1 depicts the procedure.

Comparison&

Fluid Mechanics Analysis

Phvsics of Fluid Simulation Results

Mathematics Computer
Navier-Stokes Equations Computer Program
Numerical Programming
Methods Geometry Language
Discretized Form P Grids

Figure 2.1. Process of Computational Fluid Dynamics [1]

To begin with, we have a fluid problem. To solve this problem, we must first grasp the
physical properties of fluids through the use of Fluid Mechanics. Then we may use mathematical
equations to reflect these physical properties. CFD's governing equation is the Navier-Stokes
Equation. Because the Navier-Stokes Equation is analytical, it will be discretized by a computer.

There are several numerical discretization methods, including Finite Difference, Finite Element,
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and Finite Volume. As a result, because our discretization is dependent on them, we must also
divide our entire problem area into multiple little parts. There are several apps available on the
market to tackle CFD challenges, such as ANSYS FLUENT, COMSOL, and others.
Workstations or supercomputers are frequently utilized to run the programs. Finally, the results
of our simulation are visible. We may compare and contrast the results of the simulation with
those of experiments and real-world challenges. If the results are inadequate to solve the issue,
the technique must be repeated until a satisfying solution is identified. This is how the CFD

technique works.

Another critical problem to solve when using CFD to describe multiphase flow is how to
select a multiphase model to compute solutions. To guarantee that the computer can use the right
continuity equations and apply them to the fluids in a fashion that most correctly simulates real-
life fluid flow, an appropriate decision must be made for the multiphase model. There are several
sorts of multiphase models, each with a varying amount of complexity [2]. The following are the

multiphase model types, in order of increasing complexity and with brief descriptions:

1) Lagrangian Model: Individual particles from the secondary phase are monitored throughout
the flow and are considered not to interact with one another, whereas continuity equations are
solved for the primary phase as a whole entity. To close the system of flow equations, a modified
van der Waals equation of state is applied. When the momentum conservation equation is
combined with the van der Waals equation of state, the result is a particle equation of motion in
which the total force acting on each particle is composed of many-body repulsive and viscous
forces, two-body (particle—particle) attractive forces, and body forces such as gravitational

forces.
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2) Mixture Model: The primary and secondary phases are treated as one composite mixture, and
the combined phases are solved with a single momentum equation. The mixture model is a
straightforward multiphase model that may be used in a number of situations. It may be used to
mimic multiphase flows in which the phases move at different speeds while remaining in local
equilibrium over tiny spatial length scales. Finally, mixture models may be used to calculate non-
Newtonian viscosity for homogeneous multiphase flows with strong coupling and phases moving

at the same velocity.

3) Eulerian-Eulerian Model: Primary and secondary phases are handled as discrete continuous
phases, with different momentum equations solved for each. The fluid-fluid and fluid-solid
(granular) multiphase flows are not distinguished in the Eulerian-Eulerian multiphase model. A

granular flow is simply one in which at least one phase has been classified as granular.

4) Volume of Fluid (VOF) Model: An Eulerian-Eulerian variant in which the secondary phase
is not dispersed inside the main phase but rather exists as an interface between the phases, which
must be tracked while also calculating a momentum equation for each phase. Prediction of jet
breakup, motion of big bubbles in a liquid, mobility of liquid following a dam collapse, and

steady or transient tracking of any liquid-gas interface are examples of typical applications.

An example has been demonstrated on 3D simulation of droplet formation in a flow-focusing
geometry using VOF method. The dispersed phase is PDMS oil represented by green color and

continuous phase is water represented by blue color in Figure 2.2. The viscosity ratio,

(&] 25
Ha , Interfacial tension (o) is 0.0118 N/m and contact angle (0) = 140°.
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(,Uo j s
Figure 2.2. 3D representation of droplet formation in a flow-focusing geometry at Fa , 0

=0.0118 N/m and 6 = 140°.

5) Discrete Element Method: In this, momentum equations are applied to individual secondary
phase particles as well as the primary phase as a whole. It is the most complicated multiphase

model so far.
Advantages:

» Modeling Movement of Individual Particles
« Full stress and strain tensors can be measured
* Time Steps

* Progressive Failure

Disadvantages:

* Complex Particle Geometries and Arrangements
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* Roughness, Texture
* Grain Crushing, Particle Breakage

» Non-Idealized Contacts

Applications:

* Civil Engineering (Geotechnical Engineering)
 Chemical Engineering

* Oil and gas production

* Geomechanics

* Mineral processing

* Biochemical Engineering

* Powder metallurgy

* Agricultural Industry

Depending on the typical flow regime present in a specific multiphase flow system, each
multiphase flow model has applications to which it is best suited. The Mixture model and the
Eulerian-Eulerian/VOF (Volume of fluid) models are the most often utilized multiphase models.
Only the VOF (Volume of fluid) model [3] will work for separated flows since it anticipates the

position of the interface and employs single phase models to forecast the flow in each phase.

There are variety of CFD packages available in the market like ANSYS FLUENT,
COMSOL etc. We have used ANSYS FLUENT 2020 R2 Academic version to perform all our

simulations.

The governing equations for the flow in gas-liquid or liquid-liquid Taylor flows are

discussed in this chapter. The fluids in all of the numerical studies presented in the following
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chapters are considered to be Newtonian fluids. The VOF (Volume of fluid) model [3], available

in CFD solver ANSYS FLUENT, has been used for capturing the interface between the phases.

2.2 THE VOLUME OF FLUID (VOF) APPROACH

In the VOF method, continuity equation and momentum balance equations are solved,
followed by a volume fraction equation. All the equations are taken from ANSYS FLUENT

theory guide with minor modification of nomenclature and discussed below.

Continuity equation:

‘Z—fw.(pu)

0 (2.2.1)

Momentum conservation equation:

M+V-(,ouu):V-(uVu)—Vp+,og+FS

ot (2.2.2)

In Egs. (2.1) and (2.2), u is the velocity. awand oo are the volume fraction of water and oil phase
respectively and obey the relation (aw + ao = 1) and lie between 0 and 1 in each computational

cell. The fluid properties of the mixed-phase are computed as follows

p=a,p,+ (1_ aw)po (223)
p=aup, +Q-a,) i, (2.2.4)
The volume fraction equation is given below

%% 1 uva, =0 (2.25)
ot
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In Eq. (2.5), subscript i denotes the ith phase: water (w) or oil (0).
The surface tension force (Fs) by continuum surface force (CSF) used in Eq. (2.2.2) was

calculated as

(2.2.6)

Where o is the coefficient of surface tension, i the surface normal, and k the local surface

curvature, which is calculated as
k=VA (2.2.7)
Where fi=n/|n|andn=V.q,.

The fluid presumed contact angle with the wall is utilized to alter the surface normal in cells near
the wall. The curvature of the surface near the wall is adjusted as a result of this so-called

dynamic boundary condition.

If 6,, is the contact angle at the wall, then the surface normal at the live cell next to the wall is
A =1, cosd,, +f, sind,, (2.2.8)

Where A, and f,, are the unit vectors normal and tangential to the wall, respectively. The local

curvature of the surface is determined by combining this contact angle with the typically
calculated surface normal one cell away from the wall, and this curvature is utilized to change

the body force term in the surface tension calculation.

26
TH-3136_166107025



Chapter 2 CFD Methodology

In executing the VOF method, o and P are initially given in each

computational cell center, and u is given at cell surfaces. p and p at the interface can be

determined by Egs. (2.2.3) and (2.2.4) respectively. k and F, are determined by Egs. (2.2.7) and

(2.2.6) respectively. Subsequently, the continuity (Eqg. (2.2.1)) and momentum equation (Eq.
(2.2.2)) are solved through a hydrodynamic scheme. The volume fraction equation is solved
using a geo-reconstruction interpolation technique to achieve the highest accuracy. Importantly it

is noted that the tracking of the interface between two phases is associated with this solution.

2.3 DISCRETIZATION METHOD

Eventually, using the commercial flow solver ANSYS FLUENT 2020 R2 Academic
version, all of the equations were solved with the help of initial and boundary conditions. An
unsteady state solution with explicit VOF had been employed. The PISO algorithm was utilized
for velocity-pressure coupling. PRESTO was utilized to provide pressure. The spatial derivatives
were discretized using the QUICK [4] method. Geo-reconstruction scheme has been used for

clear interface.

2.4 THE EXPLICIT SCHEME
ANSYS FLUENT's conventional finite-difference interpolation algorithms are used to

the volume fraction values derived at the preceding time step in the explicit approach.

n+l ~n+l

y Pq

anpn non n . .
v a qV+;(quf0{qf)={'§1(mpq—mqp)+saq}/

Where, n+1= index for new (current) time step
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n = index for previous time step

aqf = face value of the gth volume fraction, computed from the first or second-order

upwind, QUICK, modified HRIC, or CICSAM scheme

V = Volume of cell

Us = volume flux through the face, based on normal velocity

2.5 INTERPOLATION NEAR THE INTERFACE

ANSYS FLUENT offers a specific interpolation technique to cells on the border between
two phases in the geometric reconstruction and donor-acceptor schemes. Figures 2.3a, 2.3b and
2.3c depict an actual interface form as well as the interfaces assumed by these two approaches
during calculation.

a)

-
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b)

Figure 2.3. a) Actual interface shape b) Interface shape by Geo-reconstruction scheme c)

Interface shape by donor-acceptor schemes (adopted from ANSY'S Theory guide)

Rather of applying a specific treatment, the explicit and implicit schemes handle these cells with
the same interpolation as cells that are totally filled with one phase or the other (i.e., using the

conventional upwind, second-order, QUICK, modified HRIC, or CICSAM scheme).
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2.5.1 The Geometric Reconstruction Scheme

When a cell is completely filled with one phase or another, the usual interpolation
procedures used in ANSYS FLUENT are applied to get the face fluxes in the geometric
reconstruction methodology. When the cell is at the interface of two phases, the geometric
reconstruction technique is used.

Using a piecewise-linear method, the geometric reconstruction technique represents the
interface between fluids. This is the most precise method in ANSYS FLUENT and is suitable for
general unstructured meshes. It assumes that the interface between two fluids within each cell
has a linear slope and uses this linear form to compute fluid advection across the cell faces.

Using information on the volume fraction and its derivatives in the cell, the initial stage
of this reconstruction approach is to compute the position of the linear interface relative to the
centre of each partially-filled cell. The second step is to calculate the amount of fluid advecting
across each face using the computed linear interface representation and information on the face's
normal and tangential velocity distributions. The third step is to compute the volume fraction in

each cell using the flux balance determined in the previous step.

2.5.2 The Donor-Acceptor Scheme

In the donor-acceptor technique, the face fluxes are calculated using the standard
interpolation algorithms in ANSYS FLUENT whenever a cell is completely filled with one
phase or another. When the cell is at the interface between two phases, a "donor-acceptor"
technique is used to calculate the amount of fluid advected across the face. To eliminate
numerical diffusion at the interface, this approach identifies one cell as a donor of fluid from one
phase and another (near) cell as an acceptor of the same amount of fluid. The amount of fluid
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from one phase that may be convected across a cell border is restricted by the lesser of two
values: the donor cell's filled volume or the acceptor cell's free volume.

The direction of the interface is also considered while computing the face fluxes.
Depending on the direction of the volume fraction gradient of the g™ phase within the cell and
that of the neighbor cell that shares the face in question, the interface orientation is either
horizontal or vertical. Depending on the direction and velocity of the interface, flux values are

estimated using pure up winding, pure down winding, or a mix of the two.

2.5.3 The Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM)

Based on Ubbink's work [5], a high resolution differencing approach is the compressive
interface capturing strategy for arbitrary meshes (CICSAM). The CICSAM scheme is especially
well adapted to flows with high viscosity ratios between phases. CICSAM is implemented
explicitly in ANSYS FLUENT and produces an interface that is nearly as sharp as the geometric

reconstruction technique.
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DROPLET SPLITTING AND ITS MECHANISM AT T —-JUNCTION
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ABSTRACT

In this study, 2D numerical simulations were conducted to reveal the breakup and non-
breakup mechanism of a droplet in a horizontal microfluidic T-junction using oil-water volume
fraction contours, pressure profile, velocity profile, and vorticity profile. The numerical
simulation is validated with experimental results taken from the literature. Two types of droplet
breakup regimes, namely tunnel-breakup and obstructed breakup along with a non-breakup
regime with the alternate movement of droplets were found. The tunnel breakup is mainly due to
the formation of vortex flow in front of the droplets whereas the breakup at obstruction is
induced by the formation of high upstream pressure in the main channel. Interestingly, a pressure
swing phenomenon is identified, which drives the droplets in the horizontal microfluidic T-
junction’s alternating arms. Depending on the phase velocities, numerous mixed phenomena
were also observed when the droplets flow through the horizontal T-junction microchannel. A
flow pattern map is presented to guide the on-demand requirement of the flow behavior based on
two dimensionless numbers namely capillary number and mixture Reynolds number. In pressure

drop analysis, drift flux model provides the better prediction than the homogeneous model.

This chapter is published in J. Braz. Soc. Mech. Sci. Eng. (2021) 43:391
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3.1. INTRODUCTION

The splitting up of a droplet into daughter droplets is a very important phenomenon in
microfluidics as it increases the surface-to-volume ratio, which enhances mixing [1, 2], mass
transfer [3, 4] and reaction kinetics [5] compared to bulk operations. A tiny droplet also can act
as a reagent vessel and as an enclosure of a sample within a continuous liquid phase [6]. Droplet
flow has various advantages over continuous flow, such as it scales down the reagent amount to
micro/nanoliters, reduces reaction time, and enhances the efficiency of the reaction [5]. It is used
in many fields like chemical engineering [7], biomedical engineering [8], life science [9], food

industries [10], and cosmetic [11], etc.

The droplet fission is one of the methods to control the reagent amount in the dispersed
phase. There are mainly two types of breaking process of a droplet: a) Active fission, b) Passive
fission [12]. The passive fission has received much attention as it does not need any external
forces, and droplets can be broken down at a predetermined location with controlled volume.
One of the methods for passive fission is passing the fluids through a T-junction [13, 14]. Using
volume of fluid (VOF) method [13], Chen et al. investigated the dynamics of droplet bifurcation
in the T-junction of a microchannel and found four regimes, namely, break-up with a tunnel,
break-up with discontinuous obstruction, break-up with permanent obstruction, and a regime
without any break-up. Later, a correlation was proposed to predict the transition boundary
between break up and non-break up regime [13]. Simulations were performed on the break-up
phenomena of microdroplets in asymmetric T-junction microchannel. For asymmetric break-up,
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it was observed that the two daughter droplets either travel in opposite directions through the two
branches of the channel or both the droplets travel into the shorter outlet branch. A correlation
was developed to predict the condition for droplet breakup in an asymmetric T-junction. The
effect of viscosity on the break-up and non-break-up criteria were also reported in earlier
literature [12]. Using the phase-field method [15] it was demonstrated that the viscosity ratio of
the dispersed to continuous phase and the width ratio of the branch to main channels of a T-
junction influence the droplet dynamics. In addition, it was also observed that the vortex flow
formed within a droplet played an essential role in determining whether the droplet would break-
up or not. In a 2D symmetric T-junction setting, it was shown that the critical droplet extension
for the break-up depends on the capillary number in a narrow gap where interfacial force and
viscous force were comparable [16]. An investigation has also been done on the droplet flow of
water in a continuous oil phase and splitting of the droplets through the T-junction and 90°

branch angle channel by the conservative level set method [7].

Link et al. [14] introduced the concept of an obstacle into the microchannel to induce
breakup of a droplet. They also developed a correlation to distinguish the breaking and non-
breaking regions based on the capillary number and maximum extension of the droplet. An
investigation has been performed to demonstrate different droplet breakup modes in an injection
nozzle and focussing orifice set up within a capillary microfluidic platform. The location of the
droplet break up was found to depend on the distance between the nozzle tip and the orifice, as
well as on the contraction region of the dispersed inner fluid at the entrance of the orifice. A

capillary number was identified as a ratio of the local shear stress to capillary stress, that
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determined the location of droplet breakup at the focussing orifice or the injection nozzle based
on whether the capillary number exceeded a critical value or not. Three distinct types of tip-
multi-breaking modes were also discussed in that report [17]. Splitting up of a single mother
droplet into five daughter droplets using a multi-furcating channel has been investigated by Li et
al. [18]. Further studies on the effect of flow resistance in the branch channel, particularly the
length of branch channels on droplet splitting was carried out. It was found that bifurcation of the
droplets through angle branches are useful in droplet manipulation and droplet sorting [18].
Investigation on the effect of initial droplet length and droplet velocity on droplet breakup in an

asymmetric bifurcation with two angled branches has also been done [19].

Regulation of droplet traffic has a great application in the various field of medical and
engineering. Cristobal et al. [20] fabricated a simple PDMS microfluidic channel to alternate the
droplet traffic through two different branch channel having 90° bend by creating a bypass
connector between the two bends. Also, it was found that the droplets either move alternatively
through the outlets or collects through the shorter arm. Here, the T-junction acted as a
hydrodynamic sieve or as a partial sorter depending upon the distance between the droplets.
Beyond a threshold droplet dilution factor, the droplets were found to be driven towards the arm

of the lowest hydrodynamic resistance [21].

Droplet size depends on the physical properties of the fluids like viscosity, interfacial
tension, etc. and can be controlled by tuning the velocity of both the phases. For this reason,

many researchers have explored the flow pattern maps in detail [22] . Salim et al. [23]

37
TH-3136_166107025



Chapter 3 A computational study on phase velocity

mediated droplet splitting and its mechanism at t — junction microchannel

investigated the different flow patterns observed by injecting one fluid at a constant flow rate and
second at a variable flow rate through two different microchannels. Flow patterns were
investigated in the region before the T-junction of the microchannel. A numerical investigation
has been done on the effect of flow rates of the continuous and dispersed phase, wall adhesion
(contact angle), channel size, liquid-liquid distributers and liquid viscosity on flow regimes and
slug length [24]. Moreover, focus on the formation of slug, plug and stratified flow in a
microfluidic device through both simulation and experiment have been made. Transitions
between the flow patterns were obtained by tuning the interfacial tension and viscosity of the

dispersed phase [25].

Some of the authors have tried to establish the mechanism for droplet splitting. It was
found that the breakup process of the droplet can be divided into four sequential stages:
squeezing, transition, pinch-off, and thread rupture stages. The driving forces for the deformation
of the droplet in each stage were analyzed. Also, the effect of viscosity was investigated on
breakup processes [26]. The following two flow patterns - breakup with permanent obstruction
and breakup with tunnels were also found along with two breakup stages - i) a quasi-steady

deformation and ii) three-dimensional rapid pinching [27].

In the view of the above discussion, the flow phenomena in a microchannel T-junction
and related physics are not explored meticulously to discover the myriad of mixed flow patterns.

In the present work, we have focused on probable insights behind the droplet breakup and the
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mixed flow pattern in a microchannel T-junction. 2D numerical simulation has been carried out
using the Volume of Fluid (VOF) method. Velocities of both phases have been varied to
understand the physics behind the different types of droplet breakup phenomena. The role of the
velocity field, pressure field, and vorticity magnitude on breaking up of a droplet had been
studied. The simulated results have revealed a time-dependent mixed flow regimes in which a
time dependent characteristics of flow morphology has been observed at a constant phase flow
rates. Apart from this, a breakup and a non-breakup flow regime have been identified in the
present work. The results have also explored a pressure swing phenomenon near the T-junction
as a main reason behind the alternative movement of the droplets via two arms of the

microfluidic T-junction, which is not reported in the literature to date.

3.2. COMPUTATIONAL MODEL

In this study, the VOF method was used to simulate the dynamics of droplet breakup of
water (dispersed phase, w) in mineral-oil (Marcol — 82) (continuous phase, 0) at T-junction of a
2D microchannel under laminar flow conditions. The fluids were assumed to be incompressible

and Newtonian.

3.2.1 Geometry, initial and boundary conditions

Geometry:
The solution domain consists of a horizontal 2D double T-junction microchannel. The

details of the geometry of the computational domain are shown in Figure 3.1a. The geometry
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consists of two inlets and two outlets and one main channel (length = 120 mm). The inlets, main
channel and the outlets have an identical diameter (0.78 mm). The inlets (total length 4.78 mm)
and outlets (total length 50 mm) are symmetrically attached to the main channel. The

corresponding mesh of outlet T-junction is shown in Figure 3.1b.

4,78 mm

-
Oil inlet Water inlet
0.78mm

q

120 mm

) )
/
\\

<l )=

Qutlet \C — QOutlet

Figure 3.1. (a) Computational domain; and (b) Mesh

Mineral-Oil (Marcol — 82) and water have been selected as the two liquid phases for the

study and their properties are listed below in Table 3.1.

40
TH-3136_166107025



Chapter 3

mediated droplet splitting and its mechanism at t — junction microchannel

A computational study on phase velocity

Table 3.1. Fluid properties

in water

Fluids Properties Water Mineral-Oil ( Marcol 82)
Density 997 kg/m3 843 kg/m3
Viscosity 0.001 Pa.s 0.0306 Pa.s
Oil-water interfacial tension 0.0301 N/m
Contact angle of oil on glass 510

Initial and Boundary conditions:

e The channel was initially filled with oil (continuous phase), then water (dispersed

phase) and oil were flowed through the inlets.

e The operating pressure was set as atmospheric pressure.

e Velocity at inlets:

at oil inlet, ux= uoiiand uy=10

at water inlet, -Ux = Uwater and uy =0

e No-slip and impermeable conditions imposed at the walls.

e Pressure outlet boundary condition (Gauge pressure = 0).

e Time steps were suitably chosen according to Courant no.

TH-3136_166107025
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3.2.2 Convergence, grid independency and model validation
The convergence was decided based on the residual values of the continuity equations
and the velocity components. The convergence limits were set of the order of ~ 107 for the

continuity equation and ~ 10 for the velocity components.

The present numerical solver was validated by comparing our simulated results with the
previous experimental result of Salim et al. [23]. To obtain optimum grid size, a grid
independency study was carried out by considering three different mesh sizes (92300, 108438
and 118542 cells) as shown in Table 3.2a, b and c respectively. Here the parameter Co, a constant
term defined by Salim et al. [23] has been predicted in the Table 3.2. The parameter Co was
defined as Co = Vmeas / (Vw +Vo), Where Vmeas represents the average drop/pattern velocity in the
main channel, Vw and V, are the superficial velocity of the water and the oil phases, respectively.
However, the system with 118542 cells was giving better prediction (Table 3.2c) of the Co
values. So, this grid (118542 cells) has been secleted as the optimum grid size and performed the
all simulations presented in the manuscript. To strengthen the statement, we have predicted
experimentaly obtained droplet or slug velocity (Salim et al. [23]) using optimised grid size
(118542 cells) as shown in Figure 3.2. The deviations in prediction is within £3.3% which is a
highly acceptable value. Table 3.3. represents the variation of drop size with mesh elements in
the main channel at Vw = 0.04 m/s and V, = 0.18 m/s. The table shows that the existing grid also
predicts the droplet size very well. Grid mesh (118542 cells) gives the percentage deviation of
1.3 which is lowest among the three. So grid mesh (118542 cells) is selected for all 2D

computation performed in this work.
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Table 3.2. Grid independence study on Co at different grid sizes,- (A) 92300 mesh elements, (B)

108438 mesh elements, and (C) 118542 mesh elements

(A)
For mesh elements 92300
Sl. Velocity | Velocity | Mixture | Flow | Experimental | Simulated | Percentage
No. | of water | of oil velocity | pattern Co Co Deviation
(m/s) (m/s) (m/s)
1 0.04 0.14 0.18 Slug 1.28 1.32 3.0
2 0.01 0.18 0.19 Droplet 1.06 141 24.8
3 0.04 0.18 0.22 Slug 1.28 1.40 8.5
4 0.035 0.10 0.135 Slug 1.28 1.32 3.0
5 0.02 0.10 0.12 Droplet 1.06 1.29 17.8
6 0.01 0.10 0.11 Droplet 1.06 131 19.0
(B)
For mesh elements 108438
Sl Velocity | Velocity | Mixture Flow | Experimental | Simulated | Percentage
No. | of water of ail velocity | pattern Co Co Deviation
(m/s) (m/s) (m/s)
1 0.04 0.14 0.18 Slug 1.28 1.30 1.5
43
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2 0.01 0.18 0.19 Droplet 1.06 1.39 23.7

3 0.04 0.18 0.22 Slug 1.28 1.38 7.2

4 0.035 0.10 0.135 Slug 1.28 1.30 1.5

5 0.02 0.10 0.12 Droplet 1.06 1.27 16.5

6 0.01 0.10 0.11 Droplet 1.06 1.29 17.8

©)
For mesh elements 118542

Sl Velocity | Velocity | Mixture Flow | Experimental | Simulated | Percentage

No. | of water of oil velocity | pattern Co Co Deviation
(m/s) (m/s) (m/s)

1 0.04 0.14 0.18 Slug 1.28 1.28 0

2 0.01 0.18 0.19 Droplet 1.06 1.37 22.6

3 0.04 0.18 0.22 Slug 1.28 1.36 5.8

4 0.035 0.10 0.135 Slug 1.28 1.28 0

5 0.02 0.10 0.12 Droplet 1.06 1.25 15.2

6 0.01 0.10 0.11 Droplet 1.06 1.27 16.5
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Figure 3.2. Grid independence study- Experimentally measured slug velocity (adopted from

Salim et al. [23]), vs simulated slug velocity at 118542 cells.

