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Preface

If there is one part of writing this report that I have contemplated about arguably more than the rest, it
would be this single page. It is the single sheet of paper, brimming with honesty, that can render an
even-handed perspective to the rest of this document that is otherwise so seamlessly woven (at least
in attempt) into a coherent story, shelving away the confusions, errors and mistakes that plagued my
life during the nine months that this story spans. To these lovely nine months, to the people and the
events that made it so, I owe this moment of unabashed honesty.

As a child, I was an ardent Monday-hater. Not just any Monday-hater, but the few who very literally
shed a couple of tears while lying in bed, contemplating the horrors entailing another five days in school.
When I grew up, my tears gave way to a sense of forlorn that I resigned to carrying along with me as I
showed up to the beginning of the week. But to my surprise and joy, I have treated the Mondays in the
past year with almost no ounce of dread. It seems strange - how being seated at the edge of my chair
peering through the microscope can make a difference, but a whole new world existed through that
lens - a world I had only heard of in lecture halls and tried hard to imagine. Least to say, Mondays were
met with equal tranquility as Fridays. Having achieved the unfathomable, I have enough evidence to
say that now, my lens has changed and I like this chair.

Many small battles were fought in the last two years at TU Delft, and the trickiest one was becoming
comfortable with addressing my teachers by their first names. Teachers have made and broken me.
Some teachers from childhood set off insecurities that I hold unto this day. But there were others
who sparked my interest, in whose classes I realized the joy of learning and was humbled through
the boundless exercise of re-learning. I want to take this opportunity to express my gratitude to my
teachers whose contagious love for their field has been instrumental in keeping my spirit alive. I can
never repay any of you and I shall never attempt to.

In this vein, I extend my deepest gratitude to my thesis supervisors- my first window into the world of
scientific research- Prof.dr.ir. Jerry Westerweel, who taught me the power of intelligent first estimates
in research, and Dr. Daniel Tam whose palpable passion for fluid dynamics, evident in his lectures,
marked the beginning of my journey in the field. With more pride than shame, I admit to have known
astonishingly little at the beginning of AFD. I could not have enjoyed working on this thesis without the
support of Dr. Teng Dong, whose words of encouragement helped me through disappointing times.
Thank you for never dismissing any of my ideas, however impractical, and for being a reminder that
learning can never stop.

I would like to mention my friends in Delft, Sahiti, Uma and Aarthi- without whose love, genuineness
and company, TU Delft may have remained challenging, but not a learning experience. You girls were
my family here. I would also like to thank all my friends- from my childhood up to now - who fascinate
me with their minds and strengthen me through their kindness. I thank my parents, Amma and Appa,
for their unwavering support and love. If not for the both of you, I would never have made it this far
(also, quite literally).
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iv Preface

The best decisions I have made in life were never made alone. In moments of anxiety and confusion,
it has always been you, Divya, who has resounded reason and logic. It is unimaginable, to me, who
I would have become without you. Everything I am today, all the good and bad, my identity and my
values – I owe it all to you. You are my soul-sister. At the end of these two magical years at TU Delft,
I have with me, this 50 page document, the single piece of work I am undoubtedly proudest of - a
testament to my beliefs, my insecurities, my fears and my goodness. I dedicate this to you, not in a
manner of contented resignation but, knowing that looking back at this period in my life, that I consider
the best version of myself, you will remind me to strive for the ‘better’ that lies beyond the best.

|| Vande Guru Paramparam ||
(Salutations to my lineage of teachers)

- Sowmya Kumar
Delft, 2021

“All the good is an imposter”,
said the little monster.

“Your trips, your falls, the scar,
is who you truly are!”

“There are no other but two kind,
The best and the ones behind.
You slip, you fall, your scar
We see which kind you are!”

“So you slip, but when you fall
Cover your tracks, hide them all.

Fear and to that pray
In moments that count, your imposter stays.”

“If there were no more but two kind,
what about our limitless mind?
Born alike, built by chance

out of experiences and circumstance.”

“My trips, my falls, my scars
signs that I have come far.
If in this world it costs to try
isn’t it how our spirits die?”
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Abstract

The coalescence of two droplets suspended in a viscous fluid is the focus of this study. When two
droplets that are suspended in a shearing flow come in contact with each other, it is currently uncer-
tain if the contact would result in coalescence. To be able to make such predictions, it is necessary
to systematically study the effects of the system parameters, such as the angle of collision between
the droplets and the properties of the flow and the two fluids, on the process of coalescence. This
necessitates the need for a robust experimental setup in which such studies can be performed.

The characteristic of a systematic study is repeatability and control over experimental conditions. In
coalescence studies, the impact angle between the droplets is a parameter that has proved difficult to
control. In this study, a microfluidic device is developed that uses the concept of surface energy wells to
achieve repeatability in the impact angles of droplet collisions. Using the device, droplet coalescence
experiments were performed. An interesting observation was made from the experiments which guided
the further course of this research work. It was seen that the droplets did not coalesce upon approach,
but coalescence was driven by the separation of the droplets. In the literature, this phenomenon is
referred to as ‘separation-driven coalescence’. Furthermore, it was suspected that an experimental
condition could be defined based on a non-dimensional parameter, namely the Capillary number 𝐶𝑎,
such that for 𝐶𝑎 > 𝐶𝑎cr, separation of droplets ceases to trigger coalescence.