Table 3.3 Variation of drop size with mesh elements in the main channel at Vyw = 0.04 m/s and

Vo=0.18 m/s

Mesh elements | Drop size from Salim et al. [23] Drop size from Percentage
(mm) . . —
simulation deviation
(mm)
92300 0.78 0.71 9.0
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108438 0.78 0.74 5.1

118542 0.78 0.77 1.3

3.3. Results and Discussions

Simulations produce two types of droplet breakup regimes, namely tunnel-breakup and
obstructed breakup, along with a non-breakup regime. Various mixed flow regimes are also
observed when the droplets flow through the horizontal T-junction microchannel. In order to
reveal the breakup and non-breakup mechanisms, the current investigation provides a detailed
analysis of the droplet breakup dynamics that includes the evolution of droplet, oil-water
interface, pressure profile, velocity profile, and vorticity profile distribution. In the simulations,
we have varied the superficial velocities of the water (dispersed phase) and oil (continuous
phase) through the horizontal microchannel T-junction. A flow pattern map and the insight

physics of the flow phenomena have also been described in the subsequent sections.

3.3.1 Breakup regimes

3.3.1.1 Bifurcation of single droplet with tunnel — For bifurcation with a tunnel, the mother
droplet reaches the T-junction and elongates to bifurcate into two daughter droplets (Figure
3.3a). In this case, gaps exist between the upper tips (both right and left arm of the T-junction) of

the elongated droplet and the upper inner wall of the arms of the T-junction, as shown in Figure
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3.3a. The continuous oil phase is occupying the gap and is looking like a tunnel. With time, the
elongated mother droplet is completely bifurcated into two daughter droplets as shown in Figure

3.3b.

Figure 3.3. Volume fraction contour of mineral oil — water at Vi = 0.04 m/s and V, = 0.18 m/s

at different time interval: (a) elongated mother droplet; and (b) bifurcated droplets.

3.3.1.2 Bifurcation of a single droplet with obstruction — In case of bifurcation with
obstruction, the mother droplet first obstructs the channel near T-junction almost completely,
then elongates to symmetrically bifurcate into two daughter droplets. In both the arms, within the
channel near T-junction, there is almost no gap (unlike tunnel) or negligible gaps between the
upper tips of the droplet and the inner wall of the arms, as presented in Figure 3.4a. This
observation also accords with the earlier literature [15, 27]. After a small time interval (within 2
ms), the mother droplet completely bifurcates into two daughter droplets, as shown in Figure

3.4b.
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Figure 3.4. Volume fraction contour of mineral oil — water at Vi = 0.12 m/s and V, = 0.18 m/s

at different time values: (a) elongated mother droplet; and (b) bifurcated droplets.
3.3.2 Non - breakup regime

3.3.2.1 Alternate movement of droplets — In this case, mother droplets are not broken down
into daughter droplets rather they move through the branch channels alternatively, as shown in
the sequential images in Figure 3.5. The droplet marked as 1 in the main arm in Figure 3.5a
moves into the left-hand arm of the T-junction (Figure 3.5b). On the other hand, the next droplet
marked with 2 (Figure 3.5b) moves into the right-hand arm of the microchannel T-junction, as
shown in Figure 3.5c. At a constant phase flow rates, this alternative movement is continuing
with the progress of the flow. A representative relative time of occurrence has been mentioned in
the respective figures (Figures 3.5a-3.5¢). The velocity ranges of all the above described flow

patterns have been summarized in Table 3.4.
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Figure 3.5. Volume fraction contour of mineral oil-water at Vw = 0.01 m/s and V, = 0.18 m/s

microchannel at different time values: (a) Droplet marked as 0 moves through the right arm of

the T-junction; (b) Droplet marked as 1 moves through left arm of the T-junction; and (c)

Droplet marked as 2 moves through right arm of the T-junction.

Table 3.4. Velocity ranges for breakup and non — breakup regimes

Sl Phenomena Superficial Velocity (m/s)
No. Dispersed Continuous
phase (Vw) phase (Vo)
1 | Alternate movement of droplets (AM) 0.01 0.18
0.01 0.26
0.02 0.26
2 | Bifurcation of single droplet with tunnel (BT) 0.04 0.18
0.035 0.10
3 | Bifurcation of single droplet with obstruction (BO) 0.08 0.10
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3.3.3 Mixed flow regimes

Mixed flow regimes consist of flow phenomena in which the droplets make some new
trends in its movements rather than just break up and non-breakup when it reaches the T-
junction. For example, the coalescence of two droplets and then bifurcates into two droplets or

remains as a single droplet and steer to one direction, etc.

Figure 3.6. Coalescence of two droplets and moving in one direction at Vw = 0.01 m/s and V, =
0.10 m/s: (a) Droplet marked as 1 arrived at the T-junction; (b) Two droplets marked as 1 and 2
get coalesced with each other; and (c) The coalesced droplet marked as (1+2) moves through the

right arm of the T-junction.

3.3.3.1 Coalescence of two droplets and one directional movement- At certain superficial
velocities of the dispersed and the continuous phases, two droplets merge at the T-junction of the
microchannel and then moves through one of the arms of the microchannel as shown in Figure
3.6. Droplets marked with 1 and 2, merge together at the T-junction (Figure 3.6b) and then
moves through the right-hand arm of the microchannel T-junction (Figure 3.6¢). The relative

time of occurrence has been mentioned in the respective figures (Figures 3.6a-3.6c).

50
TH-3136_166107025



Chapter 3 A computational study on phase velocity

mediated droplet splitting and its mechanism at t — junction microchannel

©) ©) ©) @
Figure 3.7. Random movement of droplets at Viw = 0.01 m/s and Vo, = 0.10 m/s: (a) Droplet

marked as 1 moves through left arm of the T-junction; (b) Droplet marked as 2 arrived at the T-
junction; (c) Droplet marked as 2 moves through the right arm of the T-junction; (d) Droplet
marked as 3 arrived at the T-junction; and (e) Droplet marked as 3 moves through the right arm

of the T-junction.

3.3.3.2 Random movement of droplets- In case of the random movement of droplets as shown
in Figure 3.7, droplets move through the arms of the microchannel randomly. Here the
movement of the droplet is not following any particular sequence. Droplet marked with 1 move
through left-hand arm (Figure 3.7a, b) whereas droplet marked with 2 and 3 moves into right-
hand arm of the microchannel T-junction (Figure 3.7b, c, d, e). At a constant flow rate, this
random movement is continuing with the progress of the flow. The time of occurrence has also
been mentioned in the respective figures (Figures 3.7a-3.7e).
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t=27 ms

@ 0 @

Figure 3.8. Two droplets are coalescing and bifurcated at Vy = 0.02 m/s and V, = 0.18 m/s: (a)
Droplet marked as 1 is arriving at the T-junction; (b) Droplet marked as 1 arrives at the T-
junction; (c) The droplet marked as (1+2) is the coalesced droplet; (d) The coalesced droplet
marked as (1+2) is elongated and preparing to bifurcate; and (e) The coalesced elongated droplet

is bifurcated.

3.3.3.3 Coalescence of two droplets and bifurcation - In case of coalescence of two droplets
and bifurcation as shown in Figure 3.8, droplet marked with 1 and 2 merge together when they
arrive at the T-junction (Figure 3.8c,d) and then bifurcates into two halves and move through the
two arms of the microchannel (Figure 3.8e). Droplet marked as 1 moves through the left-hand

arm whereas droplet marked as 2 moves through the right-hand arm of the microchannel T-
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junction. A representative time of occurrence has been mentioned in the respective figures

(Figures 3.8a-3.8e).

Table 3.5. Mixed flow regimes and their velocity combination

Sl Phenomena Superficial Velocity (m/s)
No. Dispersed Continuous
phase (Vw) phase (Vo)
1 | Random movement of droplets (RM) + Two 0.01 0.10
droplets coalesce and move in one direction
(CM)
2 | Alternate movement of droplets (AM) + Two 0.02 0.18
droplets coalesce and move in one direction
(CM) + Two droplets coalesce and
bifurcation (CB)
3 | Alternate movement of droplets (AM) + Two 0.035 0.18
droplets coalesce and bifurcation (CB) +
Bifurcation with tunnel (BT)
4 | Alternate movement of droplets (AM) + Two 0.035 0.26
droplets coalesce and bifurcation (CB)
5 | Bifurcation with tunnel (BT) + Bifurcation 0.08 0.18
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with obstruction (BO)

6 | Bifurcation with tunnel (BT) + Bifurcation 0.12 0.26

with obstruction (BO)

7 | Bifurcation with tunnel (BT) + Bifurcation 0.12 0.18

with obstruction (BO)

8 | Random movement of droplets (RM) + Two 0.02 0.10
droplets coalesce and move in one direction

(CM)

The mixed flow regimes at different velocities are summarized in Table 3.5. A flow pattern map
is also developed considering all types of flow behaviour (Figure 3.9). To make a generalize

flow pattern map and to dig out the fundamental aspects, two dimensionless number namely

: i DV_ o
Capillary number, ca—*#Y and Mixer Reynolds number, Re = ZVmixPix  pave peen

o Himix
plotted on X-axis and Y-axis respectively. L is the viscosity of continuous phase, U is the mixer
velocity, and o is the interfacial tension, D = Diameter of the channel, Vmix = mixture velocity,
pmix = Mixture density, Umix = mixture viscosity. The flow pattern map (Figure 3.9) shows the
following three distinct regions,-
a) Region- I: Not a Ca number induced region, where flow patterns are not changing with
capillary number at a constant mixer Renolds number. Here, alternate movement of droplets flow

pattern is decidedly dominated.
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b) Region- II: A highly capillary number induced region, where flow patterns are drastically
changing with capillary number at a constant mixer Renolds number. In this region, truly mixed
flow patterns have been observed. Flow patterns mentioned by the selrial number 1, 3, 4, 5, and 8
in the Table 4 are the dominating flow patterns. It indicates that the stabilizing capillary force
and the destabilizing viscous force are not appropriately balanced in this flow condition range.
That is why, instead of a single flow morphology, multiple morphologies are appearing in these

range of flow conditions.

c) Region- 1ll: May not be a capillary number induced region, where flow patterns may change
with capillary number at a constant mixer Renolds number. Here, a combined flow pattern,

namely bifurcation with tunnel (BT) and bifurcation with obstruction (BO) has been found.
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Figure 3.9. Flow pattern map,- Capillary number (Ca) vs Mixer Reynolds number (Rem): AM -

Alternate movement of droplets, RM - Random movement of droplets, CM - Two droplets

coalesce and move in one direction, CB - Two droplets coalesce and bifurcate, BT - Bifurcation

with tunnel, BO - Bifurcation with obstruction, A - Annular flow.

Bifurcation with tunnel and bifurcation with obstruction (BT+BO) occurs at higher Mixer

Reynolds number and capillary number. They occupy a wider area of the map. Alternate
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movement of droplets (AM) occurs at higher Mixer Reynolds number and lower to moderate
capillary number, and they occupy a moderate area of the map. A truly mixed flow pattern region
comprising of (a) random movement of droplets and coalescence of two droplets and movement
in one direction (RM+CM), (b) Alternate movement of droplets-Two droplets coalesce and
moving in one direction-Two droplets coalesce and bifurcation (AM+CM+CB), (c) Alternate
movement of droplets-Two droplets coalesce and bifurcation (AM+CB), (d) Alternate movement
of droplets-Two droplets coalesce and bifurcation-Bifurcation with tunnel (AM+CB+BT) (e)

and (g) Annular flow (A) occur at lower to moderate Ca values covering lower to higher Rem.

3.3.4 The insight physics behind non- breakup and breakup of the droplets

This section provides a plausible explanation for the non-breakup and breakup
phenomena observed in the T-junction microchannel. For this purpose, the subsequent sections
have reported oil-water volume fraction profile, pressure profile, velocity profile, and vorticity
profile distribution. The scale for the magnitude of the different parameters has shown on the
respective figures' left-hand side. Here, the units used for dynamic pressure, vorticity, and

velocity vector are Pa, 1/s, and m/s, respectively.

3.3.4.1 Pressure swing mediated alternate movement of droplets

Figure 3.10 depicts the flow behavior of droplets moving alternatively in the two arms of
the T-junction microchannel. A relative time sequence of 0 s, 13 ms, and 20 ms for the flow
volume fraction along with the corresponding dynamic pressure, velocity vector, and vorticity
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are presented (Figure 3.10). During an alternate movement of droplets, there is no squeezing and
pinch-off stage of the droplets are observed (Figure 3.10a). It occurs for small droplets and
onsets at low water superficial velocity (0.01 m/s) and moderate oil superficial velocity (0.18
m/s). There exist only extension and pushing stages [28]. In the extension stage, the droplet
touches the opposite wall and gets deform. As a result, the front interface gets gradually flatten.
As the shear force acting on the droplet is very less as compared to the surface tension force, the
degree of deformation is insufficient to split the droplet. After the extension stage, the droplet

enters into the pushing stage.
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Figure 3.10. Volume fraction contour of mineral oil-water, Dynamic pressure field contour,

Velocity vectors and Vorticity data during alternate movement of droplets at T-junction of the

microchannel.
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The oil phase flows through the gap existing between the surface of the water droplet and
the corner of the channel wall. This creates a high-pressure zone on the left-hand side of the T-
junction, which is clearly visible in Figure 3.10b. This higher pressure pushes the droplet into
the right-hand side of the T-junction as observed in Figure 3.10a. The existence of higher
pressure on the left-hand side is well supported by the velocity (Figure 3.10c) and vorticity
profile (Figure 3.10d). Similarly, when the second droplet comes at the T-junction, a high-
pressure zone is created on the right-hand side of the T-junction (Figure 3.10f), which pushes the
droplet into the left-hand side of the T-junction (Figure 3.10i). This time-periodic variation of the
pressure and the alternate droplet motion continues as long as the velocity of the phases is kept
constant. Thus the periodic swing of the high-pressure zone in the left and right-hand sides of the

T-junction microchannel leads to the alternate motion of the water droplet.

3.3.4.2 Pressure and vortex mediated droplet breakup with tunnel

Figure 3.11 represents the droplet split up in the two arms of the T-junction
microchannel. A relative time sequence of 0's, 6 ms, and 8 ms for the flow volume fraction along
with the corresponding dynamic pressure, velocity vector, and vorticity are shown (Figure 3.11).
The only bifurcation with tunnel (no mixed flow pattern) was observed at low water (0.04 m/s)
and oil (0.18 m/s) superficial velocity. In this case, the water droplets were sandwiched between
the channel walls when they moved through the two outlet branches of the T-junction away from
the T-junction. The space between the droplet and channel wall near the T-junction was occupied
by the lubricating oil film. The bullet-shaped droplet flowing through the main channel

approaches towards the T-junction (Figure 3.11a). The corresponding pressure profile (Figure
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3.11b) indicates that the droplets are bearing high pressure (red to yellow color band in the
figure), which is supported by a strong velocity field, as observed in Figure 3.11c. The droplet
with high pressure hits the front wall of the T-junction and gets deformed and squeezed (Figure
3.11e). Two vortices are formed (Figure 3.11h) at the front end of the droplets when the shear
force of the lubricating film acting on the deformed droplet is comparable to the interfacial
tension. On the other hand, a relatively low-pressure zone exists at the junction and in the two
arms of the T-junction (Figure 3.11b), which strengthens the vortices near/below the deformed
droplets (Figure 3.11h). This vortex flow and the accumulated upstream pressure help to narrow
the neck in the middle of the droplet (Figure 3.11e) and finally induce the pinch-off the neck

(Figure 3.11i) and split the droplet.
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Figure 3.11. Volume fraction contour of mineral oil-water, Dynamic pressure field contour,

Velocity vectors and Vorticity data during breakup with tunnel of droplets at T-junction of the

microchannel.

TH-3136_166107025

62



Chapter 3 A computational study on phase velocity

mediated droplet splitting and its mechanism at t — junction microchannel

We have represented the circulation pattern within daughter droplets below:

t=0.48s

Figure 3.12. Recirculation pattern within daughter droplets at Vw = 0.04 m/s and V,=0.18 m/s.

A mother droplet bifurcates into two daughter droplets. There are two major vortices
created at the T-junction on the mother droplets which enhance the bifurcation of mother droplet.
Two more additional vortices are also created around the corner of the T-junction. All these
circulatory motions try to sweep away the nearly splitting or completely splitted water masses of
the mother droplet. The daughter droplets are also associated with small vortices even at faraway

position from the T-junction.
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3.3.4.3 Reason for droplet breakup with obstruction
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Figure 3.13. Volume fraction contour of mineral oil-water, Dynamic pressure field contour,

Velocity vectors and Vorticity data during breakup with obstruction of droplets at T-junction of

the microchannel.
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Perfect flow of bifurcation with obstruction (no mixed flow) was observed at low water
(0.08 m/s) and oil superficial velocity (0.10 m/s). This flow regime has three distinct stages,
namely, i) Extension ii) Squeeze and iii) Pinch-off. These three stages are also present in
bifurcation with tunnel flow, but it can clearly be visualized here because of larger water droplets
due to relatively higher water superficial velocity compared to the bifurcation with tunnel flow.
In the extension stage, the bullet-shaped water droplet passing through the main channel
approaches towards the T-junction and gets elongated due to shear forces acting on the droplet
marked as 1 (Figure 3.13a). Also the vorticity is higher around the interface of the droplet
marked as 1 (Figure 3.13d). The existence of shear force is well supported by intense pressure
(Figure 3.13b), velocity (Figure 3.13c) and vorticity (Figure 3.13d) profile. The vortex shown in
Figure 3.13d pulls the elongated droplet towards the junction area away from the main channel.
After reaching the junction, the droplet-1 is squeezed due to the upstream pressure and vortex
field. Now the droplet-1 is so deformed that it takes double tumbled shape (Figure 3.13¢) and
occupies the maximum area of the channel. So the flow of the continuous phase (oil) is
obstructed, and pressure is accumulated in the junction area (Figure 3.13f). As a result, the shear
force cannot overcome the surface force, but the accumulated pressure field forces the deformed
droplet in a complete pinch-off (Figure 3.13i). So the combined effect of larger droplet size,
pressure accumulation, and occurrence of vortices at the T-junction causes the bifurcation with

obstruction.
It is very important to note that 2D simulations must provide the clear ideas about the

influence of various two-phase flow parameters, like volume fraction contours (shape of the
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droplets), pressure and velocity field, vorticity, geometrical parameters of the channel, etc. on the
hydrodynamics. However, it is well known that flow through micro channels/devices is surface
and viscous forces dominated flow. 2D simulation is not accounting the surface force accurately,
and also, it is not estimating viscous force with higher precision. However, from this study, the
readers can get a clear idea about the types of geometry of micro channels/devices which are
suitable for droplet splitting and miniaturizations. They can also understand the importance of
the various forces which are responsible behind such hydrodynamics. So, 2D simulation is not
very appropriate in sense of accounting the absolute values of the various forces, but it is
significant in terms of qualitative estimation of flow patterns, influence of channel geometry,
velocity field, fluid properties (except surface forces), types of daughter branches of the channel,

etc.

3.3.5 Force balance model for droplet splitting at T-junction of the microchannel

This section proposes droplet splitting criteria by balancing the fundamental forces acting
on the deformed droplet. The analysis has been adopted from Na et al. 2019 [29]. For this, let us
consider the deformation of a droplet progressing through the T-junction, as shown below in
Figure 3.14. Figure 3.15. depicts the film and gutter region in the main channel. A 3D T-junction
microchannel has been considered with depth h and width w. The depth is not shown in the
figure. The width of the main and branch channels are taken the same i.e. w. The figure also
shows the distribution and position of various forces and pressure drop acting on the deformed

droplet. According to the figure, the pressure drop on the droplet in the main channel is balanced
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by the net pressure drop working on the droplet’s neck, body, and nose. So, the pressure drop

equation is given as:

A va L body
( AP body

Figure 3.14. Forces acting on the droplet progressing towards T-junction

Film

v
Gutter

Figure 3.15. Diagram depicting the film and gutter region
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AP = AP, + AR, +AP, (3.3.5.1)

Where:
APys is the pressure drop at the neck of the droplet.
APuody 1S the pressure drop caused by the thin film.

APcap 1S the capillary pressure term due to the interface curvatures.

AP, may be calculated applying Bernoulli equation in the film and gutter region, which gives,

2 2
AP, = e e _;‘* kos (3.3.5.2)

Where,
pc = density of continuous phase
vc = velocity of continuous phase
ve = average flow velocity of the liquid film in the gutters

/S = angle between dispersed phase and wall of microchannel

Pressure drop caused by the thin film (AP,,q,) is approximately calculated considering the

Poiseuille flow of the continuous phase. The pressure drop is obtained as,

C 0 S
AR, = BH: pony e LbAldVQ
h (3.3.5.3)

Where,
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a = dimensionless parameter that depends on the aspect ratio pic,
Lbody = main length of the droplet

e = Vviscosity of continuous phase

Qe = flow rate of the liquid film

h = depth of the microchannel

On the other hand, following capillary pressure near the nose of the droplet is calculated

considering the Young-Laplace equation and dimensions of the microchannel,

cap

AP, =20 00349(1 + 1)
woh (3.3.5.4)

Where,
o = Interfacial tension
6 = contact angle between dispersed phase and wall of microchannel
w = width of the microchannel

h = depth of the microchannel

The different components of the forces acting on the deformed droplet are also shown in Figure
3.14. Here, the shear force and pressure drop on both sides destabilize the droplet, and interfacial
tension stabilizes the droplet. The force balance on the droplet, while it passes through the T-

junction, is given by,
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F=F +F,+F,+F,+F, (3355)

Where,
Fo = the interfacial tension force
F.s = the viscous shear force acting on the neck
Fa» = the viscous force of the solid wall acting on the droplet
Fr1 = the viscous drag of the thin film acting on the droplet tip

Fr2 = the viscous drag of the continuous phase acting on the neck

The interfacial tension force is calculated as the product of capillary pressure drop and the cross-

sectional area of the channel.

F, =AP, hw= ZUCOS,Q(1 + %)hw

Es w (3.3.5.6)

The viscous shear force acts on the neck structure of the dispersed phase and points downstream

of the channel and is given by:

F — h:uc(vc —Vd)|ICOSﬂ
* 3 (3.35.7)

Where,
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vq = velocity of dispersed phase
[’ = neck length

¢ = thickness of the two-phase interface

According to the Berthier [30] the viscous force of the lower solid wall acting on the droplet is

given by,

F -_ hL, 6444V
" w (3.3.5.8)

Where,
Lq = drag length

ud = viscosity of dispersed phase

APy0qy and AR, cause the flow resistance on the tip and body of the droplet, respectively. The
corresponding force can be obtained by multiplying the pressure difference with the cross-

sectional area as follows,

a 2,2
F. =F, +F, = AR, he+AP,hl'= [%jm .\ {pc (v, ;/ )COS'BJhl'
(3.3.5.9)

Where,

e = the gap width of the liquid film
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Therefore the net force acting on the deformed droplet is given by:

— ' _ au. L 2_ 2
F=F +F,+F,+F,+F,= 200050(l+ﬂhw+ hy, (v, =, )I'cos g + ks B4ty Vg +[ a hbfder Jhe+[pc (Ve ;e )CosﬂJhl'
w & w

(3.3.5.10)

Also, the forces acting on droplet splitting depend upon the forces acting upon the droplet
formation. So, Eq. 10 supports the droplet splitting phenomena. The direction of all the forces is

shown in Figure 3.14. Based on it, the droplet splitting condition can be written as,

Also, the droplet will split at the T-junction of the microchannel if

F.+F.+F,>(F,+F) (3.35.11)

Or,

h,uc (vc _Vd )I'COSﬂ +[aﬂcLboder jhe+(pc (ch _Vez)COSﬂJhI-> [_hLd G/Jdvd j+(zo_cosg(l+lthJ
¢ h 2 w W) (3.35.12)

The droplet will coalesce at the T-junction of the microchannel if

F.+F.,+F,<(F,+F) (3.3.5.13)

Or,

h/uc (Vc —Vy )I'COSﬂ +(aluc|‘boder ]he+[p° (ch _Vez)cosﬂJh|-<(_hLd 6/udvd ]+(20‘COS€(1+1Jth
¢ h 2 w w ) (3.3.5.14)
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At Vw = 0.04 m/s Vo = 0.18 m/s, the droplet bifurcation takes place at the T-junction in our

simulation.

Here the whole model is based on 3D geometry. But our simulation is based on 2D geometry.
For this we have considered unit depth of the microchannel and perform the validation of the

model. This is the overall approximation.

Putting all the values which corresponds to the velocity set, Vw = 0.04 m/s and V, = 0.18 m/s

from our simulation into the model, we get the following:

F, =AP, hw= ZGCOS,Q[1 + %)hw

cap

w
(3.3.5.15)
Or, F,=0.00003 N
e hu (v -vy)l'cosp
” £
(3.3.5.16)
Or, Frs=0.000003 N
F, == hLy 644V,
W
(3.3.5.17)

Or, F», =-0.00000001 N
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a 2 2
Fr = Frl + Fr2 = APbodyhe-’_AvahII:[ ﬂcl;]b:der jhe_'_(pc (Vc \2/9 )COSﬂthI

(3.3.5.18)
Or, Fr=19.95N
So, Frs + Fr=0.000003 + 19.95 = 19.96 N which is greater than F, +F,= 0.00003 N

This confirms that the force balance model is satisfying our simulation result.

3.3.6 Prediction of pressure drop using existing models

In this section an attempt has been made to predict the present simulated pressure drop
date using homogeneous model and drift flux models. A brief about the models have been

discussed below.

In homogeneous flow model, two-phase flow is consider as a pseudo single phase flow, in which
two phases are uniformly mixed. The physical properties of the mixture are intended based on
mass fraction and hold-up values. According to homogeneous model, the two-phase pressure

gradient is calculated based on the following equation [31],

dp _2f,pUpq
dz D (3.3.6.1)

Where the mixture velocity U, =U_+U, (3.3.6.2)
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Mixture density p,, =H,p, +({1—-H,)p,

(3.3.6.3)
The friction factor can be obtained as
16
f, =—— for Re A <2100 (3.3.6.4a)
Re,,
= &072? for 2100 < Re < 2x10* (3.3.6.4b)
Where Re,, = £nInD
Hm (3.3.6.5)
The mixture viscosity um is calculated from McAdams formula given by,
1 X 1-x
—_———
Hm o Hu o (3.3.6.6)

Where x is the mass fraction of dispersed phase (water here).

Prediction shown in Figure 3.16 has a large deviation from the simulated results (average

error around £54.8%). To improve the accuracy in prediction, we have reformed the drift flux
model. In support of incorporation of drift flux model, a £, vs H, plot has been presented below
(Figure 3.17). It shows that there is a significant difference between £ ,vs H, , which is an

indication of presence of drift velocity similar to a slip between two phases. Drift flux model is

commonly used in such cases to predict the pressure drop or pressure gradient.
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Figure 3.16. A comparison between present simulated results and data obtained from
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Figure 3.17. In case of simulated result, B, vs H, plot showing a significant deviation between

them

The drift flux model is developed based on the concept of drift velocity of dispersed

phase [29] and a brief about the model has been elaborated in the next paragraph.

The drift flux model has been adopted to modify the in-situ velocity of the water phase (velocity

of dispersed phase, uw) as-
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u,=Cj+Cu, (3.3.6.7)

Where u. is the rise or falling velocity due to buoyancy or gravity and j is the volumetric flux of

the two-phase mixture, viz
I=Jut1lo (3.3.6.8)
The individual volume fluxes jo and jw are expressed as

. Q . Q
=—2 and ==t 3.3.6.9
Io = T, 25, (3:36.9)

In a horizontal tube buoyancy or gravity effects are absent and u.=0
~u,=Cj (3.3.6.10)

where C; is the measure of the water velocity relative to the weighted mean velocity of the
mixture (j). From literature the value of C; is assumed as an asymptotic value of 0.84.

Substituting this value in the expression of Ho and using Eq. (3.3.6.9 & 3.3.6.10), we get

H —084— 20 _
Qo +Qu (3.3.6.11)

Considering drift velocity, mixture density can easily be calculated putting Eq. (3.3.6.11) into
Eqg. (3.3.6.3) and finally pressure gradient can be obtained from Eq. (3.3.6.1). The output of this
analysis gives a significant improvement as presented in Figure 3.18. The average deviation has

been reduced to about + 43.2%.
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The present simulated pressure drop data has also been predicted using two more
pressure drop models specific to Taylor flow. First one is stagnant film model adopted from

Jovanovic et al. 2011 [32] and second one is taken from Kashid and Agar, 2007 [33].

In stagnant film model, the total pressure drop is calculated using the following equation:

2
_BuU -l 8uUpel | L o aocny

AF)T 2 2
R (R-hy? L,

(W}

(3.3.6.12)

In the model taken from Kashid and Agar, the total pressure drop is calculated using the

following equation:

AP =L[8,uCU -e)L suDu5L]+ 2L - L, (z_aCOng

2 2
L, R R L, (3.3.6.13)

Where L, Lu, U, uc, uo, R, & Up, and h refer to the capillary length, slug unit length,
mixed velocity, continous phase viscosity, dispersed pjase viscosity, capillary radius, dispersed
phase fraction length, dispersed phase velocity, and film thickness, respectively. The pressure

drop is calculated using these two model and have been tabulated in Table 3.6.

Table 3.6. Summary of the differences between the simulated liquid—liquid data and data

estimated using the most referenced liquid—liquid models
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Liquid - liquid Jovanovic et al., Kashid and Agar, | Drift flux model
combination 2011 Eq. 3.3.6.12 2007 Eqg. 3.3.6.13
Water/Mineral - oil 89 % 99.6 % 43.2 %

Table 3.6 represents the comparision among the three models. The percentage deviations of these

two model are higher than the Drift flux model.

3.4. SUMMARY

In this study, the 2D-CFD simulation has been carried out to investigate the influence of
phase velocity on droplet splitting in a T-junction microchannel. The simulated results have
explored various fundamental aspects of different types of droplet splitting phenomena. The
model has been validated with the previous experimental data present in the literature (Salim et
al. [23]). We have successfully simulated droplet non-breakup and droplet breakup flow regimes,
changing the phase velocities of two phases. Two types of droplet breakup regimes, namely
tunnel-breakup and obstructed breakup has been observed. New flow morphology, namely
mixed flow pattern, transient in nature, has also been observed in a wide range of phase
velocities. This transient behavior has been characterized by the alteration of the flow patterns at
constant flow rates. Different flow patterns have been presented in the form of a flow pattern
map. It has been found that pressure swing phenomena at the T-junction have instigated the

movement of the droplets in alternate directions. The formation of vortex flow at the front ends
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of the droplets is one of the critical reasons for droplet breakup with tunnel. On the other hand,
the resultant effect of larger droplet volume, upstream pressure buildup, and vortex flow are
found to be responsible for droplet bifurcation with obstruction. Present simulated pressure drop
data have been predicted using homogeneous, drift flux model and stagnant film model [32] and
another model taken from Kashid and Agar, 2007 [33]. The results show that drift flux model
gives the higher accuracy in prediction. These findings will help in better understanding of

droplet splitting and will have direct application in microfluidic platform based device.
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ABSTRACT

In this study, the effect of width ratio (branch channel width/main channel width) on
droplet breakup dynamics in a horizontal microfluidic T-junction using oil-water volume fraction
contours, pressure profile, and velocity profile has been investigated using 2D simulation.
Simulations have been also conducted to reveal the effect of branch arm length ratio (right arm
length/left arm length) on droplet breakup dynamics. The numerical simulation is validated with
experimental results taken from the literature. Two types of breakup regimes, along with a non-
breakup regime, have been found. The breakup regimes are tunnel breakup, and obstructed
breakup, and the non-breakup regime is the alternate movement of droplets. The tunnel breakup
and the obstructed breakup are mainly due to the pressure difference in the branch channel and
the direction of the velocity vectors which are towards the branch’s exit and the pressure swing
phenomenon is the reason behind the alternate movement of the droplets. Breakup with tunnel is
found in WR = 0.75, 0.5, breakup with obstruction is found in WR = 0.25 and alternate
movement is found in WR = 1 for Vw = 0.01 m/s, Vo = 0.18 m/s. It has been found that breakup
tendency increases as we decrease the width ratio (1, 0.75, 0.5, and 0.25) and increase the arm
length ratio (0.4, 0.6, and 0.9). Droplet breakup conditions have been studied. Mixed flow
patterns have been displayed with the help of a flow pattern map for the width ratio = 1, 0.75,
0.5, and 0.25. Prediction of simulated pressure gradient have also been done with the help of the

Lockhart and Martinelli approach and Dimensional analysis for width ratio = 1.
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4.1. INTRODUCTION

Droplet splitting has always been an attraction for researchers due to its wide range of
applications in the field of micro and Nano fluidics [1]. Droplet splitting can be done through T
and Y — junction [2, 3], creating constriction in the microchannel [4], creating patterns on the
inner segment of the microchannel, changing fluid properties [5], and through the channel
network [6]. Mainly the droplet breakup in a confined geometry is controlled by dominated
surface tension forces over viscous, inertial or gravitational forces [7]. Also, droplet splitting is
of great importance because of the availability of a higher surface-to-volume ratio, smaller
throughput, and higher heat, mass, and other interfacial transportation phenomena within the
droplet. This helps in the easier control of the operating parameters, like reduction in operating
cost where costly chemicals are in use. Also, droplet-based system reacts in a very short interval
of time. It shows great potential for application in the field of biopharmaceuticals [8],

emulsification [9], chemical engineering [10], life science [11] etc.

Experimentally, tunnel breakup, breakup with obstruction, and alternate movement were
identified. These are mainly bounded to confined geometry, where surface tension force is the
dominating force over the viscous, inertial, or gravitational forces [12]. The tunnel break up and
break up with obstruction mainly contains three stages: i) Entering ii) Squeezing iii) Post-
breakup and the alternate movement contains four stages: i) Entering ii) Squeezing iii)

Stabilizing iv) Non-breakup [13].

Various researchers had varied the width ratio and came to some important conclusions.

Investigations have been done on uniform width ratio and non — uniform width ratio. In case of
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uniform width ratio, left arm, and right arm widths, both are equally increased or decreased.
Whereas, in non — uniform width ratio, both the widths are not equally increased or decreased.
Actually, the width ratio, the ratio of the main channel to branch channel, directly affects the
deformation of droplets during its extension and squeeze stage at low capillary number. When
the width ratio increases, the tendency of the breakup of the droplets also increases [14] . Bedram
and Moosavi [15] suggested micro droplet breakdown at an asymmetric T - junction with
branches of similar lengths and varying widths (non - uniform width ratio). They statistically and
analytically studied the case and compared their suggested technique to that of Link et al. [6].
When the lengths are identical and the widths are uneven, the breakup time and pressure drop are
less than in the uniform size T - junction with varied length outlets of the channels. The VOF
approach was used to investigate droplet breakdown in T - junction geometries. To create equal
and different size droplets, symmetric and asymmetric T - junctions were utilized, respectively.
The effects of the channel width ratio (left arm width/right arm width) and the capillary number
on the size and length of the formed droplets, as well as the production time, have been
investigated and debated [2]. An investigation has been done on the breakup of micro-droplets
through asymmetric T - junctions with branches of identical lengths and different widths (non —
uniform width ratio). An equation of the critical capillary number for the onset of droplet
breakup at asymmetric T - junctions are developed [16]. It was statistically examined using the
VOF technique for gas-liquid two-phase flow via a microchannel T - junction and discovered
four breakup regimes: "tunnel” breakdown, obstructed breakup, mixed breakup, and non-
breakup. The velocity and pressure distributions in the inflow field are investigated. The
influence of the width ratio between the main channel and the branch on bubble shape is also
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investigated (uniform width ratio). Increasing the width ratio of the main channel to the branch
channel results in the alteration of the bubble breakup regime, which moves through the non-
breakup, "tunnel™ breakup, and obstructed breakup regimes consecutively [12]. A 2D simulation
has been done on gas-liquid two-phase flow in a microfluidic device with a T — junction where
the bubbles enter from the main channel. Numerical simulation on uniform width ratio (Main
channel width/ branch channel width) has shown that a higher width ratio is favorable for both
symmetrical and asymmetrical break — up of the bubbles. At least a width ratio of 2 is required to
break the spherical bubble with the initial extension of g =1/m [14]. Experiments have been
performed at various angles to reveal the breaking process of the droplets. A critical length has
been found, and it depends on the geometry that controls the breakup process. A theory has been
proposed assuming a small capillary number, and it describes well the conditions of the breakup

process [17].

Researches have also been carried out on branching and asymmetric T — junction.
Asymmetric droplet formation is the main phenomenon for asymmetric T — junction. Unequal
reagent volume through the two arms of the T — junction have a great application in biomedical
and life sciences. An investigation has been done on the breakup of the droplet in asymmetric T
— junction microchannel with branches of unequal length and same cross-sections and found four
modes of droplet breakup, namely primary, transition, bubble, and non-breakups. Droplets of
asymmetric sizes are generated in the case in of asymmetric T — junction. To predict the breakup
and non - breakup of the droplet-based on the parent droplet size and the capillary number, an
empirical correlation is also established [18]. A study of the dissociation and dispersal of

droplets at a branching T-junction has also been conducted. The effects of two-phase flow rates,

92
TH-3136_166107025



Chapter 4 Influence of arm length and width ratio on droplet splitting:

a computational study

two-phase Reynolds number, and dispersed phase capillary number on droplet volume
distribution have been investigated. Correlations for estimating the volume distribution ratio

have also been created [19].

Some of the authors have investigated the droplet breakup process in constricted
geometry. Gai et al. [4] investigated experimentally and describes the entire dimensionless group
required to visualize the droplet breakup process through a constricted geometry in a
concentrated emulsion. Rosenfeld et al. [20] describes the many approaches for recognizing
droplet splitting, tracking droplet locations, and characterizing droplet deformations in a
concentrated emulsion with a large number of drops (N > 4000). They also discovered that
crucial flow rates and droplet deformations exist below which no break-up occurs. Bick et al.
[21] evaluated the influence of volume fraction on droplet breakdown in an emulsion flowing
through a constriction in a tapered microchannel in an experimental setting. They observed that
when the droplet volume fraction goes below 0.50 with constant flow velocity, the breakdown
fraction decreases dramatically. The droplet dynamic snap-off mechanism under a brief, sudden
constriction has been studied. Two breakup phenomena were observed: | total breakup, ii) partial
breakup, and one non-breakup phenomenon. It was also discovered that the droplet's initial size,
velocity, and viscosity all have an effect on the breaking process [22]. To further understand the
flow characteristics, an experimental study of pressure drop analysis of droplet break-up flow
passing through a constriction in a microchannel was carried out. Using pressure drop analysis,
the effect of important factors such as surfactant content, fluid flow velocity, and fluid viscosity

on droplet break-up was investigated [23].
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The aforementioned discussions show that studies on width ratio (branch channel
width/main channel width) and branch arm length ratio (right arm length/left arm length) are not
explored well. In the present study, a computational investigation has been targeted to reveal the
influence of width ratio and arm length ratio on droplet splitting in a microfluidic T -junction.
The simulations have been continued by varying width ratio and arm ratio from 1 to 0.25 (1,
0.75, 0.5, 0.25) and 0.4 to 0.9 (0.4, 0.6, 0.9) respectively. The insight physics behind breaking
and non — breaking phenomena have been explained with the help of pressure field and velocity
field magnitude. The VOF method has been adopted in the simulation. A study on droplet
breakup conditions has been done. Mixed flow patterns have been displayed with the help of
flow pattern map for the width ratio = 1, 0.75, 0.5, and 0.25. Prediction of simulated pressure
gradient has also been made with the help of the Lockhart and Martinelli approach and

Dimensional analysis for width ratio = 1.

4.2. COMPUTATIONAL MODEL

A 2D geometry of the microchannel T-junction is considered in simulation. Figure 4.1(a)
shows detailed dimensions of the microchannel geometry having an internal diameter of 0.78
mm and length of 120 mm, considered in the present computational work. Oil and water
(viscosity ratio: 30.6 and density ratio: 0.84) being introduced into the microchannel through the
two shorter arms of a T- junction and are flowing coaxially through the exits having long arms of
the T — junction. For the computation purpose, an unsteady state solver has been employed.

Figure 4.1 (b) represents meshed geometry of a section as shown in the figure.
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Figure 4.1. (a) Computational domain; and (b) Mesh

Oil and water have been selected as fluid pair for the study and their properties are listed below

in the Table 4.1.

Table 4.1. Fluid properties

Fluids Properties Water Mineral-Oil (MARCOL 82)
Density (kg/m?3) 997 843

Viscosity (Pa.s) 0.001 0.0306

Oil - water interfacial 0.0301

tension (N/m)

Contact angle of oil — water 51

on glass (°)
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4.2.1 Initial and boundary conditions

The channel was first filled with oil, and then water and oil were pumped via the inlets.
The operating pressure was set to be equal to the ambient pressure. At the walls, no-slip and
impermeable conditions were established. The outflow boundary condition was the pressure
outlet (Gauge pressure = 0). The time step was determined by fulfilling the Courant no. The

Velocity inlets were as follows:

At x = 22.61 and y = 120.78, Ux = Uqit and Uy = 0

At x =27.39 and y= 12078, -Uyx = Uwater and Uy: 0

4.2.2 Convergence, grid independency and model validation

The effect of arm length ratio and width ratio on flow pattern is the main concern of this
chapter whereas influence of phase velocity on flow pattern is the main concern of chapter 3.
The basic geometry, fluid pair and flow conditions are same in both the cases. So, the grid
independence study of this chapter is not done separately. It is considered same as mentioned in

chapter 3.

4.3. RESULTS AND DISCUSSIONS

When mineral oil and water flow through the horizontal T-junction microchannel, it turns
into droplets flows. Three different types of flow regime i.e. non-breakup, tunnel-breakup,
obstructed breakup, have been observed in the present simulation. In order to understand the
mechanisms of droplet breakup and non-breakup, the current investigation provides a detailed

analysis of the droplet dynamics through the horizontal T-junction microchannel. It includes the
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evolution of an interface between dispersed and continuous (water and oil) phases and
distribution of pressure, velocity profile. The width ratio (branch channel width/main channel
width) has been varied (1, 0.75, 0.5, and 0.25), and its effect on droplet breakup has been
examined. The effect of arm length ratio (right arm length/left arm length) on droplet dynamics
has also been studied based on varied values (0.4, 0.6, and 0.9) and its effect on droplet breakup
is observed. Variation of water (Vw = 0.01, 0.04 m/s) and oil (Vo= 0.18 m/s) velocities, has also
been deliberate in both the cases. A study on droplet breakup conditions has been done. Mixed
flow patterns have been shown with the help of flow pattern map for the width ratio = 1, 0.75,
0.5, and 0.25. Prediction of simulated pressure gradient has also been done with the help of the
Lockhart and Martinelli approach and Dimensional analysis for width ratio = 1. The outcomes of

the simulation have been systematically illustrated in the subsequent sections.

4.3.1 Influences of width ratio on droplet breakup dynamics

The effects of width ratio have been inferred based on following set of velocities, i.e. Vw = 0.01

m/s, Vo = 0.18 m/s. Width ratios have been changed; keeping the velocities constant.

4.3.1.1 Droplet dynamics at different width ratios and velocities set of Vw = 0.01 m/s, Vo = 0.18

m/s

97
TH-3136_166107025



Chapter 4 Influence of arm length and width ratio on droplet splitting:

a computational study

WR

WR=0.5 | WR=0.75

O o e O

iv

<N —>

WR =0.25

Figure 4.2. Width ratio alters the two-phase flow morphology. Red and blue color represents the
volume fraction contour of oil and water respectively. Three columns refer three different
locations of the droplets in microchannel along with time of progression at constant phase flow

rate (Vw =0.01 m/s, Vo =0.18 m/s).
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Figure 4.3. Width ratio alters the two-phase flow morphology. Dynamic pressure profile
corresponds to Figure 4.2. Three columns refer three different locations of the droplets in
microchannel along with time of progression at constant phase flow rate (Vw = 0.01 m/s, V, =

0.18 m/s).
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=
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Figure 4.4. Width ratio alters the two-phase flow morphology. Velocity vector profile
corresponds to Figure 4.2. Three columns refer three different locations of the droplets in
microchannel along with time of progression at constant phase flow rate (Vw = 0.01 m/s, V, =

0.18 m/s).

In case of width ratio = 1, it has been observed that there is alternate movement of
droplets in which the droplets are not splitting into the fragments or daughter droplets (Figure
4.2ia, 4.2ib, 4.2ic). When the droplet O is at a position just above the T-junction (Figure 4.2ia),
there is high incoming upstream pressure coming towards the droplet (Figure 4.3ia). After

reaching at the junction, it steers to the right hand side due to high pressure zone development in
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the left hand side (Figure 4.3ib). The continuous phase velocity helps in the movement of the
droplet O into the right hand side supported by the velocity vectors (Figure 4.4ib). When droplet
1 reaches the junction, it steers to the left hand side due to high pressure zone development in the
right hand side (Figure 4.3ic). The continuous phase velocity helps in the movement of the

droplet 1 into the left hand side supported by the velocity vectors (Figure 4.4ic).

In case of width ratio = 0.75, bifurcation with tunnel is observed in which the droplets get
bifurcated into two daughter droplets with gap exist between upper tip of the elongated droplet
and the upper inner walls of the arms of the T-junction. The droplet is pushed towards the T-
junction due to high incoming upstream pressure (Figure 4.3iia). The green color in the channel
indicates that there exists high pressure zone (Figure 4.3iia). When the droplet hit the opposite
wall of the T — junction with that pressure, it becomes dumbbell shape from bullet shape. When
the shear force of the lubricating film acting on the droplet is comparable to the interfacial
tension, then a vortex flow is formed (Figure 4.4iib) at the base of the droplet. This vortex flow
helps the dumbbell shape droplet to come to the outlets. The vortices are formed in a zone of
high pressure. Also, The accumulated upstream pressure helps to get narrow the neck and finally

induces the pinch — off the neck (Figure 4.2iic).

In case of width ratio = 0.5, bifurcation with tunnel is observed in which the droplets get
bifurcated into two daughter droplets with gap exist between upper tip of the elongated droplet
and the upper inner walls of the arms of the T-junction. When the droplet is at a position just
above the T-junction (Figure 4.2iiia), there is high incoming upstream pressure coming towards
the droplet (Figure 4.3iiia) due to which it reaches the T-junction. The green color in the channel

indicates that there exists high pressure zone (Figure 4.3iiia). When the droplet hit the opposite
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wall of the T — junction with that pressure, it becomes dumbbell shape from bullet shape. When
the shear force of the lubricating film acting on the droplet is comparable to the interfacial
tension, then a vortex flow is formed (Figure 4.4iiib) at the base of the droplet. This vortex flow
helps the dumbbell shape droplet to come to the outlets. The vortices are formed in a zone of
high pressure. Also, The accumulated upstream pressure helps to get narrow the neck and finally

induces the pinch — off the neck (Figure 4.2iiic).

When the width ratio is equal to 0.25, bifurcation with obstruction is observed in which
the droplets are bifurcated into two daughter droplets with a negligible gap between the upper tip
of the elongated droplet and the upper inner walls of the T-junction arms. This flow regime has
three distinct stages, namely, i) Extension ii) Squeeze and iii) Pinch-off. These three stages are
also present in bifurcation with tunnel flow. In the extension stage, the bullet-shaped water
droplet passing through the main channel approaches towards the T-junction and gets elongated
due to shear forces acting in the annular space between the channel wall and surface of the
droplet (Figure 4.2iva). The existence of shear force is well supported by intense pressure
(Figure 4.3iva) and velocity profile (Figure 4.4iva). The vortex shown in Figure 4.4ivb pulls the
elongated droplet towards the junction area away from the main channel. After reaching the
junction, the droplet is squeezed due to the upstream pressure and vortex field. Now the droplet
is so deformed that it takes double tumbled shape (Figure 4.2ivb) and occupies the maximum
area of the channel. So the flow of the continuous phase (oil) is obstructed, and pressure is
accumulated in the junction area (Figure 4.3ivb). As a result, the shear force cannot overcome

the surface force, but the accumulated pressure field forces the deformed droplet in a complete
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pinch-off (Figure 4.2ivc). So the combined effect of larger droplet size, pressure accumulation,

and occurrence of vortices at the T-junction causes the bifurcation with obstruction.

It has been observed that, with the decrease of the width ratio, the breakup tendency increases.
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4.3.2 Influence of arm length ratio (right arm length/left arm length) on droplet breakup

dynamics at constant width ratio (WR = 1) and velocities set (Vw = 0.04 m/s, Vo = 0.18 m/s)

The effects of arm length ratio have been inferred based on one set of velocities, i.e. Vw = 0.04

m/s, Vo = 0.18 m/s. Initially, arm length ratios have been changed; keeping the velocities

constant.
a b
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Figure 4.5. Arm length ratio alters the two-phase flow morphology. Red and blue color

represents the volume fraction contour of oil and water respectively. Three columns refer three

different locations of the droplets in microchannel along with time of progression at constant

phase flow rate (Vw = 0.04 m/s, V, = 0.18 m/s).
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=0.6
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Figure 4.6. Arm length ratio alters the two-phase flow morphology. Dynamic pressure profile
corresponds to Figure 4.5. Three columns refer three different locations of the droplets in
microchannel along with time of progression at constant phase flow rate (Vw = 0.04 m/s, V, =

0.18 m/s).
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Figure 4.7. Arm length ratio alters the two-phase flow morphology. Velocity vector profile
corresponds to Figure 4.5. Three columns refer three different locations of the droplets in
microchannel along with time of progression at constant phase flow rate (Vw = 0.04 m/s, V, =

0.18 m/s).
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In case of arm length ratio = 0.4 and 0.6, the droplets do not bifurcate and pass through
the right hand arm of the microchannel. From dynamic pressure contour we get that, there is
relative high pressure zone on the right arm of the microchannel. We can say that there is
pressure difference between left and right arm of the microchannel. The velocity of the

continuous phase is also high on the right arm of the microchannel.

In case of arm length ratio = 0.9, the droplets bifurcate and the daughter droplets pass
through both the arms of the microchannel. From Figure 4.6iiia, 4.6iiib and 4.6iiic, we can say
that there is no pressure difference between the left and right arm of the microchannel. The

velocity of the continuous phase is moderate on both the arms of the microchannel.

With the increase of the arm length ratio, it has been observed that the tendency of the

bifurcation increases.
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4.3.3 Droplet breakup condition
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Figure 4.8. Capillary number vs. width ratio for e0= 0.3, €0=0.34, 0= 0.4 and g0 = 0.55

Figure 4.8 represents a graph between width ratio and capillary number, ca = # U L IS
(o2

the viscosity of continuous phase, U is the mixer velocity, and o is the interfacial tension, which

has been plotted to draw the details of the droplet breakup condition based on initial extension

. . . | .
(e0). The initial extension can be defined as (ﬂwlo} where lo is the length of the droplet before
reaching the T-junction and wpo is the width of the droplet before reaching the T-junction. The

black line corresponds to initial extension (o) = 0.34 for the velocity (Vw = 0.01 m/s, Vo= 0.18

m/s), the red line corresponds to initial extension (go) = 0.4 for the velocity (Vw = 0.04 m/s, V, =
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0.18 m/s), the green line corresponds to initial extension (eo) = 0.3 for the velocity (Vw = 0.005
m/s, Vo = 0.18 m/s) and the blue line corresponds to initial extension (g0) = 0.55 for the velocity
(Vw=0.06 m/s, Vo= 0.18 m/s). The capillary number is calculated for width ratios of (0.25, 0.3,
0.4,0.5,0.7,0.75, 0.8, 0.9, and 1.0). Link et al.[6] concluded in his work that for initial extension
€0 > 1, the droplets always break. But in the present work it is observed that the droplets also
bifurcate for initial extension value, g0 = 0.3, 0.34, 0.4 and 0.55. This plot gives the idea of a
critical width ratio at which droplet starts to break at a particular eo. At constant initial flow rate,
viscous forces becoming stronger at a particular width ratio. It tells which width ratio is required
to split a droplet. Also, it tells that with increase in the initial extension the critical breakup width
ratio also increases and the corresponding capillary number decreases. For initial extension of
0.3, 0.34, 0.4 and 0.55, breakup starts from width ratio of 0.5 (Ca = 0.37), 0.7 (Ca = 0.19), 0.8

(Ca=0.17), and 0.9 (Ca = 0.15) respectively.

4.3.4 Mixed flow regimes and flow pattern map

Mixed flow regimes are flow phenomena in which the droplets exhibit new patterns in
their motions rather than only breakdown and non-breakup when they approach the T-junction.
For example, the coalescence of two droplets then bifurcates into two droplets or remains as a
single droplet and steers to one direction, etc. Various mixed flow regimes were found for width
ratio = 1, 0.75, 0.5 and 0.25. Flow pattern maps have been developed through which the mixed
flow regimes are displayed for all the width ratios. Two dimensionless quantities, namely

capillary number (Ca) and mixer Reynolds number (Rem), have been displayed on the X- and Y-

109
TH-3136_166107025



Chapter 4 Influence of arm length and width ratio on droplet splitting:

a computational study

axes, respectively, to create a generalized flow pattern map and extract the essential
characteristics. Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12 represents the flow pattern

maps for width ratio 1, 0.75, 0.5 and 0.25 respectively.

180
- E AM
Em'Vv > ¥ @ RM+CM
AM+CM+CB
¥ AM+CB
BT
Region- I: Not a capillary number : AM+CB+BT
| . 5 BT+BO
150 induced region ® EO
*x A
120 - mA < > >

Mixer reynolds number (Re,,)

90 -
Region- II: A highly cap.lllary Region- III: May not be a capillary
number induced region number induced region
o0 ¢ d
60 1 1 1 1 1 1 1 I | 1
0.12 0.18 0.24 0.30 0.36

Capillary number (Ca)

Figure 4.9. Flow pattern map for width ratio = 1—Capillary number (Ca) vs mixer Reynolds
number (Rem): AM alternate movement of droplets, RM random movement of droplets, CM two
droplets coalesce and move in one direction, CB two droplets coalesce and bifurcate, BT

bifurcation with the tunnel, BO bifurcation with obstruction, A annular flow
This flow pattern map shows the three distinct regions:
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a) Region- I: There is no capillary number induced area. At constant mixer Reynolds number, the
flow patterns exhibit little change with capillary number. The alternating movement of droplets

(AM) is prevalent in this case.

b) Region- II: A highly capillary number induced region. A strongly capillary number induced
area in which flow patterns show variation with the capillary number at constant mixer Reynolds
number. In this region, mixed flow patterns have been observed. Alternate movement of droplets
+ two droplets coalesce and bifurcate (AM+CB), alternate movement of droplets + two droplets
coalesce and move in one direction + two droplets coalesce and bifurcate (AM+CM+CB),
Alternate movement of droplets + two droplets coalesce and bifurcate + bifurcation with the
tunnel (AM+CB+BT), random movement of droplets + two droplets coalesce and move in one
direction (RM+CM) , bifurcation with the tunnel (BT), bifurcation with obstruction (BO),

annular flow (A) are the dominating flow patterns.

c) Region- IlI: It's possible that this isn't a capillary number-induced area. At constant mixer
Reynolds number, the flow pattern may shift with capillary number. A combined flow is

discovered, namely Bifurcation with tunnel + Bifurcation with obstruction (BT+BO).
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Figure 4.10. Flow pattern map for width ratio = 0.75 - Capillary number (Ca) vs mixer Reynolds
number (Rem): AM alternate movement of droplets, BT bifurcation with the tunnel, BO

bifurcation with obstruction, A annular flow
This flow pattern map shows the three distinct regions:

a) Region- I: It's possible that this isn't a capillary number-induced area. At a fixed mixer
Reynolds number, the flow pattern may alter with the capillary number. A combined flow is

discovered, namely Bifurcation with the tunnel + Alternate movement (BT+AM).
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b) Region- II: There is no capillary number induced area. At constant mixer Reynolds number,
the flow patterns exhibit little change with capillary number. The dominant flow patterns here

are bifurcation with tunnel (BT), bifurcation with obstruction (BO), and annular flow (A).

c) Region- IlI: There is no capillary number induced area. At constant mixer Reynolds number,
the flow patterns exhibit little change with capillary number. Here, only one regime - bifurcation

with obstruction (BO) is found.
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Figure 4.11. Flow pattern map for width ratio = 0.5 - Capillary number (Ca) vs mixer Reynolds
number (Rem): BT bifurcation with the tunnel, BO bifurcation with obstruction, A annular flow
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In this flow pattern map, the whole region is Not a capillary number induced region.
Bifurcation with obstruction (BO), bifurcation with tunnel (BT) and annular flow (A) are found

here.
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Figure 4.12. Flow pattern map for width ratio = 0.25 - Capillary number (Ca) vs mixer Reynolds

number (Rem): BO bifurcation with obstruction, A annular flow
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In this flow pattern map, the whole region is Not a capillary number induced region.

Bifurcation with obstruction (BO) and annular flow (A) are dominating flow patterns here.

In Figure 4.9, bifurcation with tunnel + bifurcation with obstruction (BT+BO) occur at
high mixer Reynolds number and capillary number and occupy a broader map area. Alternate
movement of droplets (AM) occurs at high mixer Reynolds number and low to moderate
capillary number and occupies a moderate map area. The mixed flow regime comprises of a)
Alternate movement of droplets + two droplets coalesce and bifurcate (AM+CB), b) alternate
movement of droplets + two droplets coalesce and move in one direction + two droplets coalesce
and bifurcate (AM+CM+CB), c¢) Alternate movement of droplets + two droplets coalesce and
bifurcate + bifurcation with the tunnel (AM+CB+BT), d) random movement of droplets + two
droplets coalesce and move in one direction (RM+CM) , e) bifurcation with the tunnel (BT), f)
bifurcation with obstruction (BO), g) Annular flow (A). Annular flow (A) occurs at low mixer

Reynolds number and moderate capillary number.

In Figure 4.10, bifurcation with obstruction (BO) occurs at high mixer Reynolds number
and capillary number and fills a larger map area. Bifurcation with tunnel + alternating droplet
movement (BT+AM) occurs at high mixer Reynolds number and low to moderate capillary
number, and occupies a moderate map area. Bifurcation with tunnel (BT) occurs at low to high
mixer Reynolds numbers and low to moderate capillary numbers and takes up a modest plot area.
Annular flow (A) occurs when the mixer Reynolds number is low and the capillary number is

modest.
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In Figure 4.11, bifurcation with obstruction (BO) happens when the mixer Reynolds

number and capillary number are low to high, and it fills a larger map area. Bifurcation with

tunnel (BT) happens when the mixer Reynolds number is high and the capillary number is low to

moderate, and it fills a modest map area. Annular flow (A) occurs when the mixer Reynolds

number is low and the capillary number is modest.

In Figure 4.12, at low to high mixer Reynolds number and capillary number, bifurcation

with obstruction (BO) occurs and occupies the whole map. Annular flow (A) occurs when the

mixer Reynolds number is low and the capillary number is modest.

4.4. LOCKHART AND MARTINELLI APPROACH

Martinelli parameter (X) has been evaluated from the single-phase pressure drop

calculation, which is as follows:

(dp
g;  dx

X2=19 -

# ( dp

o
x

Where

dp
2 (dXJtp
¢ = )

(&),

And
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&)
) dx 0

(&),

Where g and | denote the gas and liquid phase, respectively

(4.4.3)

Single-phase pressure gradient is calculated using the standard formula of pressure gradient as

S5

f :E for Re <2100
Re (4.4.4)
f :% for Re > 2100
ol
Re :%
y7]

Where £, p, 1, D, and v are friction factor, density, viscosity, diameter, and velocity of fluids.

A graph has been plotted between ¢%y and 1/X as shown in Figure 4.13. Then the
predicted pressure gradient for the T-junction having width ratio = 1 and internal diameter of
0.78 mm is obtained from the equation of the curve (¢2v = 24.117*(1/X)?+20.03*(1/X)-5.68),
where ¢ = [(dp/dx)/(dp/dx)w]. Percentage deviation between predicted and simulated pressure

gradient is calculated. The average absolute error is coming out to be 52%, given in Figure 4.14.
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Figure 4.13. Plot between ¢ and 1/X
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Figure 4.14. Comparison between predicted and simulated pressure gradient using Lockhart and

Martinelli approach

118
TH-3136_166107025



Chapter 4 Influence of arm length and width ratio on droplet splitting:
a computational study

4.5. DIMENSIONAL ANALYSIS

4.5.1 Set up

Dimensional analysis has been set up for general two-phase flow (both the liquid are
immiscible to each other) through a T-junction having a width ratio = 1 and internal diameter of
0.78mm. The first step in dimension analysis is to list all the parameters and then state their
dimensions with respect of mass 'm’, length 'l', and time 't'. Schematic of T-junction is shown in

Figure 4.15.

Two phase flow

LL

AP/L

N ® S S
Outlet Outlet

Figure 4.15. Schematics of the T-junction

The list that will be analyzed is:

AP/L (i.e. the pressure gradient from upstream to downstream) (m/122)
Um (Mixed velocity) (1Y)
pm (Mixed density) (m/1®)
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um (Mixed viscosity) (m/1t)
o (i.e. interfacial tension) (m/t?)
Dw (i.e. internal diameter of the main channel and branch channel) U]
e (Roughness factor) U]

Here, Um = Vo + Vw (Vo = 0il velocity and V = water velocity)
pm = (Hold up of water phase * Density of water) + (Hold up of oil phase * Density of oil)

Mm = (Viscosity of oil + Viscosity of water)/ ((Viscosity of water * Mass fraction of water) +

(Viscosity of oil * Mass fraction of oil))
4.5.2 Procedure

There are seven parameters listed i.e. "n" = 7. There are three primary parameters i.e.

length (1), mass (m) and time (t) i.e. “m” = 3.

So, number of independent groups = 7-3 = 4

So, f (I1, ITp, I3, TTs) = 0

Where, f is some function, or in an alternate expression:

Iy = f1 (I, I3, T14)

where f1 is some function different to function f .

Taking an arbitrary choice of three parameters: pm, Um, Dwm

Group 1: 11 = {(pm) %, (Um) ®, (Dm) €} (AP/L)
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{(mN32 (110, (1) (m/17t2) = mo1%°
m:a+1=0 X I: -3a+b+c-2=0 X t:-b-2=0

or,a=-1 or,c=1 or,b=-2

a=-1,b=-2,c=1
therefore, IT1 = {(pm) %, (Um) 2, (Dm)'} (AP/L)

= (Dm/ pmU?m)( AP/L)
By similar procedures the rest of the groups can be derived:
Group 2: TI2= {(pm) %, (Um) %, (Dm) '} (um) = pm/ pmDm Unm
Group 3: Tls= {(pm) %, (Um) 2, (Dm) } (6) = 6/ pmDm U?n

Group 4: TIs= {(pm) %, (Um) °, (Dm) 1} (e) = &/Dm

Therefore, we have

A_P( D j_){ M JaL o jb[ € jc
L { p, U2 puUnDy ) { p,UZD, ) | Dy (4.5.2.1)

This is the pressure gradient in terms of the dimensionless group.
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Where A, a, b and c are constants. These constants are evaluated from multiple regression
analysis in Microsoft Excel using our own simulated data. From this analysis we have estimated

A =0.008,a=0.4,b=0.34, c = 0. Therefore, Eq. (4.5.2.1) becomes

AP 0.4 0.34 U 2
—= o.oo{Aj (+j (mj
L memDM memDM DM (4522)

The regression coefficient and standard error of Eq. (4.5.2.2) are found to be 0.9 and 0.2
respectively. The dimensional analysis has predicted the simulated pressure gradient data for
width ratio = 1 with an average error of 4.3 %, as shown in Figure 4.16. It is better than the
prediction estimated by Lockhart and Martinelli approach. The present correlation is applicable

within the range of Mixer Reynolds number of 15-130 and capillary number in the range of 0.04-

0.71.
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Figure 4.16. Comparison between simulated and predicted pressure gradient using Eq. (4.5.2.2)

4.6. SUMMARY

In this study, the 2D-CFD simulation has been carried out to investigate the influence of
width ratio and arm length ratio on droplet splitting. The model has been validated with the
previous experimental data present in the literature [24]. The tunnel breakup and the obstructed
breakup are mainly due to the pressure difference in the branch channel and the direction of the
velocity vectors which are towards the branch’s exit and the pressure swing phenomenon is the
reason behind the alternate movement of the droplets. Breakup with tunnel is found in WR =
0.75, 0.5, breakup with obstruction is found in WR = 0.25 and alternate movement is found in

WR =1 for Vw = 0.01 m/s, Vo = 0.18 m/s. It has been found that breakup tendency increases as
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we decrease the width ratio (1, 0.75, 0.5, and 0.25) and increase the arm length ratio (0.4, 0.6,
and 0.9). Droplet breakup condition has been revealed based on initial extension. Flow pattern
maps have been developed through which the mixed flow regimes and other flow regimes are
displayed for all the width ratios (1, 0.75, 0.5, and 0.25). Mainly three distinct regions are found:
i) Not a Ca induced region ii) Highly Ca induced region iii) May be Ca induced region.
Prediction of simulated pressure gradient for width ratio = 1 has been made through Lockhart
and Martinelli approach, and a percentage deviation of 52% has been found. Dimensional
analysis has also been done for width ratio = 1 and 4.3 % of average error is found between

predicted and simulated pressure gradient, which is better than Lockhart and Martinelli approach.
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ABSTRACT

2D simulations have been performed to investigate flow regimes in a flow-focusing
geometry by changing the dispersed phase and continuous phase velocities. The dispersed phase

is the Polydimethylsiloxane (PDMS), and the continuous phase is the water. Simulations have

been performed in a range of oil-water viscosity ratio [ﬂ] from 3-50, interfacial tension ranges

Hy
from 0.0118-0.002 N/m. The walls of the microchannel are considered to be PMMA surfaces.
The contact angle (0) of an oil droplet in the presence of water wetting the PMMA surface is
140°. Two types of flow regimes, namely dripping and jetting, were observed in our study by
changing the dispersed phase and continuous phase velocities. The sequential time steps of void
fraction contour have been presented to explore the mechanism of droplet formation. The droplet
pinch-off time and jet growth time have been calculated for dripping and jetting regime
respectively. The outcomes are summarized in the form of flow pattern map at a viscosity ratio
of 12 and interfacial tension of 0.0118 N/m, which shows the transition boundary between
dripping and jetting phenomena. The simulated transition boundary gives good agreement with
the analytical solution available in the literature. The effect of oil-water viscosity ratio and
interfacial tension on droplet size is also investigated. These findings will help to understand
different flow regimes and its transition in a flow focusing geometry and will have direct
application in the microfluidic platform-based devices. The idea of the manuscript matches with

the scope of the journal as it is based on multiphase flow using 2D simulations.
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5a.1. INTRODUCTION

Droplet-based microfluidics in immiscible fluids is one of the emerging fields in recent
years due to its wide application in medicine [1], food [2], tissue engineering [3], cell therapy
[4]. With this approach, one may regulate cell size and monodispersity while eliminating the
need to immunize medicines during cell culture. They can quickly isolate cells from the external
environment. Microdroplets can be created using two methods: 1) Active technique Il) Passive
technique [5]. In active technique, the droplet is generated using external forces like electrical,
magnetic forces, or thermal energies. The passive techniques include the geometry of the channel
and the flow hydrodynamics. There are several configurations through which microdroplets can
be created, such as T-junction, co-flow, flow-focusing, and some variations [6]. Shear force is
used in these geometries in order for droplets to be broken down. A variety of flow regimes may
be seen, such as squeezing, dripping, jetting, and continuous regimes. In order to forecast the
different flow regimes based on the flow parameters, researchers have employed multiphase
numerical simulation. Momentum and continuity are used as governing equations to determine
the interface in the multiphase numerical simulation. Multiphase flow may be modeled using a
variety of approaches, including the volume of fluid (VOF) model, the level set method (LS), the
phase-field method, and the lattice Boltzmann method [7]. Some of the authors have investigated
both experimentally and numerically the various factors which influence the droplet formation in

a flow-focusing geometry.

Yobas et al. [8] investigated the droplets generation in a flow-focusing geometry. For
water-in-oil droplets, they generated over 10 droplets per second, and for oil-in-water droplets,

they generated over 10° droplets per second. Increase in droplet diameter and formation
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frequency are attributed to an increasing flow rate of the continuous phase. Both experiments and
numerical simulations of droplet generation in flow-focusing geometry have been done here.
Effects of three-dimensional circular orifices and two-dimensional rectangular constrictions
within the flow-focusing device were compared. 2D rectangular geometry produces bigger
droplets with a lower frequency than 3D circular geometry as, discovered by Ong et al. [9]. Lu et
al.[10] investigated the breakup dynamics of the gas-liquid interface for Taylor bubble formed in
a microfluidic flow-focusing geometry. Studies have shown a power-law relationship between
the minimum diameter of a gaseous thread and the liquid viscosity, along with the time less than
the ultimate pinch-off. There are radial and axial variations to the surface and azimuthal
curvature. During bubble formation, interfacial force is responsible for the growth of the gas-
liquid surface. These values are determined by liquid viscosity. Numerical investigation on
droplet generation in a microfluidic flow-focusing device has been done using the level set
method. The size of the droplets increases as the flow rate increases, while the frequency of the
droplets decreases. Droplet size is reduced, and frequency rises as phase viscosity increases.
Interfacial tension increases droplet size, and frequency decreases with increasing interfacial
tension.[11] Droplet size in a CFF (Co-axial Flow Focusing) device has been numerically
investigated in terms of flow rates, viscosities, interfacial tension, and nozzle and orifice sizes.
Using a wide variety of non-dimensional variables, a correlation is established that accurately
predicts the droplet size with less than 15% error. Smaller droplets result from lower interfacial
tension and higher viscosity of the continuous phase fluid. On the other hand, higher fluid
viscosity of the dispersed phase and greater nozzle diameter may cause larger droplets. Droplet

diameter also increases with a higher dispersed phase flow rate. In case of droplet size, orifice
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length is less important than orifice radius when the orifice length is the same [12]. Experiments
were done on the breakup dynamics of semi-dilute polymer solutions in a flow-focusing
microchannel. PEO (Poly (ethylene oxide)) solutions that have been semi-diluted produce similar
breakdown morphology to those that have been diluted. The transition time between two regimes
may be estimated by analyzing the temporal variability of extensional strain rates. An increase in
extensional viscosity is caused by strain hardening and results in delayed breaking [13]. A
numerical investigation on double emulsion formation in a hierarchical flow-focusing channel
was done using a free-energy ternary lattice Boltzmann model. To do this, they calculated the
capillary counts of fluids in the inner (Cai), mid-phase (Cam) and outer-phase (Cao) phases. Cai
and Cam can be altered in different ways in the two-step formation region to produce distinct
morphologies. The researchers also observed that the ratio of interfacial tension might have a
substantial influence on the form of the droplets in emulsions. Channel geometry has a
considerable impact on changes in formation regimes and double emulsion sizes [14]. Igbal et al.
[15] used numerical simulation to investigate the influence of intersection angle and wettability
on droplet formation in a microfluidic flow-focusing device. It was observed that the size of the
droplets increases as the flow rate ratios rise. A high flow rate ratio and increased contact angles
create large diameter droplets. The biggest droplets are produced by the form with perpendicular
intersection angles. Soroor et al. [16] investigated the droplet generation process by developing
numerical and experimental methods. A flow-focusing droplet generator was built using
numerical simulation. Using the 2D phase-field method, a newly designed microfluidic device's
manufacturing process was predicted before it was manufactured. There were less than five

percent of simulations that were different from the experiments. An extensive range of flow rate
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ratios was used to model and build the device. A possible application of this study's findings is
the determination of the best flow regime for minimizing shear stress on cells while increasing
droplet frequency and monodispersity. Chekifi et al. [17] investigated the breakup of air bubbles
in the flow-focusing configuration using CLSVOF. There is an inverse relationship between
dispersed phase viscosity and bubble size. Moreover, the bubble's volume varies inversely with

orifice size.

In view of the above discussions, learning of the fundamental aspects of liquid-liquid
two-phase flow in flow focusing geometry is limited. So, the present work aims on a numerical
study to explore the effect of phase velocities and fluid properties on flow regime in a 2D flow-
focusing geometry. The dispersed phase is the PDMS oil (polydimethylsiloxane), and the

continuous phase is the water. Simulations were performed in a wide range of oil-water viscosity

ratio (&:3—50] and interfacial tension (0.0118-0.002 N/m). The walls of the microchannel
My

are considered to be PMMA surfaces. In presence of water, the contact angle (6) of an oil droplet
with PMMA surface is 140°. The simulated results revealed two flow regimes — 1) Dripping and
I1) Jetting. Dripping and jetting phenomena with sequential time steps are presented to explore
the insight of the droplet formation. The droplet pinch-off time and jet growth time has been
calculated for dripping and jetting regime respectively. The outcomes are summarized in the
form of flow pattern map to indicate the transition boundary between dripping and jetting
phenomena. The simulated transition boundary is in well agreement with the analytical solution
available in the literature. The effect of oil-water viscosity ratio and interfacial tension on droplet
size is also investigated.
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5a.2. COMPUTATIONAL MODEL

5a.2.1. Geometry, initial and boundary conditions

The solution domain consists of a horizontal 2D flow-focusing microchannel. Figure
5a.la shows the dimensions of the computational domain's geometry. Three inlets (each of 0.6
mm in length) and a main channel make up the complete geometry. Figure 5a.1b depicts the
optimum mesh size of the flow-focusing geometry in its corresponding dimensional space. The

optimum mesh was achieved through grid independency study as discussed in the next section.
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Figure 5a.1. a) Computational domain b) Mesh

Water (continuous phase) occupied the channel at first, and subsequently, oil (dispersed
phase) and water passed through the inlets. Atmospheric pressure was selected as the operating
pressure. Ux = Uoil and uy = 0, -uy = 0 at the oil inlet, and Uy = Uwater, -Uy = Uwater, and Ux = O at the
water inlet. Impermeable and non-slip characteristics were imposed on the walls. The gauge
pressure at the outflow was O Pa. Time intervals were set based on Courant's number in

computational process.
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The properties of two phases namely Polydimethylsiloxane (PDMS) and water have been

enlisted below in Table 5a.1.

Table 5a.1. Fluid properties

Fluids Properties Water Polydimethylsiloxane (PDMS)
Density (kg/m3) 997 920
Viscosity (mPa.s) 0.92 11
PDMS-water interfacial tension 0.0118
(N/m)
Contact angle of PDMS on 140

PMMA in water (°)

5a.2.2. Grid independence, code verification, and validation

Using three different quadrilateral mesh (4742, 9628, and 14371 cells), a grid
independence study was conducted to determine the optimal grid size (Figure 5a.2). Optimum
grid size was confirmed based on the minimum % deviation of dimensionless droplet length
(L/W¢) with respect to literature data reported by Fu et al. [18]. The computational results were
converged across (10°) time steps. There was a residual of 10 for both the continuity and
velocity function. Figure 5a.2 represents comparison of the simulated data with the experimental
data of Fu et al. [18]. X and Y axis represent continuous phase velocity and dimensionless
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droplet length (L/Wc) respectively at oil flow rate (Qo) of 100 pL/min. The plot indicates that the
values obtained from the 14371 cells are closer to the experimental data. For detailed analysis,
values were extracted and compared in in Table 5a.2. Mesh with 14371 cells confirms a
deviation of 2.7 %, which is the lowest among three. The deviation of grid with 9628 and 4742

cells are 5.4 % and 8.1 % respectively. So, in this respect, we have chosen grid with 14371 cells.
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Figure 5a.2. Plot for grid independency study with mesh of 4742, 9628 and 14371 cells. Red
symbols represents experimental data taken from Fu et al. [18]. Purple, blue and black symbols

indicate results obtained from mesh having cells of 4742, 9628 and 14371 cells respectively

Table 5a.2. Comparisons of experimental dimensionless droplet length with simulated results

obtained from the different grid’s sizes

Grid No. of cells Experimental Simulated Percentage
L/Wc L/Wc deviation
(Exp—SimjxlOO
Exp
Grid-1 4742 1.94 1.76 9.3
1.7 1.55 8.8
1.42 1.33 6.3
1.21 1.12 7.4
1.06 0.97 8.5
Average error 8.1
Grid-2 9628 1.94 1.82 6.2
1.7 1.6 5.9
1.42 1.36 4.2
1.21 1.15 5.0
1.06 1 5.7
Average error 5.4
139
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Grid-3 14371 1.94 1.88 3.1
1.7 1.65 2.9

1.42 1.39 2.1

1.21 1.18 2.5

1.06 1.03 2.8

Average error 2.7

The solver code has been verified against the analytical equation for flow between parallel plates

when both the plates are fixed which is presented below:

U =L(ﬁj(3y_yz)

2\ oX
Where,
B = Distance between the plates
y = Distance of point from one of the plate

p = Dynamic viscosity of continuous fluid

U, aty:E :i[ﬂJBZ
2) 8ul\ oX

Lz{lJ( _lj (52.2.2.1)
So, Umax B B

140
TH-3136_166107025



Chapter 5a Two-dimensional simulation of dripping
and jetting flow in a flow-focusing geometry

A comparison is shown in Figures 5a.3. Figure 5a.3 depicts a velocity profile at the
section A-A as marked in the Figure 5a.3a, which is placed a little far from the nose of the
droplet. The graphic depicts a parabolic velocity profile, which is particularly evident in the
event of a fully developed flow, as well as a velocity profile computed using a benchmark
problem (equation 5a.2.2.1). We have plotted normalized velocity and radial distance from the
center along the X and Y axis respectively (Figure 5a.3b). The figure gives a good agreement

between two.

Figure 5a.4a and 5a.4b depicts us streamline function contour for continuous phase and
dispersed phase respectively. They both notify us about formation of curl at the junction of flow-

focusing geometry at t = 0.25 s. This formation of curl accords with the results of Fu et al. [19].

This confirms the verification of the code with a higher accuracy.

—®— At 0.202 s (from simulation)
(b) 0.3 I- | —®— Analytical solution Eq. (5a.2.2.1)
\q.‘.
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©
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Figure 5a.3. Velocity profile at the section A-A confirms the code verification. The profile has
been captured at a time step of 0.202 s: a, Sectional plane (A-A) along with volume fraction
contour; and b, Black color represents the parabolic velocity profile captured from simulation
and red color represents the parabolic velocity profile obtained from analytical equation for flow

between parallel plates when both the plates are fixed (5a.2.2.1)

(a) Streamline Function Contour () Streamline Function Contour
t=0.25s t=0.25s
s “ s
0.2 - 0.06
| 0.1 . 0.03 <
i ¢
io o [ —

Figure 5a.4. Streamline function contour depicting curl at the junction of flow-focusing

geometry: a, For continuous phase; and b, For dispersed phase

5a.3. RESULTS AND DISCUSSIONS

The present work investigates the portrayal of velocity, fluid properties of the dispersed
and continuous phase on transition between dripping and jetting flow. It will help us to unfold

the inside physics of dripping and jetting flow by understanding the role of inertia, viscous and
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surface force behind these two marvels. The velocity of the dispersed and continuous phases was
varied in the range of (0.01 — 0.08) m/s and (0.025 — 0.15) m/s respectively. The mechanism of
dripping and jetting flow were explored by analyzing the sequential time steps of the
development of volume fraction, and velocity field. The droplet pinch-off time and jet growth
time has been calculated for dripping and jetting regime respectively. The outcomes are
summarized in the form of flow pattern map which shows the transition boundary between
dripping and jetting phenomena. The X and Y axis of the flow pattern map is presented as
Capillary (Cawater) and Weber (Weoi) number respectively. The simulated transition boundary
also accords with the analytical solution available in the literature. The effect of oil-water
viscosity ratio and interfacial tension on droplet size is also investigated. The detailed analysis of

the simulated results has been discussed in the subsequent sections.

5a.3.1 Effect of inertia on dripping and jetting flow

Phase velocity is one of the important parameters, which governs the transition of
dripping and jetting flow. A typical illustration of a dripping flow observed at V, = 0.01 m/s and
Vw =0.02 m/s has been shown in Figure 5a.5. The figure shows the sequential time steps (TS) of
volume fraction contour, which explains the development of a dripping flow. In the dripping
flow, droplet pinch-off occurs near the junction of two phases. This leads to the generation of
small spherical droplets close to the junction, whose diameters are approximately equal to the
width of the channel. In this flow-focusing geometry, the oil phase enters along the X-axis and
meets the water streams coming from the positive and negative direction of Y-axis at the
junction (Figure 5a.5a). The water jets hit the oil stream and deformed it as shown in Figure

5a.5b. A neck of the oil stream is spawned due to the continuously increasing pressure on the oil
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stream exerted by the two water jets (Figure 5a.5c). The thickness of the neck decreases

gradually with the passage of time (Figures 5a.5b-e). As a result, a bulged oil stream is observed

in front of the oil stream as in Figure 5a.5d. Once the pressure drop between upstream and

downstream of the bulged oil stream reaches its maximum, the thickness of the neck became

critical, which leads to the breakage of the bulged oil stream (Figure 5a.5e) and generate a

pendant shaped droplet. This pendant shaped oil droplet so formed is pushed downstream by the

phase velocity, which is transformed into a prolate shaped oil droplet by balancing the

interfacial, viscous and pressure forces (Figure 5a.5f). These numerical results highly accord

with the experimental investigation on dripping phenomena reported by Fu et al. [18].
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Figure 5a.5. The various time steps indicating the formation mechanism of dripping flow at Lo

=12,6=0.0118 N/m, and 6 = 140°
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To understand the insights of the dripping phenomena, the sequential of time steps (TS)
of continuous phase’s velocity vectors have also been extracted from the simulated results and
presented in Figure 5a.6. It is revealing how the continuous phase helps in the pinch-off of the oil
stream and generates a spherical oil droplet. At TS = 0 s, the dispersed phase doesn’t cross the
junction, so the velocity vectors of both the streams (along positive and negative Y-axis) of the
continuous phase collide each other just in front of the oil stream at the junction (Figure 5a.6a).
Oil phase is moving forward with time, and interacting with the velocity field of continuous
phase, which leads to a necking of the dispersed phase at TS = 0.04 s (Figure 5a.6b). Further,
intensity of the velocity vector of the continuous phase escalates on the surface of the oil stream
due its bulged shaped morphology, which enforces to elongate the neck and neck is becoming
thinner and thinner with progress of time (Figure 5a.6¢-d). The Figure 5a.6e (TS = 0.14 s) shows
a very interesting phenomena where inertial force due velocity field of the continuous phase is so
strong that it is overwhelming the stabilizing viscous and surface forces of the dispersed phase
and the thickness of the neck becomes critical. This critical neck thickness breaks down easily
and generates a lumpy mass from the bulged oil stream, similar to a pendant shaped droplet,

which is transformed into distinct oblate droplet (TS = 0.15 s, Figure 5a.6f).
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Figure 5a.6. Velocity vectors at different time steps explaining the inside physics of dripping

flow at 2= 12, 6=0.0118 N/m, and 6 = 140°
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Jetting is another important flow pattern in flow-focusing geometry which leads the
formation of small droplets of the dispersed phase at distant point from the junction. A
representative result of the sequential time steps of volume fraction contour of such flow is
shown in Figure 5a.7 at oil and water velocity of 0.02 m/s (Vo) and 0.02 m/s (Vw) respectively.
In this case (Figure 5a.7), flow directions are also same as mentioned before in the section of the
dripping flow regime. The oil stream is deformed due to the normal stresses exerted by two
water jets coming from the opposite directions, as explained for the dripping flow, which leads to
a necking on the oil stream as shown in Figure 5a.7b (TS = 0.02 s). The thickness of the neck
progressively decreases over time (Figures 5a.7c-e) but it doesn’t reach the critical value due to

insufficient viscous stresses and inertial force of the continuous phase, rather a thin oil stream is
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formed along the positive X-axis. Here viscous force of the dispersed phase along with
interfacial force is the dominating force over the viscous drag of the continuous phase and causes
the continuous length elongation of the oil stream [20]. As a result of which a long jet with a
pendant oil mass at the front of the oil stream is observed (Figure 5a.7e). With time, oil thread
grows longer and longer and reaches to a critical condition, where the viscous drag of continuous
phase becomes so stronger that can overcome the interfacial force of the viscous oil thread. This
leads to the generation of the prolate shaped droplet which is converted to the prolate shaped

droplet with time (Figure 5a.7f).
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Figure 5a.7. The various time steps illustrating the formation of jetting phenomena at Ho - 12,
Hy,

Jetting
regime

Jetting
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6=0.0118 N/m, and 0 = 140°
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In order to expose the perception of the jetting flow, the velocity vectors estimated from
the simulations, which reveals how the inertia of continuous and dispersed phase help in the
generation of a spherical oil droplet. Figure 5a.8 shows the sequential time step images of the
velocity vectors of a typical jetting flow. Initially i.e. at TS = 0 s, the dispersed phase does not
pass the junction therefore the velocity vectors of both streams of the continuous phase (along
the positive and negative Y-axis) meet immediately in front of the oil stream at the junction
(Figure 5a.8a). The oil phase advances with time and interacts with the velocity field of the
continuous phase, resulting in a necking of the dispersed phase at TS = 0.02 s (Figure 5a.8b).
Furthermore, the intensity of the velocity vector of the continuous phase increases on the surface
of the oil stream owing to its bulged shaped morphology, which drives the neck to elongate, and
the neck becomes thinner and thinner with time but it does not reach to the critical value due to
low viscous stresses of the continuous phase; instead, a thin oil stream forms along the positive
X-axis (Figure 5a.8b-e). Because of this, the magnitude of the velocity vector inside the
dispersed phase increases gradually. This higher velocity vector of the dispersed phase leads to
elongation of the oil stream further, creating a lengthy jet (Figure 5a.8e). Due to the jet’s
instability, driven by the interfacial tension, droplet formation takes place near the end of the
lengthy jet (Figure 5a.8f). After the formation of the droplet, the magnitude of the velocity vector

within the dispersed phase decreases (Figure 5a.8f). The present data accords with Fu et al. [18].
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Figure 5a.8. Velocity vectors at different time steps to explain the inside physics of jetting flow

at 2o=12.6=0.0118 N/m, 0 = 140°
Hy,

5a.3.2 Flow pattern map

The observations of the dripping and jetting flow in a wide range of oil and water
superficial velocity as discussed above have further been summarized in the form of flow pattern
map. Two dimensionless numbers, namely the capillary number (Caw) and the weber number

(Weo), have been plotted on the X and Y-axis, respectively, to create a generalized flow pattern
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map as shown in Figure 5a.9. This figure will help to visualize the essential characteristics of the
dripping and jetting flow in a single window. Mainly, two types of flow patterns were observed:
1) Dripping flow, and Il) Jetting flow. Dripping is restricted to low (0.0046) to moderate (0.17)
weber numbers of the dispersed phase and low (0.002) to high (0.0127) capillary numbers of the
continuous phase. On the other hand, the jetting regime is limited to low (0.01) to high (0.0127)
capillary numbers of continuous phases and moderate (0.064) to high (0.29) weber number of
dispersed phase. The dripping regime occupies a more significant portion and the lower part of
the map. The jetting regime occupies comparatively a smaller portion and the upper part of the
map. The present flow pattern map has been compared with the experimental data available in
the literature (Fu et al. [18]). The transition boundary between the dripping and jetting regime

obtained from the present work gives a good agreement with Fu et al. as shown in Figure 5a.9.
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Figure 5a.9. Flow pattern map of dripping and jetting regimes obtained from 2D simulation;
capillary number (Caw) of continuous phase vs. Weber number (Weo) of dispersed phase; solid
line represents simulated transition boundary; dash dot line indicates transition boundary taken

from Fu et al. [18]
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5a.3.3 Influence of viscous force on dripping and jetting flow
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Figure 5a.10. Time variation of volume fraction contour of dripping regime at different oil-

water viscosity ratio

This section represents the effect of oil-water viscosity ratio on the dripping flow. Figure
5a.10a-c, 5a.10d-f, 5a.10g-i, and 5a.10j-I represents the sequential time steps of volume fraction
contour for oil-water viscosity ratio = 3, 12, 30, and 50 respectively. We can observe that with
increase in oil-water viscosity ratio, the droplet size decreases gradually (Figure 5a.11). Here,
viscous force increases with increasing the oil-water viscosity ratio, which intensifies the shear
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force acting on the dispersed phase. This leads to the breakup of the dispersed thread early and

smaller droplets at higher viscosity ratio.
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Figure 5a.11. Effect of oil-water viscosity ratio on non-dimensional droplet length

Figure 5a.12 represents the effect of viscosity on jetting regime. Figure 5a.12a-c, 5a.12d-

f, 5a.12g-i, and 5a.12j-I represents the sequential time steps of volume fraction contour for oil-
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water viscosity ratio = 3, 12, 30, and 50 respectively. It is observed that jet length increases with
increase in the oil-water viscosity ratio. It means that higher oil viscosity is lingering the pinch
off process, which is delaying in the formation of droplets. Subsequently, the time scale of jet
growth increases with increase in the oil-water viscosity ratio, which is supported by the volume
fraction contour of the Figure 5a.12. The figure depicted that droplets are formed at low oil-
water viscosity ratio (3 and 12). On contrary, not a single droplet is formed at higher viscosity
ratio 30 (Figure 5a.12 g-i) and 50(Figure 5a.12 j-1), because, viscous force of the dispersed phase
enhances the stability of the oil thread. High viscous fluids usually give flat velocity profile,
which brings the stability of the phases. As a result, no droplet is generated in case of oil-water
viscosity ratio 30 and 50 in the length scale of the present simulation. Droplets may be formed in

higher dimension of axial length of geometry.
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5a.3.4 Portrayal of surface force on dripping and jetting flow

Surface force always plays a vital role in the dripping and jetting flow. Figure 5a.13
represents the effect of surface tension on dripping regime. Figure 5a.13a-c, 5a.13d-f, 5a.13¢-i,
and 5a.13j-I represents the sequential time steps of volume fraction contour for surface tension =
0.0118 N/m, 0.008 N/m, 0.005 N/m, and 0.002 N/m respectively. It is observed that the droplet
size decreases gradually with decrease in interfacial tension. Herein, the interfacial tension
reduces, so the shear force becomes dominating now. Here, low interfacial tension (0.002 N/m)
leads to the elongation of the oil thread as observed in Figure 5a.13k, which is nothing but
initiation of a jetting flow. Finally, the thin oil thread breaks up into tiny droplets. From energy
conservation point of view, it is important to note that total energy reduces by lowering the
interfacial tension and now more surface area is generated by taking birth of new droplets, which

helps to keep total surface energy same.
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Figure 5a.13. Time variation of volume fraction contour of dripping regime at different

interfacial tension

Figure 5a.14 represents the effect of surface tension on jetting regime. Figure 5a.14a-c,
5a.14d-f, 5a.149-i, and 5a.14j-I represents the sequential time steps of volume fraction contour at
surface tension 0.0118 N/m, 0.008 N/m, 0.005 N/m, and 0.002 N/m respectively. With the
decrease in surface tension values, the jet length increases. Here, the time scale of jet growth
increases with the decrease in surface tension values. In the present simulated conditions, the

droplets are formed at ¢ = 0.0118 N/m (Figure 5a.14a-c), whereas a long oil thread (Figure
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5a.14d-l) is observed for rest of the interfacial values (¢ = 0.008, 0.005, and 0.002 N/m).

Droplets may be formed in higher dimension of axial length of geometry. Viscous effect of

continuous phase is gradually becoming dominating because of continuous lowering the

interfacial forces of the dispersed phase.
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Figure 5a.14. Time variation of volume fraction contour of jetting regime at different interfacial

tension values
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5a.3.5 Transition criteria of dripping to jetting flow

According to Utada et al. [21], the time scale of drop pinch-off and the time scale of jet
development can be analyzed to determine transition criteria from dripping to jetting. The
Rayleigh-Plateau instability can be applied to explain the physics behind this transition as the
process is comparable with the classic process for drop generation from a cylindrical fluid
thread. Because of interfacial tension, the system tries to minimize its surface area and that is
why the fluid thread leaves some fluid volume in the form droplets, which is nothing but the
splitting of the fluid thread. That is why instability is associated with the fluid cylinders/jets. It is
important to consider two radii associated with the fluid thread, - a) radius of the thread, and b)
radius of the curvature of the wave accompanying with fluid thread. The radius of wave’s
curvatures is opposite in nature at peak and trough; - it is positive (+ve) at peak and negative (-
ve) at trough. According to Young-Laplace, pressure decreases at trough and increase at peak.
Now, the decay of the fluid thread will take place over time if radius of curvature of the wave

dominates over the radius of the thread.
Anyway, assume the fluids are Newtonian and the jet is composed of a single fluid,
Udata et al. [21] proposed the following equation to calculate the time scale of droplet pinch-off.

B CR jet ¢

=" (52.3.5.1)

Here C = constant (100) when za/1c = 11 [according to Powers et al. [22]], Rjet = Unperturbed jet
radius and g« = viscosity of continuous phase.
Rjet can be found from the following equation [23]
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2 1+Q7d_ 1+ Qid&
Rjet _ Qc Qc #d
RCZ 2+Q7d_& (5a.3.5.2)
QA

Where, R = Radius of cylindrical capillary

Now, using the values for dripping regime, we got Rjet = 0.00026 m. So, the theoretical

value of tp for dripping regime is 0.0022 s.

The t, has also been estimated from the present simulated data. The tp, estimation
methodology can be understood from the sample calculation described in the figure below. The
figure describes that the oil jet is growing for TS = 0 to 0.004 s. After this, pinch off is taking

place at TS = 0.006 s (Figure 5a.15), which is accepted as simulated value of tp.

t=0s t=0.004 s t=0.006 s

H'—

Water inlet

(@)

Oil inlet

)

Droplet
Pinch-off time

Water inlet

Figure 5a.15. Estimation of t, from simulated data

The time scale of jet growth can be calculated as [21]

3
Rjet

t, =
9~ Qum (5a.3.5.3)
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Where, ty is the time scale required for jet to fully grow. After this time period, jet
prepares itself for pinch off. It is noticed that the tg is proportional to cube of the unperturbed jet
radius and inversely proportional to the sum of the flow rate of dispersed and the continuous
phase (Eq. 5a.3.5.3). Here, calculated value of Rjet is 0.00026 m. So, the theoretical value of tq for
jetting regime is 0.001 s. On the other hand, simulated value of tq for jetting regime is 0.004 s, as

represented in Figure 5a.16.

t=0s t=0.004 s t=0.005s
Water inlet (a) (b) (c)

Oiilet Outlet l I ‘

Waterinlet

Jet growth
time

Figure 5a.16. Estimation of tg from simulated data

Here, tq (theoretical and simulated) < t, (theoretical and simulated), which full fills the
transition criteria mentioned by Udata et al. [22]. So, the jet will grow continuously, resulting the
jetting flow and droplets may develop at far downstream. At this condition, effective capillary
number of the interface is given by the following expression [21].

tpi v
Ca = pinch _ Hc

y o (52.3.5.4)

Where, v is the downstream velocity of the inner fluid.

The Eqg. 5a.3.5.4 yields Ca = 2.2 ~ 1, so transition between dripping and jetting takes place at v =

0.02 m/s.
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5a.4. SUMMARY

In this study, 2D-CFD simulations have been carried out to study the effect of flow
velocity on flow regime using the VOF method. The model has been authenticated with earlier
experimental data present in the literature (Fu et al. [18]). We have effectively simulated the
different flow regimes based on dispersed and continuous phase velocity. A mechanism on
dripping and jetting phenomena also has been discussed. A flow pattern map has been presented
identifying the dripping and jetting regimes. It has been observed that the dripping is restricted to
low to moderate weber numbers of the dispersed phase and low to high capillary numbers of the
continuous phase. At the same time, the jetting regime is limited to low to high capillary
numbers of continuous phases and moderate to high weber number of dispersed phase.
Theoretical and simulated droplet pinch-off time and jet growth time has also been calculated
and compared. The confirmation of the transition between dripping and jetting has been done
through the calculation of the effective capillary number of the interface. The droplet size
decreases with increase in oil-water viscosity ratio and with decrease in interfacial tension. The
time scale of jet growth increases with increase in oil-water viscosity ratio and with decrease in

interfacial tension.
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ABSTRACT

3D simulations have been performed on a flow-focusing geometry using the VOF
method to study the effect of viscosity, surface tension, wettability and geometry on droplet
generation for the dripping regime. Here the dispersed phase is the PDMS oil

(polydimethylsiloxane), and the continuous phase is the water. Simulations were performed at

o

different oil-to-water viscosity ratios (
Hy,

] of 3, 12, 27, and 50. The interfacial tension

between PDMS oil and water is 0.0118 N/m. It has been reduced to 0.008 N/m, 0.005 N/m,
and 0.002 N/m, and simulations were performed. The walls of the microchannel are
considered to be PMMA surfaces. The contact angle of an oil droplet on the PMMA surface
in the presence of water is 140°. The effect of wettability was shown at various contact angles
(angle created by water droplet on the PMMA surface in the presence of oil) of 0°, 40°, 90°,
135° and 180°. Frequency of droplet (1/s), non-dimensional droplet length (L/W¢), droplet
volume (nL), and droplet velocity (m/s) have been calculated for each of the cases. A flow
pattern map has been developed identifying the dripping and jetting regimes. A comparison
between normal geometry and two constricted geometries (having different orifice lengths)
based on the frequency of droplet, non-dimensional droplet length, droplet volume and droplet
velocity has been made for both dripping and jetting regimes. Prediction of simulated non-

dimensional droplet length has also been made using dimensional analysis.
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5b.1. INTRODUCTION

Microfluidics technology has attracted researchers for several years for its wide
applications, such as controllable size and monodispersity [1, 2] of droplets. They also give
improved flow control, rapid mixing, and no dispersion. The droplets formed to act as a
microreactor with a volume of reactants in the range of nanolitre to picolitre. This reduces the
experimental costs, which are dependent on expensive solutions. There are several
configurations through which microdroplets can be created, such as T-junction, co-flow, flow-
focusing, and some variations [2]. Droplet-based microfluidics is widely used in drug delivery

[3], chemical reaction and mixing [4], and emulsification [5].

The droplet formation process is affected by several parameters such as viscosity,
dispersed and continuous phase velocity, surface tension, contact angle, the geometry of the
device. Several researchers have done both experimental as well as simulation work on the
flow-focusing device [1, 6, 7]. Several breakup regimes can be found by tuning the parameters
as mentioned above, such as dripping, jetting, and continuous regimes. The breakup process is
not fully understood due to its dependence on several independent parameters such as
viscosity, dispersed and continuous phase velocity, surface tension, contact angle, and the
geometry of the device. To understand the breakup process numerically, there are several
multiphase modelling approaches such as the Volume of Fluid (VOF) technique, level set
method (LS), phase-field method, and lattice Boltzmann method [8]. Some of the authors
have investigated both experimentally and numerically the various factors which influence the

droplet formation in a flow-focusing geometry.

Yobas et al.[9] investigated the monodispersed droplets generation on a flow-focusing

geometry. They achieved droplet generation rates of over 10* per second for water-in-oil
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droplets and over 10% per second for oil-in-water droplets. The droplet diameter and
generation frequency increases greatly with flow rate of continuous phase. Experiments and
numerical simulations of droplet generation in flow-focusing geometry have been done.
Comparison has been made for 3D circular orifice and 2D rectangular constrictions placed
inside the flow-focusing device. It was found that the 2D rectangular geometry generates
droplets of larger size and lower frequency than the 3D circular geometry [10]. The influence
of interfacial tension on droplet production in a flow-focusing microfluidic device was
investigated experimentally. Increased interfacial tension causes droplet diameter to grow
while generation frequency decreases [11]. Roberts et al. [12] investigated the formation of
monodisperse droplets in a flow-focusing device employing hydrophilic and hydrophobic
surfaces. Using the expression, CaiWor/Lor ¢ Cao, Where Wor = width of the orifice, Lor =
length of the orifice, a connection between inner and outer capillary numbers has been
discovered to explain the border between stable jetting and droplet generation. When the inner
fluid wetted the channel that was significantly thinner than the channel height, jets were
produced. When it did not moisten the channel, it produced droplets in the order of the orifice
height. In [13] a modified level set approach was used to analyse droplet generation in
microchannels. They discovered that the modified level set approach is more feasible since it
raised the mass transfer ratio in the droplet formation process by 50%. To describe the droplet
production process in a flow-focusing generator that operates in the squeezing regime, where
droplet size is generally bigger than channel width, a 3D physical model based on
conservation of mass and a semi-analytical model have been built. By anticipating the
pressure drop along the 3D corner gutter between the droplet curvature and channel walls, it

properly calculates droplet size, spacing, and creation frequency. With a 10% error rate, the
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model properly predicts the experimental data [14]. COMSOL was used to conduct a
numerical investigation of the droplet formation process in a microfluidic flow-focusing
system. It was discovered that the droplet size is more dependent on capillary number than the
flow ratio [15]. Experiments have been done to produce droplets using negative pressure in
flow-focusing geometry. The droplet volume is found to be related to the pressure ratio by a
power law of 1.3 [16]. The impact of viscosity difference between two miscible fluids
collected from a dispersed fluid on droplet generation in a flow-focusing geometry have been
studied. The condition with 80 percent glycerol bound by 10 percent glycerol gives a superior
particle encapsulation mechanism [17]. Flow regime mapping of aqueous two-phase system
droplets in flow-focusing geometries was investigated experimentally. In the case of a 30°
arrangement, bigger droplets are created in the jetting flow regime, whereas larger droplets are
obtained in the dripping flow regime. When P (continuous phase) is raised, droplet formation
increases; when P (dispersed phase) is increased, droplet generation decreases [18]. Numerical
investigation on droplet generation in a microfluidic flow-focusing device has been done
using the level set method. It was discovered that as the flow rate ratio increases, the
frequency lowers, and the droplet size grows. With a rise in continuous phase viscosity, the
frequency rises, and the size of the droplets shrinks. The size of the droplets grows larger, and
the frequency lowers as the interfacial tension increases [19]. Rahimi et al. [20] investigated
the effect of device geometry on droplet size in co-axial flow-focusing microfluidic droplet
generation devices. They observed that the continuous phase flow rate influenced droplet
formation significantly. Droplet diameter was only 4% greater at the highest nozzle-to-orifice
distance than at the minimum nozzle-to-orifice distance. Their model accurately predicts

droplet size in a co-axial flow-focusing geometry by 3-6%. Aqueous droplet production in a
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high inertial airflow inside a flow-focusing geometry was numerically simulated. The
continuous and scattered phases are air and water, respectively. Among the flow regimes
identified were dripping, unstable dripping, clogging, stratified flow, multi-satellite droplet
generation, and unstable jetting [21]. The largest droplet was made in the plugging regime at
Re = 0.5, Ca = 0.01, whereas the smallest one was created in the unstable dripping regime at
Re = 50, Ca = 0.0005. In the unstable dripping regime, at Re = 50, Ca = 0.01, the greatest
output rate (1900 Hz) may be attained [21]. An experimental study on droplet formation in a
flow-focusing microchannel in the presence of surfactants has been done. The inclusion of
surfactants reduced the areas in the flow pattern map occupied by the squeezing and dripping
regimes, whereas the threading and jetting regimes occupied its extended portions.
Furthermore, between the expansion and necking drop formation stages, drag forces surpass
the surface tension force [22]. By adjusting the power-law index and the consistency
coefficient of the continuous phase, the VOF approach was used to investigate droplet size,
spacing between droplets, formation frequency, and droplet velocity. With an increase in n or
K, the non-dimensional length and spacing both decrease. The formation frequency and
droplet velocity increase as n or K is increased [6]. Experiments have been done within
hydrophobic and hydrophilic surfaces, and different stages of droplet generation were
reported with two immiscible liquids inside a flow-focusing device. An inverse emulsion
occurs in the hydrophilic condition. The formation of single and double T-junctions in the
hydrophilic channel results in the formation of droplets. When compared to hydrophilic
channels, uncoated hydrophobic channels yield monodisperse droplets at a larger capillary
number [23]. CLSVOF was used in 3D numerical simulation to investigate the effects of

several physicochemical factors (interfacial tension, dispersed phase viscosity, flow rate) on
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droplet dynamics and flow regime changeover. The dispersed phase is termed oil, while the
continuous phase is water/glycerol solutions. Droplet length and volume decrease as viscosity
and flow rate ratios rise, yet droplet velocity and liquid layer thickness rise. Droplet length is
determined using scaling formulae based on Ca. The droplet deformation index shows that
near-spherical droplets are formed in all jetting regime conditions [24]. 3D numerical
simulation has been done on bubble formation in viscous fluids by a microfluidic
flow-focusing junction using VOF method. In the case of high viscosity ratios, the Geo-
Reconstruction approach was determined to be more suited than the CICSAM. As the
viscosity rises, the length of the bubbles decreases. At the same flow rate, there is a
recirculation flow around the Taylor bubble with low viscosity and a bypass flow with high
viscosity [25]. Igbal et al. [26] studied the effect of intersection angle and wettability on
droplet generation in a microfluidic flow-focusing device using numerical simulation. It was
discovered that as the flow rate ratios increase, the size of the droplets grows. Large diameter
droplets are produced via a high flow rate ratio and greater contact angles. The shape with
perpendicular intersection angles produces the largest droplets. Experiment and numerical
simulation have been done to study the droplet size in an axisymmetric flow-focusing
capillary device. Higher continuous phase fluid viscosity and lower interfacial tension result
in smaller droplets, whereas a higher dispersed phase flow rate produces larger droplets,
according to the findings. The size of the flow-focusing orifice had a significant impact on the
size of the produced droplets. Over a wide range of dimensionless parameters, the droplet size
is predicted with a maximum error of 15%.[27] Chekifi et al. [28] investigated the breakup of
air bubble in flow-focusing configuration using CLSVOF. They discovered that the bubble

size is inversely related to the dispersed phase's viscosity and directly proportional to
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interfacial tension. In addition, the size of the bubble is inversely proportional to the orifice
width. Fatehifar et al. [29] looked at the effects of non-Newtonian power-law droplets in
Newtonian liquid on droplet size and detachment time in three different regimes: squeezing,
dripping, and jetting. For all three regimes, they discovered that droplet size reduces as
dispersed phase viscosity increases. With a rise in dispersion phase viscosity, droplet pinch-
off is also delayed. Numerical and experimental investigation of a flow-focusing droplet-
based microfluidic device has been done for drug delivery and cell transport. Simulation was
used to help with the fabrication of microfluidic devices. The numerical results were found to
be in good agreement with the experimental results obtained in the microfluidic device that
was developed. Up to 280 particles or cells inside droplets can be transported per second

using this approach [30].

In view of the above discussion, a detailed study of the effect of viscosity, surface
tension, wettability and channel geometry on droplet generation is limited. In the present
work, 3D simulations have been performed to investigate the effect of viscosity, surface
tension, wettability and geometry on droplet generation in a flow-focusing geometry. The
dispersed phase is the PDMS oil (polydimethylsiloxane), and the continuous phase is the
water. The dripping regime has been studied by varying the viscosity of the dispersed phase,

interfacial tension, wettability and introducing two different types of constriction

configuration into the geometry. The different oil-to-water viscosity ratios [&j which are

Hy
taken for the study are 3, 12, 27, and 50. The interfacial tension between PDMS oil and water
i5 0.0118 N/m. It has been reduced to 0.008 N/m, 0.005 N/m, and 0.002 N/m, and simulations

were performed. The walls of the microchannel are considered to be PMMA surfaces. The
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contact angle of an oil droplet on the PMMA surface in the presence of water is 140°. The
effect of wettability was shown at various contact angles (angle created by water droplet on
the PMMA surface in the presence of oil) of 0°, 40°, 90°, 135° and 180°. The frequency of
droplet (1/s), non-dimensional droplet length (L/W¢), droplet volume (nL), and droplet
velocity (m/s) has been calculated in each of the cases. A flow pattern map has been
developed identifying the dripping and jetting regimes. A comparison between normal
geometry and two different constricted geometries (having different orifice lengths) based on
the frequency of droplet, non-dimensional droplet length, droplet volume and droplet velocity
has been made for both dripping and jetting regimes. Prediction of simulated non-dimensional

droplet length has also been made using dimensional analysis.

5b.2. COMPUTATIONAL MODEL

5b.2.1. Geometry, initial and boundary conditions

The solution domain consists of a horizontal 3D flow-focusing microchannel. The
details of the geometry of the computational domain are shown in Figure 5b.1a. The geometry
consists of three inlets (length = 0.6 mm) and one main channel. The inlets and main channel
have an identical width (0.6 mm). The corresponding mesh of the flow-focusing geometry is

shown in Figure 5b.1b.
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Figure 5b.1. (a) Computational domain; and (b) Mesh

Table 5b.1. Length of the channel

Variables

Dimensions (in pm)

X

7000 (dimension taken for simulating the

dripping regime)

14000 (dimension taken for simulating the

jetting regime)

Water (continuous phase) occupied the channel at first, and subsequently, oil

(dispersed phase) and water passed through the inlets. Atmospheric pressure was chosen as

the operational pressure. At x =0andy =0, Uux = Ugitand uy = 0; at x = 0.6 mm and y = 1.2

mm, Uy = Uwater aNd Ux = 0; and at x = 0.6 mm and y = -0.6 mm, -Uy = Uwater and and ux = 0.

Impermeable and non-slip characteristics were imposed on the walls. At the outflow, a gauge
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pressure of 0 Pa was employed. According to the Courant number, appropriate time steps

were chosen.

PDMS (polydimethylsiloxane) and water have been selected as the two liquid phases

for the study, and their properties are listed below in Table 5b.2.

Table 5b.2. Fluid properties [1]

in water

Fluids Properties Water PDMS (polydimethylsiloxane)
Density 997 kg/m3 920 kg/m3
Viscosity 0.001 Pa.s 0.011 Pa.s
Oil-water interfacial tension 0.0118 N/m

Contact angle of oil on PMMA 140°

5b.2.2. Grid independence, code verification, and validation

Using three different tetrahedral mesh (47585, 95171 and 144199 cells), a grid

independence study was conducted to determine the optimal grid size (Figure 5b.2). Optimum

grid size was confirmed based on the minimum % deviation of dimensionless droplet length

(L/W¢) with respect to literature data reported by Fu et al. [1]. The computational results were

converged across (107°) time steps. There was a residual of 10 for both the continuity and

velocity function [31]. Figure 5b.2 represents comparison of the simulated data with the
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experimental data of Fu et al. [1]. X and Y axis represent continuous phase velocity and
dimensionless droplet length (L/W.) respectively at oil flow rate (Qo) of 100 puL/min. The plot
indicates that the values obtained from the 144199 cells are closer to the experimental data.
For detailed analysis, values were extracted and compared in Table 5b.3. Mesh with 144199
cells confirms a deviation of 5.7 %, which is the lowest among three. The deviation of grid
with 95171 and 47585 cells are 9.1 % and 12.1 % respectively. So, in this respect, we have

chosen grid with 144199 cells.
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Figure 5b.2. Plot for grid independency study with mesh of 47585, 95171 and 144199 cells.

Red symbols represents experimental data taken from Fu et al. [1]. Green, violet and blue

symbols indicate results obtained from mesh having cells of 47585, 95171 and 144199

respectively

Table 5b.3. Comparisons of experimental dimensionless droplet length with simulated results

obtained from the different grid’s sizes

Grid No. of cells Experimental Simulated Percentage

L/We L/Wc deviation

[Exp— Simjx100
Exp

Grid-1 47585 1.94 1.7 12.3

1.7 15 11.8

1.42 1.25 11.9

1.21 1.05 13.2

1.06 0.94 11.3

Average error 12.1
Grid-2 95171 1.94 1.75 9.7

1.7 1.55 8.8

1.42 1.3 8.4
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1.21 11 9
1.06 0.96 9.4
Average error 9.1
Grid-3 144199 1.94 1.8 7.2
1.7 1.6 5.8
1.42 1.35 4.9
1.21 1.15 4.9
1.06 1 5.6
Average error 5.7

We have verified the code employed in the solver against the standard velocity profile

equation adopted from McCabe, Smith, and Harriott as given below,

2
u r
1] —
¥ [r J (5b.2.2.1)

max w

A comparison is shown in Figures 5b.3. Figure 5b.3 depicts a velocity profile at the
section A-A as marked in the Figure 5b.3a, which is placed a little far from the nose of the
droplet. The graphic depicts a parabolic velocity profile, which is particularly evident in the
event of a fully developed flow, as well as a velocity profile computed using a benchmark

problem (Eq. 5b.2.2.1). We have plotted normalized velocity and radial distance from the
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center along the X and Y axis respectively (Figure 5b.3b). The figure gives a good agreement

between two.

Figure 5b.4a and 5b.4b depicts us streamline function contour for continuous phase
and dispersed phase respectively. They both notify us about formation of curl at the junction
of flow-focusing geometry at t = 0.094 s. This formation of curl accords with the results of Fu

etal. [1].

This confirms the verification of the code with a higher accuracy.

—®— At 0.096 s (from simulation)
©®— Analytical solution Eq. (5b.2.2.1)

®  eaf ...

0.2| ko

ol
on
i =

0.1+

-0.1F o,

Radial Distance (mm)

-0.2

T
-
\
L =3
\

03F =—
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Fraction of maximum velocity

Figure 5b.3. Velocity profile at the section A-A confirms the code verification. The profile
has been captured at a time step of 0.096 s: (a) Sectional plane (A-A) along with Iso-surface

visualization; and (b) Black color represents the parabolic velocity profile captured from
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simulation and red color represents the parabolic velocity profile obtained from standard

velocity profile equation (5b.2.2.1)

@ Streamline Function Contour ®) Streamline Function Contour
! t=0.094 s t=0.094 s
S
- 0.1

Figure 5b.4. Streamline function contour depicting curl at the junction of flow-focusing

geometry: (a) For continuous phase; and (b) For dispersed phase

5b.3. RESULTS AND DISCUSSIONS

The present work investigates the effect of the viscosity ratio, surface tension and
wettability on droplet generation using 3D simulation. The frequency of droplet, non-
dimensional droplet length, droplet volume, and droplet velocity has been calculated in each
of the cases. A flow pattern map has been developed identifying the dripping and jetting
regimes. A comparison between normal geometry and two different constricted geometries
(having different orifice lengths) based on the frequency of droplet, non-dimensional droplet

length, droplet volume and droplet velocity has been made for both dripping and jetting
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regimes. Prediction of simulated non-dimensional droplet length has also been made using

dimensional analysis.

5b.3.1 Effect of physicochemical parameters (dispersed phase viscosity, interfacial

tension, and wettability) on the dripping regime

The effect of various physicochemical parameters such as viscosity ratio, interfacial
tension, and wettability on the dripping regime has been observed. Simulations were
performed at dispersed phase velocity, Vo = 0.014 m/s and continuous phase velocity, Vw =

0.05 m/s.

5b.3.1.1 Effect of viscous force on dripping flow

t=0s t=0.02s t=0.04s
Waterinlet
Oilinlet ¥ (@) | g ® |
( A, ): 3 @ 6 ® % ©
U,
Waterinlet Outlet . ﬁ
N
| | o ()
Ho —12 “ ' : * i ﬂ
y7i i 0 t
&
| (@) | (h) -
Ho l=27 m m e
P ]‘ < <
@
o 0) | e ® | o
u f N, ;
ol R
M,
%

183
TH-3136_166107025



Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

Figure 5b.5. Time variation of Iso-surface visualization of dripping regime at different oil-

water viscosity ratio

From Figure 5b.5, it was observed that PDMS droplets were formed in a continuous
water medium. The dispersed phase and continuous phase is represented by green and light
blue colour in the figure. The same colour terminology has been maintained throughout the
manuscript. The droplets became smaller in size, and the generation per unit time increases
with increase in the oil-water viscosity ratio. This is because increasing the oil-water viscosity
ratio means increasing the viscous force. This increases the shear force acting on the dispersed
phase. Moreover, now, the shear force is greater than the interfacial tension. This leads to the
breakup of the dispersed thread faster, generating tiny droplets with more no. of counts per

unit time, represented in Figures 5b.6a and 5b.6b.

As the non-dimensional droplet length decreases with increased oil-water viscosity,
the droplet volume also decreases, presented in Figure 5b.6¢. Figure 5b.6d represents the
droplet velocity in the channel. The droplet velocity increases with increase in oil-water
viscosity ratio. As the viscous force increases, the breakup of the dispersed thread become

faster leads to generation of more droplets per count with high velocity.
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Figure 5b.6. (a) Non-dimensional droplet length vs oil-water viscosity ratio for dripping
regime; (b) Frequency of droplet formation vs oil-water viscosity ratio for dripping regime;
(c) Droplet volume vs oil-water viscosity ratio for dripping regime; and (d) Droplet velocity

vs oil-water viscosity ratio for dripping regime
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5b.3.1.2 Effect of surface force on dripping flow
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Figure 5b.7. Time variation of Iso-surface visualization of dripping regime at different

surface tension values

From Figure 5b.7, it can be observed that droplets of PDMS were formed in a
continuous water medium. Initially, the interfacial tension of the system is 0.0118 N/m. Then
it has been decreased to 0.008 N/m, 0.005 N/m, and 0.002 N/m. Droplet size decreases with a
decrease in the interfacial tension. At 0.008 N/m, small droplets were generated compared to

the droplets' size at 0.0118 N/m. At 0.005 N/m, smaller droplets appear compared to the
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droplets’ size at 0.008 N/m. At 0.002 N/m, a long continuous thread of oil is formed in a water

medium instead of oil droplets.
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Figure 5b.8. (a) Non-dimensional droplet length vs interfacial tension for dripping regime;

(b) Frequency of droplet formation vs interfacial tension for dripping regime; (c) Droplet

volume vs interfacial tension for dripping regime; and (d) Droplet velocity vs interfacial

tension for dripping regime

Figure 5b.8b tells us that frequency is 0 Hz for 0.002 N/m as continuous oil thread is

formed instead of oil droplets. Droplets onset at the interfacial tension of 0.005 N/m and

frequency at this condition is 60 Hz. Then, it decreases continuously with an increase in the

interfacial tension. For 0.005 N/m, the viscous force is comparable to surface tension force, so

TH-3136_166107025

187



Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

the dispersed thread breaks up faster, generating smaller droplets with high frequency. For
0.008 N/m, the surface tension force increased slightly, so comparatively bigger droplets were
generated with lower frequency. Moreover, for 0.0118 N/m, the surface tension force has
increased further, generating the biggest droplet with the lowest frequency. So, non-
dimensional droplet length increases with interfacial tension and frequency decreases with
increase in surface tension, as presented in Figure 5b.8a and 5b.8b [32]. As the non-
dimensional droplet length increases with interfacial tension, the droplet volume also
increases, as shown in Figure 5b.8c. Figure 5b.8d represents the variation of droplet velocity
with interfacial tension. It decreases with an increase in interfacial tension. With the increase
in interfacial tension, the dispersed thread breaks slowly, generating bigger droplets with low

velocity.
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5b.3.1.3 Effect of wettability on dripping flow
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Figure 5b.9. Time variation of Iso-surface visualization of dripping regime at different

contact angles

Figure 5b.9 depicts the effect of contact angle on droplet generation. Here 0 is the
angle created by the water droplet on the PMMA surface in the presence of oil. When both
fluids enter into the channel, it was seen that at 6 <= 90°, the channel is entirely hydrophilic.
So, the water acts as the continuous phase, and droplets of PDMS formed in it. As we
gradually increase the 6 above 90°, the channel becomes hydrophobic. In that case, the water
became the dispersed phase in the continuous oil medium. At 6 = 180°, the channel becomes

superhydrophobic. So, a continuous thread of water was formed in the continuous oil medium.
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Figure 5b.10. (a) Non-dimensional droplet length vs contact angle for dripping regime; (b)
Frequency of droplet formation vs contact angle for dripping regime; (c) Droplet volume vs
contact angle for dripping regime; and (d) Droplet velocity vs contact angle for dripping

regime

Figure 5b.10a represents the variation of non-dimensional droplet length with contact
angle. The non-dimensional droplet length is linear for 6 = 0° to 6 = 90°. As 6 below 90°, the
channel is hydrophilic in nature. So, surface tension force dominates over the elasticity due to
which smaller droplets formed. As we increase 6 above 90°, the hydrophobicity increases.
This increases the droplet length as elasticity dominates over surface tension force. At 6 =
100° (hydrophobic), we got the highest value of non-dimensional droplet length of 1.25. At 6
= 135° (hydrophobic) and 6 = 180° (superhydrophobic), a long continuous thread of water is

forming in the oil medium. The corresponding droplet volume data is shown in Figure 5b.9c.

For 0° < 6 < 90°, the adhesive force of water on the channel wall, i.e., a wall resistance
to the flow is increasing for 6 = 0° to 90°. At 6 = 40° (hydrophilic), the continuous phase
(water), unable to cut the dispersed phase (PDMS) thread faster, leads to the generation of
fewer droplet counts per unit time with low droplet velocity. At 6 = 0° (super hydrophilic), the
least droplet count is generated per unit time with the lowest droplet velocity than 6 = 40°. For
90° < 0 < 180°, the adhesive force of water on the channel wall, i.e., a wall resistance to the
flow is decreasing for 6 = 90° to 180°. At 6 = 100°, the dispersed phase (PDMS) restricts the
continuous phase (water) to enter the channel, resulting in pressure built-up cause’s
intermediate slug formation with fewer counts per unit time with less droplet velocity. At 6 =

135°, a long thread of water is forming in a continuous oil medium with lesser velocity than 6
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= 100°. Similarly, at 6 = 180°, a long thread of water is forming in a continuous oil medium

with the same velocity as for 6 = 135°. In this way, we can say that the frequency increases for

0 = 0° to 6 = 90° and then decreases for 6 = 90° to 6 = 180°, as shown in Figure 5b.10b. The

value of frequency is highest for 6 = 90°. Also, the droplet velocity increases for 6 = 0° to 6 =

80°, then it decreases for 6 = 80° to 6 = 180°, as shown in Figure 5b.10d.

5b.3.2 Jetting regime
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Oil inlet
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Figure 5b.11. Time variation of Iso-surface visualization of jetting regime

In case of jetting flow, dispersed phase droplet were formed at distant point from the

junction. A representative result of the sequential time steps of such flow is shown in Figure

5b.11 at oil and water velocity of 0.037 m/s (Vo) and 0.15 m/s (Vw) respectively. In jetting

mode, raising the continuous phase velocity increases the capillary pressure created at the end

of the thread, causing the thread to take a long-form; the instability of this long jet causes the

head to detach and form droplets [28].
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Table 5b.4. Values of frequency (1/s), non-dimensional droplet length (L/W¢), droplet

volume (nL), droplet velocity (m/s) in jetting regime for Ho 12,6 =0.0118 N/m and 6 =

Hy

40° (water wetting the PMMA surface in the presence of PDMS) at Vo= 0.037 m/s and V=

0.15m/s
Frequency (1/s) Non- Droplet volume | Droplet velocity
dimensional (nL) (m/s)
droplet length
(L/We)
Values 120 0.67 334 0.24

Table 5b.4 represents the values of frequency (1/s), non-dimensional droplet length

(L/W¢), droplet volume (nL), droplet velocity (m/s) for jetting regime for oil-water viscosity

ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the PMMA surface in the presence of

PDMS) at Vo= 0.037 m/s and Vw=0.15 m/s.
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5b.3.3 Flow pattern map
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Figure 5b.12. Flow pattern map indicating the dripping and jetting regime for o 12,0 =

Hy

0.0118 N/m and 6 = 40° (water wetting the PMMA surface in the presence of PDMS)

The dripping and jetting regime for oil-water viscosity ratio =12, 6 = 0.0118 N/m, and
0 = 40° (water wetting the PMMA surface in the presence of PDMS) is shown in Figure
5b.12. The flow mode is determined by the flow velocities of both phases. Dripping and
jetting were the most common flow regimes observed. Droplets form around the nozzle area
in the case of dripping regimes. The dispersed phase's velocity is fast enough; the continuous

194
TH-3136_166107025



Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

phase's shear stress is strong enough and comparable to the surface tension force; and high
capillary pressure is created at the dispersed thread's end, causing it to break up into droplets.
At low dispersed phase velocity, the dripping regime emerges. The jetting regime was noticed
as the dispersed phase velocity was increased. Due to the large inertia force, a long jet is

produced. The jet's instability caused it to break up and create droplets at the end [28].

A flow pattern map has been developed indicating the dripping and jetting regime, as
shown in Figure 5b.12. The jetting regime occupies the most portion of the map. It stays on
the central and right parts of the map. At the same time, the dripping regime occupies a small

portion and stays in the left part of the map.

5b.3.4 Effect of constriction

The effect of constriction has been investigated for both dripping and jetting regimes.
Two flow-focusing geometries with constriction having different orifice lengths have been
developed, and simulations were performed. Frequency (1/s), non-dimensional droplet length
(L/W¢), droplet volume (nL) and droplet velocity (m/s) has been calculated for the constricted
geometries and compared with the normal geometry for dripping and jetting regimes. A
schematic diagram of the constricted geometry is given in Figure 5b.13. The lengths of the

orifice in case of the contricted geometries is given in Table 5b.5.
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Figure 5b.13. Constricted geometry
Table 5b.5. Length of the orifice in constricted geometry 1 and 2
Constricted geometry Value of X (in um) (Length of the orifice)
Constricted geometry 1 180
Constricted geometry 2 600
196
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Figure 5b.14. Time variation of Iso-surface visualization of dripping regime at constricted

geometry 1 and constricted geometry 2
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Figure 5b.15. Comparison between normal geometry, constricted geometry 1 and constricted

geometry 2 in dripping regime for o o 12, 6 =0.0118 N/m and 6 = 40° (water wetting the

w

PMMA surface in the presence of PDMS) at Vo= 0.014 m/s and Vw = 0.05 m/s

Figure 5b.14 represents droplet generation in dripping regime for oil-water viscosity
ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the PMMA surface in the presence of
PDMS) at Vo, = 0.014 m/s, Vw = 0.05 m/s in flow-focusing constricted geometry 1 and
constricted geometry 2 with respect of time. Figure 5b.15 represents a comparison between
normal geometry, constricted geometry 1 and constricted geometry 2 for the dripping regime.

In the case of constricted geometry 1, introducing a constriction (having orifice length = 180
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um) near the inlet leads to narrowing of the passage near the channel inlet. This increases the

pressure at the constricted zone, increasing the shear force applied by the continuous phase,

which allows cutting the dispersed phase thread head faster, producing many droplets in a

short time with small sizes. Increasing the orifice length further (600 um) leads to further

increases in the pressure at the constricted zone. This allows cutting the dispersed phase

thread head even faster, producing many more droplets in a much shorter time with much

smaller sizes. So, the value of frequency is higher in constricted geometry 2; the non-

dimensional droplet length is smallest in the case of constricted geometry 2, droplet volume is

lowest in the case of constricted geometry 2. The value of droplet velocity is near about the

same in all three geometries.
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Figure 5b.16. Time variation of Iso-surface visualization of jetting regime at constricted

geometry 1 and constricted geometry 2

TH-3136_166107025

199




Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

Jetting regime

(a) 140 (b) 351 [ Normal channel
- Constricted geometry-1
120 - a0l -Constricted geometry-2
100 25
Q <)
= 8of E 20
@ @
) ]
% 60 - % 15 -
> >
40 - 10 -
20 51
0 0
Frequency Volume
0.3
(c) - Normal channel (d)
: - - Constricted geometry-1
Constricted geometry-2
0.2
—_~
E
@
L
2 z
] 9
: :
1
s 0.
0.0

Velocity

Figure 5b.17. Comparison between normal geometry, constricted geometry 1 and constricted

geometry 2 in jetting regime for fal B 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the

Hy

PMMA surface in the presence of PDMS) at Vo = 0.037 m/s and V= 0.15 m/s

Figure 5b.16 represents droplet generation in jetting regime for oil-water viscosity
ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the PMMA surface in the presence of
PDMS) at Vo, = 0.037 m/s, Vw = 0.15 m/s in flow-focusing constricted geometry 1 and
constricted geometry 2 with respect of time. Figure 5b.17 represents a comparison between
normal geometry, constricted geometry 1 and constricted geometry 2 for the jetting regime. In

the case of constricted geometry 1, introducing a constriction (having orifice length = 180

200
TH-3136_166107025



Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

um) near the inlet leads to narrowing of the passage near the channel inlet. This increases the
pressure at the constricted zone, increasing the shear force applied by the continuous phase,
which allows cutting the dispersed phase thread head faster, producing many droplets in a
concise time with small sizes. Increasing the orifice length further (600 um) leads to further
increases in the pressure at the constricted zone. This allows cutting the dispersed phase
thread head even faster, producing many more droplets in a much shorter time with much
smaller sizes. So, the value of frequency is higher in constricted geometry 2; the non-
dimensional droplet length is smallest in the case of constricted geometry 2, droplet volume is
lowest in the case of constricted geometry 2. The value of droplet velocity is near about the

same in all three geometries.

5b.4. DIMENSIONAL ANALYSIS

5b.4.1 Set up

We have followed the methodology of Buckingham’s Pi-Theorem to derive the
dimensionless groups for the present system using the mixer properties of the working fluids.
Dimensional analysis has been set up for general two-phase flow (both the liquid are
immiscible to each other) for the present system. The first step in dimension analysis is to list

all the parameters and then state their dimensions concerning mass 'm’, length 'I', and time 't'.

The list that will be analyzed is:

L (length of the droplet) U]

Um (Mixed velocity) (I1t)
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pm (Mixed density) (m/1®)
um (Mixed viscosity) (m/1t)
o (i.e. interfacial tension) (m/t?)
W (width of the channel) U]

Here, Unm = Vo + Vw (Vo = 0il velocity and Vw = water velocity)
pm = (Hold up of water phase * Density of water) + (Hold up of oil phase * Density of oil)

Mm = (Viscosity of oil + Viscosity of water)/ ((Viscosity of water * Mass fraction of water) +

(Viscosity of oil * Mass fraction of oil))
5b.4.2 Procedure

There are six parameters listed i.e. "n" = 6. There are three primary parameters i.e.

13 2

length (1), mass (m) and time (t) i.e. “m” = 3.

So, number of independent groups = 6-3 = 3

So, f (I, T, IT3) = 0

Where, f is some function, or in an alternate expression:

11 = 1 (T2, IT5)

where f1 is some function different to function f .

Taking an arbitrary choice of three parameters: pm, Um, We
Group 1: TT1 = {(pm) °, (Um) %, (We)™} (L) = L/ We

Group 2: TT2= {(pm) %, (Um) ™, (We) '} (1m) = pm/ pm We Un
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Group 3: ITs= {(pm) %, (Um) 2, (We) 1} (6) =6/ pm We U

Therefore, we have

L - }{ Hum Ja[ o Jb
- 2
W, PnU W, P W, (5b.4.2.1)

Where A, a and b are constants. These constants are evaluated using multiple
regression analysis in Microsoft Excel using the non-dimensional droplet length data acquired
from our simulation. From the analysis, we have estimated A as 4.75, a as 0.38 and b as 0.007

and equation (5b.4.2.1) becomes

L 0.38 0.007
VT:MS[ SmW J ( T j
c P mWVe P miVe (5b.4.2.2)

The regression coefficient and standard error of equation (5b.4.2.2) are 0.99 and 0.01,

respectively. The proposed correlation using dimensionless analysis gave a prediction of
simulated non-dimensional droplet length with an average absolute error of 1.8%, given in
Figure 5b.18. The present correlation has a range of Mixer Reynolds number of 2.92 - 91.94

and capillary number in the range of 0.0002 - 0.008.
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Figure 5b.18. Comparison between predicted and simulated non-dimensional droplet length

using Eqg. (5b.4.2.2)

204
TH-3136_166107025



Chapter 5b Three-dimensional simulation of

dripping and jetting phenomenon in a flow-focusing geometry

5b.5. COMPARISION BETWEEN 2D AND 3D SIMULATION
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Figure 5b.19. Flow pattern map having 2D and 3D simulation data: black dash line indicates

2D transition line; green solid line indicates 3D transition line

The flow pattern maps obtained from both the 2D and 3D simulations have been
overlapped to compare the 2D and 3D simulation results as shown in Figure 5b.19. Figure
5b.19 tells that the overall flow pattern map is similar but there is a deviation in transition
boundaries from dripping to jetting. The transition line of 2D simulation has been shifted
upwards with respect to the transition line of 3D simulation in the flow pattern map. Due to
this, the dripping area is larger in case of 2D as compared to 3D. However, 2D transition

boundary closely matches with Fu et al. [1] as discussed in Figure 5a.9. It may be due to using
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of not very fine grid in case of 3D simulation. Due to the lack of computational facility, the

simulation was not run at very fine grid.

Moreover, 2D and 3D simulations shows some difference in droplet size also but the

overall flow pattern map remains almost same. The percentage deviation of the droplet size in

2D and 3D has been calculated. Droplet sizes for four set of velocities has been estimated in

2D and 3D simulation separately. The percentage deviation has been found with respect of 2D

results and is shown in Table 5b.6. The average percentage deviation is coming out to be

4.5%.

Table 5b.6. Difference in droplet size in case of 2D and 3D simulation result

Velocity set Droplet size in 2D Droplet size in 3D Percentage
(mm) deviation
Vo=0.01 m/s, Vw = 0.95 0.908 4.4
0.025 m/s
Vo= 0.01 m/s, Vu = 0.9 0.86 4.2
0.05 m/s
Vo =0.01 m/s, Vw = 0.86 0.82 4.6
0.075 m/s
Vo =0.01 m/s, Vy = 0.81 0.77 4.9
0.1 m/s
Average percentage deviation 4.5
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If someone uses 2D simulation instead of 3D simulation, then non-axisymmetric
nature should be implemented in the 2D simulation to improve the results. 3D simulation can

capture more accurate flow situation; - It may be axisymmetric or non-axisymmetric.

5b.6. SUMMARY

In this study, 3D-CFD simulations have been carried out to investigate the effect of
viscosity, surface tension and wettability on droplet generation using the VOF method. The
model has been authenticated with earlier experimental data present in the literature (Fu et al.
[1]). We have effectively simulated droplet formation based on viscosity, surface tension and
wettability. It has been observed that the droplet became smaller in size with an increase in the
oil-water viscosity ratio. The frequency increases with an increase in the oil-water viscosity
ratio. On the other hand, droplets became larger with the increase in the interfacial tension.
The droplet is not generated at 0.002 N/m (i.e., 0 Hz frequency) as a continuous oil thread is
observed. In the present simulation, droplets onset at the interfacial tension of 0.005 N/m and
frequency at this condition is 60 Hz. Then, it decreases continuously with an increase in the
interfacial tension. Droplet velocity decreases with an increase in the interfacial tension. The
effect of wettability was studied by changing wettability angles (0) (angle created by water
droplet on the PMMA surface in the presence of oil) from 0°-180°. For 6 <= 90°, water is the
continuous phase in which droplets of PDMS were formed. For 6 > 90, the water became the
dispersed phase in the continuous oil medium. At 6 = 135° and 180°, the channel becomes
super hydrophobic, which gives an annular flow configuration in the channel. Here, the oil

phase warps the channel surface, and the water phase turns into a continuous thread flowing
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through the center of the channel. Wettability also influences the non-dimensional droplet
length (L/W¢). The highest value of L/W. and droplet volumes are 1.25 and 220 nL,
respectively, at 6 = 100°. The frequency increases from 18-36 Hz for a change of 6 from 0°-
90° respectively, and then it decreases due to a change of 6 from 90°-180°. It is important to
note that a water thread is formed beyond 6 = 135°. That is why droplet frequency is
considered 0 Hz. The droplet velocity increases from 0.045-0.050 m/s for change in 6 from
0°-80° and then it decreases from 0.050-0.020 for the 6 ranging from 80°-180°. Two flow
regimes were identified and have been presented in the form of a phase diagram for oil-water
viscosity ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the PMMA surface in the
presence of oil). Comparison between normal geometry and two different constricted
geometry (having different orifice lengths) based on non-dimensional droplet length,
frequency, droplet volume, droplet velocity has been made for both dripping and jetting
regimes at oil-water viscosity ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the
PMMA surface in the presence of oil). It has been found that the value of non-dimensional
droplet length and droplet volume is lowest in the case of constricted geometry 2 for both
regimes. The frequency value is highest in the case of constricted geometry 2 for both
regimes. Droplet velocity value is near about the same for the three geometry configurations
for dripping and jetting regimes. The dimensionless analysis gave a prediction of simulated
non-dimensional droplet length with an average absolute error of 1.8%. These findings will
help understand droplet generation under various physicochemical parameters and directly

apply to the microfluidic platform-based device.
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ABSTRACT

Multiple splitting of droplets through multi-furcating microchannel, consisting five
outlets, is investigated using 2D simulation. For all five multi-furcating branches, a width ratio of
0.25 (branch channel width/main channel width) is used since multiple splitting occurs at this
ratio. The values of the dispersed phase velocity at which the droplets multi-furcate across the
five arms of the microchannel are determined. The mechanism of droplet multi-furcation is
explained. Oil fraction data were collected for five velocity combinations, with the continuous
phase velocity set to greater than 0.16 m/s, causing droplets to multi-furcate along the micro
channel’s five arms and is compared with the homogenous model. The droplet length distribution
in the branch channels with various angles (0°, +40°, and £90° branch channels) is performed.
The droplet frequency (counts per unit time) in the branch channels (0°, £40° and +90Q°) is
determined. Variation in the area distribution ratio with the capillary number was also observed.
In this study a method for droplet splitting is proposed and our findings can be used in droplet-

based biological assays.

This chapter is accepted in Fluid Dyn., Springer
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6.1. INTRODUCTION

Microfluidics have attracted the attention of researchers for various years. Microfluidics
applications consist of the food industry [1], diagnostic tests [2], cosmetics [3], supra-magnetic
nanoparticle synthesis [4], single-cell ribonucleic acid/deoxyribonucleic acid (RNA/DNA)
sequencing [5], droplet digital polymerase chain reaction (PCR) [6], nanoparticle synthesis [7],
drug delivery [8], and drug discovery [9]. Droplets can be made by mechanical agitation but they
give inconsistently sized droplets and compromise the controllability of process. Whereas,
microfluidics, the study of fluid behaviour at the micro to the nanoscale, allow to control the size
and the quantity of droplets produced [10]. With hundreds to thousands of droplets generated,

each second increases the throughput of droplet generation [11].

In a classic application of droplet-based microfluidics, chemicals or objects are captured
inside individual droplets during droplet formation. It is an example of volume addition. On the
other hand, Volume removal is equally important in many application scenarios. In [12] the
multi-furcation of a mother droplet into five daughter droplets through a multi-furcating channel
was investigated experimentally. The need of transition between splitting regimes, between the
capillary number and the dimensionless droplet length was also examined. In [13] the breakup of
a bubble in a four-branched microchannel was investigated numerically based on non-Newtonian
pseudo-plastic fluid using the coupled level-set and volume of fluid (CLSVOF) method. The
development of bubble morphology was used to assess the regime and pattern of bubble

breakdown. The effects of gas velocity, solution concentration, and sub channel width on
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daughter bubble length were investigated in turn. A scaling law is also constructed to anticipate

the length of the daughter bubble in a two-distanced channel.

Numerous researchers made experiments and carried out numerical simulations of flow
past obstacles for volume removal. In [14] the influence of square and cylindrical obstacles on
droplet dynamics in the confined geometry was studied both experimentally and
computationally. Because both components of the velocity gradients are fully developed at the
corner, the square obstacle, in particular, encourages thread splitting at the corner areas. For
optimal wetting, low Ca droplets and appropriate cylinder spacing were required. The numerical
investigation was made on the consequence of obstacle configuration for droplet splitting in a
microchannel via the level-set method. The numerical results revealed that obstacle
configurations in a microchannel, such as the obstacle width, length, location, and inclination
affect the droplet splitting patterns with or without remerging [15]. The droplet dynamics in a
partly blocked confinement in the 3D channel were investigated numerically. To explore the
dynamic behavior of droplet passage across an obstacle, the effects of change in the capillary
number and surface wettability, as well as the obstruction size and architecture, were studied
[16]. A numerical investigation of passive droplet deformation and breakdown in a microchannel
with obstacles was conducted. In the symmetric scenario, the impacts of different flow and
physical factors such as the Reynolds number, contact angle, channel height, and droplet
diameter were examined. In this case, increasing the height of the triangle barriers, the starting
diameter of the droplet, and the contact angle increased the maximum velocity of the droplet in
the narrow part [17]. In [18] disintegration of a droplet was studied numerically as it went over
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an obstacle in an orthogonal cross-section. To evaluate the influence of droplet breakdown on the
obstacle shape, two different obstacles shapes, namely, circular and elliptical, were investigated.
The effect of the barrier size and location and the capillary number on droplet breakup was also

studied.

Various researchers made volume removal through the T-junction and the junction with
arbitrary angles. In [11] it was experimentally found a critical condition for breaking drops at the
T-junction. This work was also extended by converting a single droplet into multiple ones by
using a series of T-junctions. In [19] three breakup regimes were numerically found: i) breakup
with a tunnel, ii) breakup with a discontinuous obstruction, and iii) breakup with a permanent
obstruction and one non-breakup regime. Also, a critical capillary number was used to
distinguish the breakup and non-breakup regimes. In [20] the asymmetric droplet breakup in two
angled branches was studied both experimentally and theoretically. To fine-tune the droplet size
and velocity, a diluting channel was introduced. The splitting ratio was discovered to be mostly
controlled by the initial droplet length and velocity. With the aid of daughter droplets, a
predictive model was built by taking into account the hydrodynamic resistance of the branches.
In an asymmetric T-junction microchannel, a droplet was divided into two daughter droplets
using a numerical research. There are four types of droplet breakup (primary breakup, transition
breakup, bubble breakup, and non-breakups). There are two basic asymmetric breakup processes

that have been identified: "breakup with permanent obstruction” and "unstable breakup.” [21].

The researches performed studying on the interaction of a liquid droplet with the gas

stream. In [22] two approaches to breakup of a liquid drop in gas stream were theoretically
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identified. One of them was based on Rayleigh instability, and the other was due to the steady-
state deformation of the droplet corresponding to aerodynamic forces which arise as the gas
flows around the droplet. In [23] the droplet breakup in a gas stream behind a shock wave with a
triangular gas-velocity profile was investigated experimentally. Three versions of the breakup of
drop are found, namely, i) pockets; ii) droplet split into two droplets; and iii) detachment of a
surface layer of liquid. In [24] the multiple splitting of a droplet in a gas stream behind a shock
wave was investigated experimentally using shadow photography and a high-speed camera. It

was observed that Strouhal number determines the disintegration time of drop.

There is a significant influence of wetting angle on fluid flow in narrow channels. Many
researchers carried out various experiments as well as numerical studies of this effect. The
investigations were performed on the capillary driven filtration in porous media under the
microgravity conditions. The hydrophilic form of wettability magnifies the imbibition of the
liquid in the porous media, whereas the hydrophobic type of wettability magnifies the blurring of
the front [25]. The displacement of a viscous fluid from a porous media was studied numerically
with reference to capillary effects. It was discovered that when hydrophobicity increases, the
diffusion coefficient drops. Furthermore, when the viscosity ratio of the fluids is near to unity,
the displacement is similar to that of a piston [26]. Numerical studies on various ways for
improving oil recovery from host rock formations were carried out. The displacement in a
homogeneous media is uniform and eventually slows down; but, in an inhomogeneous medium,
the imbibition front accelerates as it transits from a more permeable to a less permeable medium
[27]. The capillary-driven seepage in porous media in microgravity circumstances was

219
TH-3136_166107025



Chapter 6 Two-dimensional simulation

of droplet splitting in multi-furcating microchannel

investigated numerically and experimentally. In a homogeneous material, displacement is
uniform and gradually slows down. In the experiment, the speed reduces more than in the
computation. This is due to the mathematical model failing to account for gravity acceleration g.
The graph has a difficult form space-time dependency when crossing the boundary of zones with
different permeability in an inhomogeneous material [28]. In our present work, we have used the

volume of fluid (VOF) method which take care the effect of the wetting angle.

In view of the above discussion, it can be observed that there were little works on the
junction having more than two outlets. In the present work, using 2D simulation, we investigate
the multiple splitting of droplets through a multi-furcating microchannel having five outlets. The
2D numerical simulation was carried out using the volume of fluid (VOF) method. The width
ratio of 0.25 (branch channel width/main channel width) was used for all five multi-furcating
branches. The values of the dispersed phase velocity at which the droplets multi-furcate across
the five arms of the microchannel are determined. The mechanism of droplet multi-furcation is
explained. The oil fraction data are collected for five velocity combinations with the continuous
phase velocity set to greater than 0.16 m/s, causing droplets to multi-furcate along the micro
channel’s five arms and is compared with the homogenous model. The study of the influence of
three parameters {dimensionless droplet length, droplet frequency (counts per unit time), and
area distribution ratio} is performed to understand the insight of the multi-furcation. The results
revealed the splitting of a single mother droplet into five daughter droplets using 2D simulation.
Splitting of a mother droplet into five daughter droplets occurs for a critical initial droplet
length/main channel width (I/W¢) of 0.64. The results also show that the multi-furcation of a
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single mother droplet into five daughter droplets is due to the pressure drop in the branch
channels and the formation of vortices in the area around the notch between the adjacent branch

channels. These findings are not reported in the literature to the present date.

6.2. COMPUTATIONAL MODEL

In this work, the VOF technique was used to model the dynamics of water (dispersed
phase, w) droplet breakdown in mineral-oil (Marcol — 82) (continuous phase, 0) at a multi-
furcating junction of a horizontal 2D microchannel under laminar flow conditions. The fluids

were considered to be Newtonian and incompressible.

6.2.1 Geometry, initial and boundary conditions

6.2.1.1 2D Geometry:

The 2D domain is made up of a series of microchannels that branch out (having five
branches). Figure 6.1a depicts the details of the computational domain's geometry. The geometry
is made up of two inlets (inlet length is equal to 2 mm), one main channel (length is equal to 120
mm), and five outlets at various angles (£90° branch channel - length is equal to 3 mm, the
diameter is equal to 0.2 mm; 0° and +£40° branch channel - length is equal to 5 mm, the diameter
is equal to 0.2 mm). The inlets and the main channel have the same diameter (0.78 mm). Figure

6.1b depicts the corresponding mesh of the multi-furcating channel.
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Figure 6.1. (a) 2D Computational domain; and (b) 2D mesh

In Figure 6.1a, the base is the vertical downward branch channel and considered at 0°.
The horizontal branch channel is having 90° with the vertical downward branch channel. And

other two branch channel is having an angle of 40° with the vertical downward branch channel.

Mineral-Oil (Marcol — 82) and water have been selected as the two liquid phases for the

study, and their properties are listed below in Table 6a.1.

Table 6.1. Fluid properties

Fluids Properties Water Mineral-Oil ( Marcol - 82)

Density (kg/m?) 997 843
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Viscosity (mPa.s) 1 30.6
Oil-water interfacial tension 0.0301
(N/m)
Calculated contact angle of 51
oil on glass in water (%)

6.2.1.2 Initial and boundary condition:

Initially, the channel was filled with oil (continuous phase), then water (dispersed phase),
and oil ran through the inlets. The operating pressure was taken as the atmospheric pressure. No-
slip and impermeable conditions were implemented on the walls. The following velocity

condition were also implemented to progress the solution,
i) At the oil inlet, ux = Vo and uy = 0,
ii) At the water inlet, -ux = Vw and uy = 0.

Along with the above, the pressure outlet boundary condition, i.e., the gauge pressure was

considered to be equal to 0 Pa at all the outlets. Time steps were meticulously calculated in order

to get a consensus on the Courant number (C = ”—At).
Ax
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6.2.2 Effects of wetting properties of fluids

The wettability of the fluids has been accounted through Eq. (2.2.8) as hydrodynamics of
the multiphase flow is highly influenced by this property. The contact angles of mineral-oil
(Marcol — 82) and water on glass are equal to 3° and 38°, respectively, which is adopted from

[29]. It means that the oil is more wetting the glass surface.

6.2.3 Convergence, grid independence, code validation and verification

The residual values play an essential role in determining the convergence of the
simulation. The convergence is determined by the residual values of the continuity equation and
the velocity components. For the continuity equation and the x and y velocity components, the
residual value was selected equal to 0.001 as reported in [30]. The convergence limit for the
continuity equation was taken in the order of 10, while the limit for the velocity components

was set in the order of 10,

The 2D simulation was validated by comparing our simulated results to the prior experimental
results [29]. The grid independence investigation was carried out to get the ideal grid size from
the three distinct mesh sizes for 2D simulation, as shown in Table 6.2. The table shows that the
2D simulation used 49269, 99548, and 149240 cells. After analyzing the three systems in the 2D
simulation, we discovered that the system with 149240 cells had the least percentage deviation
from the experimental values of Co among all the three. Here, Co = Vmeas / (Vw Vo), and Vimeas IS
the average drop/pattern velocity in the main channel, and Vv and V, are the superficial velocity

of the water and oil phases, respectively. Furthermore, the system with 149240 cells enhanced
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droplet flow prediction by providing a vivid and crisp interface, particularly in the five arms of

the multi-furcating channel, as depicted in Fig. 6.2. The oil (continuous phase) and the water

(dispersed phase) are depicted in the pictorial representation of the volume fraction contour as

red and blue, respectively. The same color terminology was used throughout the manuscript.

Table 6.3. represents the variation of drop size with mesh elements in the main channel at Vy, =

0.002 m/s and V, = 0.16 m/s. The table shows that the existing grid also predicts the droplet size

very well. Grid mesh (149240) gives the percentage deviation of 1.7 which is lowest among the

three. For this reason, the grid mesh (149240) is used for all the 2D simulations performed in this

work.

Table 6.2. Summary of the results of grid independence study performed in the main channel for

Co values at Vw = 0.04 m/s and Vo = 0.12 m/s

TH-3136_166107025

Mesh elements | Flow pattern | Experimental Co Simulated Co Percentage
observed Deviation
49269 Slug 1.28 1.32 3.03
99548 Slug 1.28 131 2.29
149240 Slug 1.28 1.29 0.78
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Figure 6.2. Optimization of grids by comparing the volume fraction contour at Vw = 0.002 m/s
and Vo = 0.16 m/s: (a) 49269 mesh elements; (b) 99548 mesh elements; and (c) 149240 mesh

elements

Table 6.3. Variation of drop size with mesh elements in the main channel at Vw = 0.002 m/s and

Vo =0.16 m/s
Mesh elements Drop size from Drop size from Percentage
simulation (mm) Salimet al. [29] deviation
(mm)
49269 0.52 0.59 11.9
99548 0.55 0.59 6.7
149240 0.58 0.59 1.7

Same size of grids in the main channel and the branch channel has been used. The

number of grids in the branch channel is less in number as compared to the main channel as the

diameter of the branch channel is less than the main channel. For this reason, we have found

TH-3136_166107025
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much diffused interface in the branch channel. The effect of wall shear and interfacial tension
greatly influences the dynamics of the droplet in the smaller diameter channel. It is happening in
the branch channel of the present work. Close look of Figure 6.8 tells that thickness of the
continuous fluid layer between wall and droplets is much less in the branch channel as compared
to the main channel. So, effect of wall shear and interfacial tension is much more crucial in the
branch channel than in the main channel. To account these effects, more and more fine grids are
recommended. But, it is not done in the present work as we addressed earlier. In future, 1 will

keep this in mind.

For the code validation, we have measured the slug velocities in the main channel from
our simulation and compared with Salim et al. [29], which is depicted in Figure 6.3. It is found

that the results accord to each other.
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Figure 6.3. Code validation by comparing the experimental and simulated slug velocities of two-

phase oil-water flow through a glass microchannel

After getting success in code validation, we have verified the code, used in the solver,
with a benchmark problem as shown in Figure 6.4 and Figure 6.5. Figure 6.4 is a velocity profile
at a point away from the droplet, which is located in front of the droplet. The figure shows a
parabolic velocity profile, which is notably true in case of a fully developed flow. On the other
hand, velocity profile at the section B-B in Figure 6.5 corresponds to a typical velocity profile of
two-phase flow where a droplet passing through a conduit. Therefore, it can be said that the code

used in the simulation is verified with a higher accuracy.
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Figure 6.4. Velocity profile at the section A-A confirms the code verification. The profile has

been captured at a time step of 0.44 s: (a) Sectional plane (A-A) along with volume fraction

contour; and (b) Parabolic velocity profile

b
®) [ o At0.444s]
(] b
9 [ ]
0.20 |- . °.
Q * .
E .
> 0.15 L4 °
© » °
o . .
S o0} > .
e [ J o
E, ... ..
i3 L]
£ 005 g ‘
= & .
N (]
d L]
0.00 | . %
1 1 1 1
-0.39 -0.195 0 0.195 0.39

Radial Distance (mm)

Figure 6.5. Velocity profile at the section B-B confirms the code verification. The profile has

been captured at a time step of 0.444 s: (a) Sectional plane (B-B) along with volume fraction

contour; and (b) Two-phase velocity profile
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Droplet multi-furcation from Li et al. Droplet multi-furcation from simulation

(a) (b)
|

Figure 6.6. (a) Droplet multi-furcation from Li et al. [12]; and (b) Droplet multi-furcation from
simulation

A qualitative (flow pattern in the channel) validation for the droplet splitting in the multi-
furcating channel is incorporated by comparing the data obtained from Li et al. [12] which is
represented in Figure 6.6. The above Figure tells that multi-furcation is occurring in both cases at
same flow condition. However, there is a mismatch between the droplet sizes. On the other hand,
droplet’s character in the main channel is more or less similar in both the cases. It is due to the
significant difference in channel dimension, between literature and present simulated work,
especially in the main channel to branch channel ratio. The main channel to branch channel
ratios are 1 and 3.9 in literature and present simulated work respectively. That is why there is a
large mismatch in the length of the droplets. The analysis shows that multi-furcation is taking
place in both the cases at similar flow conditions and it is considered as the basis of the

validation of the present work.

230
TH-3136_166107025



Chapter 6 Two-dimensional simulation

of droplet splitting in multi-furcating microchannel

Streamline function contour
F(’S_/{g t=0.45s
0.14
| ———— o — ———a
I & 1N
g ’U

Figure 6.7. Streamline function contour at the multi-furcating junction for the continuous phase

at Vw =0.002 m/s and Vo= 0.16 m/s.

Figure 6.7 represents the Streamline profile of the multi-furcating junction at the phase
velocities, Vw = 0.002 m/s and V, = 0.16 m/s. The magnitude of the streamline function is higher
in the central portion of the main channel and two branch channels at +90°. It is gradually
decreasing towards the wall. The overall magnitude of the streamline function is much lower in

the branch channels at 0° and +40° with respect to the main and +90° branch channel.
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6.3. RESULTS AND DISCUSSIONS

The present study reveals that all the flow conditions (velocity combinations) and the
geometrical parameters of multi-furcated channels are not delivering five daughter droplets at a
time from a single droplet. We have carried out the simulations at various oil velocities (Vo)
equal to 0.12, 0.16, and 0.18 m/s and at various water velocities (Vw) ranging from 0.0001 to
0.12 m/s. It is realized that the width ratio (branch channel width/main channel width) which is
equal to 0.25 is the point of onset at which five daughter droplets are generated. So, we have

restricted the present discussion to this width ratio (0.25).

6.3.1 Phenomena of multi-furcation in a multi-furcating channel

In Fig. 6.8 we have illustrated the phenomena of multi-furcation of a droplet. Under the
above-mentioned geometrical conditions and oil velocity, the droplet multi-furcates through the
five arms of the microchannel at a low velocity of the dispersed phase, Vw = 0.002 m/s (Figs.
6.8a-6.8c). It is important to note that the sizes of daughter droplets in £90° branched channel are
smaller than that in the £40° and 0° branched channels. However, droplets in the +40° and 0°
branched channels are comparable in size. On the other hand, the size of all daughter droplets are
comparable at the higher dispersed phase velocity (Vw = 0.027 m/s), as presented in Figs. 6.8d-
6.8f. These results confirm that the volume fraction of the dispersed phase can be regulated as
the demand by controlling the inlet phase velocities, which is highly important in the field of

mass, heat, and momentum transport and also in the domain of droplet digital PCR and drug
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delivery. The droplets multi-furcate due to the pressure drop and the shear stress of the flow
field. The droplets arrive at the junction and get transformed into a thin threaded necklace-like

structure (Figs. 6.8b and 6.8e).

t=0s t=10.0055s t=0.009 s

& (b)

EE l
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Figure 6.8. Time dependent volume fraction contour of a multi-furcation event at a fixed oil
velocity (Vo = 0.16 m/s): (a-c) At low dispersed phase velocity; and (d-f) At high dispersed

phase velocity

6.3.2 Mechanism of droplet multi-furcation phenomena

The mechanism of droplet multi-furcation is explained in this section, which is nothing
but balance among the pressure field, the shear forces of the flow field, and the field of body
forces (including surface tension). A set of representative results is shown in Fig. 6.9. The

volume fraction contour, the dynamic pressure profile, the velocity profile, and the vorticity
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profile are presented in the various columns as mentioned in the figure caption. At the time step t
= 0 ms, the water droplet is approaching the junction (Fig. 6.9a). The corresponding profiles of
the dynamic pressure, the velocity, and the vorticity are also depicted in Figs. 6.9b-6.9d,
respectively. Figure 6.9b indicates the higher pressure field in the +90° branch channel as
compared to others (0° and +40° branch channels). This higher pressure may forbid the entry of
the water droplets into the £90° branch channel. In other words, in this case change in the
direction of the larger water droplets is not the energetically favorable process. That is why the
+90° branch channels always possess smaller droplets as compared to the others. This argument
is well supported by Fig. 6.8e at the time step t = 4.5 ms and Fig. 6.9i at the time step t = 7 ms, as
droplets’ size in the £90° branch channel is smaller than the other three. The row represented
with the time step t = 4.5 ms, i.e., at the time of the onset of splitting a droplet into five daughter
droplets, unfolds the important fundamental aspects of the splitting phenomena. At this time step,
both the difference in pressure and generation of vortices make the mother droplets squeeze,
leading to a thin threaded necklace-like structure (Fig. 6.9e). The red color at the junction of the
+90° branch channel (Fig. 6.9f) confirms the existence of a very strong pressure field, which is
supplemented with intensive vorticity around the same region of the conduit (Fig. 6.9h). This
vorticity is so strong that it enforces the snatching of a small mass from the water droplet.
Probably, it is not occurring at all the velocity combination - to dig out specific conditions, a

thorough analysis will be carried out in the next section.
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Figure 6.9. Pictorial representation of insight physics of a multi-furcation phenomena at V,, =
0.002 m/s and V, = 0.16 m/s. 2" column -volume fraction contour; 3 column -dynamic pressure;

4™ column -velocity vectors; and 5" column -vorticity

6.3.3 Critical mother droplet’s length for multi-furcation
It is very important to establish the condition at which the specific phenomena start. This
can is considered as a critical condition. We will now attempt to get the critical mother droplet’s
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length, which undergoes to produce at least five daughter droplets. The velocity pair at this
condition and the dimensionless mother droplet’s length are recorded as the critical condition in
this case. Instead of all the simulated results, only the critical condition is discussed in Fig. 6.10,
addressing the volume faction data. Our discussion is regulated at the width ratio equal to 0.25,

as mentioned above. So, here we have concentrated our discussion on the phase velocities only.

01!o (a) t=0s (b) t=0.0015s (c) t=0.002s
L
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Figure 6.10. Volume fraction contour of critical mother droplet at the condition (at Vw = 0.0001

m/s and V, = 0.16 m/s) of engendering of five daughter droplets

Figure 6.10 depicts the onset of minute droplets in the £90° branch channel and big slugs

in the 0° and +40° branch channels. So, this flow condition, at Vw = 0.0001 m/s and V, = 0.16
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m/s, is considered as the critical velocity condition for the splitting of a mother droplet into five
daughter droplets. At the flow circumstance, the dimensionless mother droplet’s length becomes

0.64 (I/W¢), which is chosen as the critical (I/W¢) droplet length for a multi-furcation marvel.

6.3.4 Distribution of droplet length in branch channel (0°, £40° and +90° branch channel)

[<2]
1

a
|

Dimensionless droplet length (/)
H
2 |

0.03 0.17 0.32 0.46 0.62 0.75
Flow rate ratio (Q /Q,)

Figure 6.11. I Vs. Flow rate ratio for 0°, +40°, and £90 ° branch channel
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Here, the dimensionless droplet length I is equal to the length of the droplet in the branch
channel/width of the main channel. In Fig. 6.11 it can be observed that | increases for all the
branches up to the flow rate ratio of 0.46. At the flow rate ratios of 0.62 and 0.75, the value of |
in the case of the 90° branch channel is more than that in the 0° and 40° branch channels.
However, there is an increment in all the values of | for the flow rate ratio from 0.46 to 0.62 and

a decrement for the flow rate ratio from 0.62 to 0.75.

Increase in the value of | for all the branches up to the flow rate ratio of 0.46 is due to
increase in the flow rate of the dispersed phase. After reaching a certain critical flow rate ratio
(0.62), there is accumulated pressure in the 0° and 40° branch channels due to the presence of
droplets, so the greater droplet volume will pass through the 90° branch channel. Thus, the value
of | for the 90° branch channel is higher than that for the 0° and 40° branch channels at the flow
rate ratio of 0.62. At the flow rate ratio of 0.75, the viscous stress is comparable to the surface
tension force, so more breakdown of droplets takes place. Thus, the value of | for all the branches
at a flow rate ratio of 0.75 is less than the value of | for all the branches at the flow rate ratio of
0.62 due to generation of the greater number of droplets with the smaller droplet lengths, but the

overall trend is similar.
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6.3.5 Frequency (counts per unit time) of droplet in 0°, 40°, and 90° branch channel
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Figure 6.12. Frequency of droplet (1/s) vs. capillary number for 0°, +40° and £90 ° branch

channel

From Fig. 6.12 it can be seen that the frequency (counts per unit time) increases with

increase in the capillary number for all the branches for the regime-droplet passes through five

channels. Here, the capillary number (in the branch channel) is defined as ca = #H U is the
O
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viscosity of continuous phase, U is the mixer velocity, and o is the interfacial tension. With
increase in the capillary number the shear force increases, being comparable to the surface
tension force. This leads to a faster breakup of dispersed thread, producing more droplets per unit
time. As a result, the frequency (counts per unit time) of droplets in the branch channel increases

with increase in the capillary number.

6.3.6 Area distribution ratio for 0°, +40°, and +90° branch channel
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Figure 6.13. Area distribution ratio vs. capillary number for 0°, £40°, and +90 ° branch channel
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Figure 6.13 depicts the area distribution ratio as a function of the capillary number for the
0°, £40°, and £90 ° branch channels. Here, vy is the area of the droplet in the branch channel/area
of the droplet in the main channel. It has been found that for the +40° and +£90° branch channels y
increases first for the capillary number of 0.68, then decreases for 0.78. Then again, it increases
to 0.84 and goes on increasing. But for the 0° branch channel, y decreases first for the capillary
number of 0.78 then increases. The value of y at the capillary number equal to 0.68 for the +40°
and £90° branch channels increases due to increase in the length of the droplet in the +40° and
+90° branch channels. Then, the value of y decreases for the 0°, £40°, and £90° branch channels
at the capillary number equal to 0.78, as the length of the droplet in the main channel is relatively
high. Then, at last, the value of y increases for all the branch channels due to increase in the
length of the droplets in their respective branch channels. A volume fraction data representing
the length of droplet at 0°, £40°, and £90° branch channels for the capillary number 0.85 has been

presented in the Figure 6.13.

6.3.7 Two-dimensional approximation

The 2D simulations are not capable of accounting for the interfacial forces since one of
the principal curvatures is equal to zero in the two-dimensional case. The 2D simulations are not
suitable for the accurate estimation of the shear forces. It can give an approximate value only.
Moreover, the 2D simulation is not very appropriate in the sense of accounting for the absolute
values of the various forces like the surface and viscous forces, but it is significant in terms of
qualitative estimate of the flow patterns, the influence of channel geometry, the velocity field,

the fluid properties (except surface forces), the types of daughter branches of the channel, etc.
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6.4. SUMMARY

The results of 2D simulations of multiple splitting of a mother droplet through a multi-
furcating microfluidic channel are given. The mother droplet was fragmented into five daughter
droplets through five arms of the multi-furcating microchannel. The grid independence test was
performed for the 2D solver. The 2D models have been validated using the experimental data
present in the literature (Salim et al. [29]). We have set a width ratio (branch channel/main
channel) of 0.25 for all the five branches of the multi-furcating microchannel as multiple
splitting occurs at this width ratio. The critical value of the dispersed phase velocity at which the
droplets multi-furcate across the five arms of the microchannel is determined. The mechanism
for droplet multi-furcation is explained. Simulated oil fraction data distributed across the five
outlets are reported. The present simulated oil fraction data are compared with the result of the
homogenous model [31]. The percentage deviation of 16.48 is found between the simulated oil
fraction data and the homogenous model. The droplet length distribution in the branch channels
(0°, £40°, and £90° branch channels) was found. It was observed that the dimensionless droplet
length (I) increases first up to a certain flow rate ratio (0.62), then decreases. Variation in the
frequency (counts per unit time) of droplets generated in the branch channel and the area
distribution ratio with the capillary number have also been reported. This study provides
knowledge about multiple splitting which can be used in the future microfluidic platform-based

devices.
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7.1 CONCLUSION

A detailed numerical study on droplet breakup dynamics has been done in this thesis. The
thesis is initiated with computational study on phase velocity mediated droplet splitting and its
mechanism at t — junction microchannel. Consequently, the effect of width ratio on droplet
splitting has been shown. Both 2D and 3D numerical study on the effect of phase velocity on
flow regimes in flow focusing geometry has also been done. The effect of viscous force, surface
force and wettability on droplet morphology has been studied. Finally, mechanism of multi-
furcation of droplet through multi-furcating channel and parametric study on multi-furcation of
droplets using multi-furcating microchannel has been done. The major conclusion from each of

the chapters are discussed below:

7.1.1 A COMPUTATIONAL STUDY ON PHASE VELOCITY MEDIATED DROPLET

SPLITTING AND ITS MECHANISM AT T-JUNCTION MICROCHANNEL

The 2D-CFD simulation has been carried out to investigate the influence of phase
velocity on droplet splitting in a T-junction microchannel. The simulated results have explored
various fundamental aspects of different types of droplet splitting phenomena. The model has
been validated with the previous experimental data present in the literature (Salim et al.). We
have successfully simulated droplet non-breakup and droplet breakup flow regimes, changing the
phase velocities of two phases. Two types of droplet breakup regimes, namely tunnel-breakup
and obstructed breakup has been observed. New flow morphology, namely mixed flow pattern,
transient in nature, has also been observed in a wide range of phase velocities. This transient

behavior has been characterized by the alteration of the flow patterns at constant flow rates.
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Different flow patterns have been presented in the form of a flow pattern map. It has been found
that pressure swing phenomena at the T-junction have instigated the movement of the droplets in
alternate directions. The formation of vortex flow at the front ends of the droplets is one of the
critical reasons for droplet breakup with tunnel. On the other hand, the resultant effect of larger
droplet volume, upstream pressure buildup, and vortex flow are found to be responsible for
droplet bifurcation with obstruction. Present simulated and experimental (Salim et al.) pressure
drop data have been predicted using homogeneous and drift flux model. The results show that
drift flux model gives the higher accuracy in prediction. These findings will help in better
understanding of droplet splitting and will have direct application in microfluidic platform based

device.

7.1.2 INFLUENCE OF MICROCHANNEL GEOMETRY ON DROPLET BREAKUP

DYNAMICS: A COMPUTATIONAL STUDY

The 2D-CFD simulation has been carried out to investigate the influence of width ratio
and arm length ratio on droplet splitting. The model has been validated with the previous
experimental data present in the literature (Salim et al.). The tunnel breakup and the obstructed
breakup are mainly due to the pressure difference in the branch channel and the direction of the
velocity vectors which are towards the branch’s exit and the pressure swing phenomenon is the
reason behind the alternate movement of the droplets. Breakup with tunnel is found in WR =
0.75, 0.5, breakup with obstruction is found in WR = 0.25 and alternate movement is found in
WR =1 for Vw = 0.01 m/s, Vo = 0.18 m/s. It has been found that breakup tendency increases as

we decrease the width ratio (1, 0.75, 0.5, and 0.25) and increase the arm length ratio (0.4, 0.6,
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and 0.9). Droplet breakup condition has been revealed based on initial extension. Flow pattern
maps have been developed through which the mixed flow regimes and other flow regimes are
displayed for all the width ratios (1, 0.75, 0.5, and 0.25). Mainly three distinct regions are found:
i) Not a Ca induced region ii) Highly Ca induced region iii) May be Ca induced region.
Prediction of simulated pressure gradient for width ratio = 1 has been made through Lockhart
and Martinelli approach, and a percentage deviation of 52% has been found. Dimensional
analysis has also been done for width ratio = 1 and 24% of average error is found between

predicted and simulated pressure gradient, which is better than Lockhart and Martinelli approach.

7.1.3 2D SIMULATION OF DRIPPING AND JETTING FLOW IN A FLOW-FOCUSING

GEOMETRY

2D-CFD simulations have been carried out to study the effect of flow velocity on flow
regime using the VOF method. The model has been authenticated with earlier experimental data
present in the literature (Fu et al.). We have effectively simulated the different flow regimes
based on dispersed and continuous phase velocity. A mechanism on dripping and jetting
phenomena also has been discussed. A flow pattern map has been presented identifying the
dripping and jetting regimes. It has been observed that the dripping is restricted to low to
moderate weber numbers of the dispersed phase and low to high capillary numbers of the
continuous phase. At the same time, the jetting regime is limited to low to high capillary
numbers of continuous phases and moderate to high weber number of dispersed phase.
Theoretical and simulated droplet pinch-off time and jet growth time has also been calculated

and compared. The confirmation of the transition between dripping and jetting has been done
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through the calculation of the effective capillary number of the interface. The droplet size

decreases with increase in oil-water viscosity ratio and with decrease in interfacial tension.

7.1.4 3D SIMULATION OF DRIPPING AND JETTING PHENOMENA IN A FLOW-

FOCUSING GEOMETRY

3D-CFD simulations have been carried out to investigate the effect of viscosity, surface
tension and wettability on droplet generation using the VOF method. The model has been
authenticated with earlier experimental data present in the literature (Fu et al. [1]). We have
effectively simulated droplet formation based on viscosity, surface tension and wettability. It has
been observed that the droplet became smaller in size with an increase in the oil-water viscosity
ratio. The frequency increases with an increase in the oil-water viscosity ratio. On the other hand,
droplets became larger with the increase in the interfacial tension. The droplet is not generated at
0.002 N/m (i.e., 0 Hz frequency) as a continuous oil thread is observed. In the present simulation,
droplets onset at the interfacial tension of 0.005 N/m and frequency at this condition is 60 Hz.
Then, it decreases continuously with an increase in the interfacial tension. Droplet velocity
decreases with an increase in the interfacial tension. The effect of wettability was studied by
changing wettability angles (6) from 0°-180°. For 6 < = 90°, water is the continuous phase in
which droplets of PDMS were formed. For 8 > 90, the water became the dispersed phase in the
continuous oil medium. At 6 = 135° and 180°, the channel becomes super hydrophobic, which
gives an annular flow configuration in the channel. Here, the oil phase warps the channel surface,
and the water phase turns into a continuous thread flowing through the center of the channel.

Wettability also influences the non-dimensional droplet length (L/W¢). The highest value of
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L/W. and droplet volumes are 1.25 and 220 nL, respectively, at 8 = 100°. The frequency
increases from 18-36 Hz for a change of 6 from 0°-90° respectively, and then it decreases due to
a change of 0 from 90°-180°. It is important to note that a water thread is formed beyond 6 =
135°. That is why droplet frequency is considered 0 Hz. The droplet velocity increases from
0.045-0.050 m/s for change in 6 from 0°-80° and then it decreases from 0.050-0.020 for the 6
ranging from 80°-180°. Two flow regimes were identified and have been presented in the form of
a phase diagram for oil-water viscosity ratio = 12, 6 = 0.0118 N/m and 0 = 40° (water wetting
the PMMA surface in the presence of PDMS). Comparison between normal geometry and two
different constricted geometry (having different orifice lengths) based on non-dimensional
droplet length, frequency, droplet volume, droplet velocity has been made for both dripping and
jetting regimes at oil-water viscosity ratio = 12, 6 = 0.0118 N/m and 6 = 40° (water wetting the
PMMA surface in the presence of PDMS). It has been found that the value of non-dimensional
droplet length and droplet volume is lowest in the case of constricted geometry 2 for both
regimes. The frequency value is highest in the case of constricted geometry 2 for both regimes.
Droplet velocity value is near about the same for the three geometry configurations for dripping
and jetting regimes. The dimensionless analysis gave an excellent prediction of simulated non-
dimensional droplet length with an average absolute error of 9.1%. These findings will help
understand droplet generation under various physicochemical parameters and directly apply to

the microfluidic platform-based device.
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7.1.5 TWO-DIMENSIONAL NUMERICAL SIMULATION OF DROPLET SPLITTING

IN MULTI-FURCATING MICROCHANNEL

The results of 2D simulations of multiple splitting of a mother droplet through a multi-
furcating microfluidic channel are given. The mother droplet was fragmented into five daughter
droplets through five arms of the multi-furcating microchannel. The grid independence test was
performed for the 2D solver. The 2D models have been validated using the experimental data
present in the literature (Salim et al.). We have set a width ratio (branch channel/main channel)
of 0.25 for all the five branches of the multi-furcating microchannel as multiple splitting occurs
at this width ratio. The critical value of the dispersed phase velocity at which the droplets multi-
furcate across the five arms of the microchannel is determined. The mechanism for droplet multi-
furcation is explained. Simulated oil fraction data distributed across the five outlets are reported.
The present simulated oil fraction data are compared with the result of the homogenous model.
The percentage deviation of 16.48 is found between the simulated oil fraction data and the
homogenous model. The droplet length distribution in the branch channels (0°, +40° and +90°
branch channels) was found. It was observed that the dimensionless droplet length (I) increases
first up to a certain flow rate ratio (0.62), then decreases. Variation in the frequency (counts per
unit time) of droplets generated in the branch channel and the area distribution ratio with the
capillary number have also been reported. This study provides knowledge about multiple

splitting which can be used in the future microfluidic platform-based devices.
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7.2 FUTURE SCOPE OF RESEARCH

The work in this thesis can be extended in many different ways. Some of the ways are remain

unexplored and are mentioned below:

» Experiments or simulation on droplet breakup can be done for non-Newtonian fluids.

« Air can be used instead of oil and experiments/simulations can be done on droplet

breakup.

» The effect of Mass transfer or heat transfer on droplet breakup dynamics can be observed

either through simulation or experiment or both.

» Experiments or simulations on droplet breakup can be done for more complex geometry.

255
TH-3136_166107025



OUTCOMES OF THE THESIS

List of publications:
Published:

« Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2021. A computational study on phase
velocity mediated droplet splitting and its mechanism at T-junction microchannel.

Journal of the Brazilian Society of Mechanical Sciences and Engineering 43, 391.

* Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2022. Two-dimensional simulation of

droplet splitting in multi-furcating microchannel. Fluid Dynamics 57,672-685.

» Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2023. Droplet splitting in multi-furcating
microchannel: A three-dimensional numerical simulation study. The Canadian Journal of

Chemical Engineering, 1-15.
Paper communicated:

* A computational study on transition mechanism of dripping to jetting flow in a flow-

focusing geometry, communicated to JTICE.

* Influence of microchannel geometry on droplet dynamics: a computational study,

communicated to JBSMSE.

« 3D simulation of dripping and jetting phenomena in a flow-focusing geometry,

communicated to CEC.

256
TH-3136_166107025



Collaborative work:

* Nucleation and bubble formation of flow boiling in micro device

Conferences:

Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2019. The insight of the droplet splitting at

the T-junction of a microchannel. Research Conclave 2019, IIT Guwahati, India. (Poster)

e Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2019. 2D simulation of a droplet splitting at
microfluidic T-junction in oil-water two-phase flow using Volume-Of-Fluid method. TEQIP
11 Sponsored 1st National Student Conference on Advances in Chemical Engineering,
AEC, India. (Oral)

e Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2020. Dynamics of droplet break-up at T-
junction of a microchannel. International Conference on Advances in Chemical
Engineering-2020 (AdChE-2020), UPES, Uttarakhand, India. (Oral)

e Biswas, S., Gooh Pattader, P. S., Mandal, T. K., 2022. CFD simulation on flow-focusing

geometry for droplet formation using VOF method. Advances in Chemical and Material

Sciences (ACMS-2022), HIT Kolkata, India. (Online mode, Oral)

257
TH-3136_166107025


https://acms2022.iiche.org.in/
https://acms2022.iiche.org.in/

APPENDIX

5b.4.2 Procedure of Dimensional Analysis

There are six parameters listed i.e. "n" = 6. There are three primary parameters i.e. length

(1), mass (m) and time (t) i.e. “m” = 3.

So, number of independent groups = 6-3 = 3

So, f (I, Mo, T13) = 0

Where, f is some function, or in an alternate expression:
I11 = fy (T2, I15)

where f1 is some function different to function f .

Taking an arbitrary choice of three parameters: pm, Um, Wc¢
Group 1: IT1 = {(pm) &, (Um) ®, (W) €2 (L)

LMY, (175, (1)<} (1) = moI°E®

I
o

m:a=0 : I: -3a+b+c+1 =0 X t:-b

or,a=0 or,c=-1 or,b=0

a=0,b=0,c=-1
therefore, IT1 = {(pm) %, (Um) %, (Wc) ™} (L)

=L/Wc
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By similar procedures the rest of the groups can be derived:
Group 2: T2 = {(pm) %, (Um) *, (We) 3} (um) = pim/ pm We Un
Group 3: I3 = {(pm) *, (Um) %, (We) *} (0) =6/ pm We U%n

Therefore, we have

L P ) o Y
W, oUW, ) LpUnW,
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