The effect of the system parameters, namely the impact angle, 𝜃i, and the viscosity ratio, 𝜆, over the 𝐶𝑎cr
was investigated. In this study, the presence of a 𝐶𝑎cr for separation-driven coalescence is confirmed,
both experimentally and through the development of a scaling model. The results of the study indicate
that the thickness of the film on the onset of separation influences the 𝐶𝑎cr. However, a dependency
between the 𝐶𝑎cr and 𝜆 was not found experimentally. Large experimental uncertainties prevent any
further conclusions to be made regarding the 𝐶𝑎cr.

In this thesis, a framework is developed for the investigation of 𝐶𝑎cr for separation-driven coalescence.
With more experimental data, a deeper understanding of separation-driven coalescence can be ob-
tained.

Keywords - droplet coalescence, shear, microfluidics, surface energy wells, separation-driven coales-
cence
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1
Motivations

Coalescence is the process of two (or more) droplets or bubbles forming one single droplet or bub-
ble. In a multi-phase flow, coalescence may be facilitated by different forces such as gravity forces,
turbulent forces, or inertial forces (Kamp et al., 2017). In this thesis, we are interested in the coales-
cence of droplets in shearing flows. It is an interesting problem primarily because not all is understood
about this fascinating phenomenon. While scientific curiosity is certainly a motivation for this research,
other research problems also benefit from this study namely- droplet-based microfluidics and stability
of industrial emulsion systems. In this section, we elaborate on our motivations for this study.

1.1. Droplet­based microfluidics
Droplet-based microfluidics has become an evolving platform for the development of sophisticated
research tools in the fields of chemistry and biology (Theberge et al., 2010). There are several rea-
sons for the growing interest in this field amongst the scientific community. Firstly, molecules, chem-
ical reagents, and particles including microorganisms can be isolated and compartmentalized within
droplets (Lederberg, 1954). Along with compartmentalization of materials, the homogeneous condi-
tions within a droplet, the high surface-to-volume ratio of droplets, and internal circulation within droplets
make them ideal chemical reactors (Joanicot and Ajdari, 2005). Secondly, droplet generation in mi-
crofluidic devices can be fast and precise (Link et al., 2004). It is possible to control the size of each
droplet generated in a microfluidic device. Mono-disperse and polydisperse emulsions were created
by integrating a ‘flow-focussing’ geometry in microfluidic channels (Anna et al., 2003). The identical
nature of successive droplets makes droplet-based microfluidic devices suitable for quantitative stud-
ies (Theberge et al., 2010). Additionally, femto-nanolitre size droplets are generated in microfluidic
channels (Joanicot and Ajdari, 2005, Theberge et al., 2010). Using such devices for screening and
analysis of compounds allows us to use small amounts of reagents. This is an attractive feature for
drug discovery, gene testing, and other biological research applications where only small amounts of
reagents may be required for screening but reagents ( for example, enzymes) are rare and expensive
(Theberge et al., 2010).

Despite such attractive features, the field of droplet-based microfluidics is still in its infancy. Several
bottlenecks are identified in the current state-of-the-art of microfluidic devices. Droplet production is
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4 1. Motivations

not mono-disperse until the system pressures become stable (Theberge et al., 2010). This can lead to
the wastage of precious reagents during the start-up of the droplet generation process in microfluidic
devices. Unwarranted coalescence and breakup of droplets can occur in microfluidic devices necessi-
tating the use of surfactants (Anna et al., 2003). While using droplets as chemical reactors, we need
to ensure that the residence time of the droplets within microfluidic devices is sufficient in the context
of the kinetics of the reaction. These require additional features such as droplet traps (Shim et al.,
2007) or delay lines in the channels (Frenz et al., 2009). The selected challenges discussed here al-
ready reveal that the design and fabrication of every microfluidic device require customization in design
and/or operation to promote certain features and discourage others. It is important to note here that
the choices we make, as developers, in the design of microfluidic devices will dictate the versatility of
their use.

For microfluidics to become successful, it needs to become commercial- it should not remain to be
a field limited to academic papers (Whitesides, 2006). It should be able to serve users who are not
necessarily experts in the field. This relies on our ability to design and fabricate robust microfluidic
devices. The robustness of the device can be attributed to the repeatability and control over some
basic functions such as droplet generation, splitting, sorting, trapping, and coalescence. For example,
droplet generation is currently controlled by changing the input flow rates of the two phases. However,
this simultaneously affects the droplet size, the frequency of generation, and the speed of the droplet,
all of which may not be desired (Joanicot and Ajdari, 2005). On-chip control may be achieved by
incorporating active systems in the device such as actuators, but it comes at the cost of increasing the
complexity of the design and limiting the flexibility over the applications of the device. Adding active
elements into the design also complicates the fabrication of the device (Theberge et al., 2010). It is,
therefore, worthy to focus on the standardization of the basic functions with an intentional drift towards
passive designs based on the geometry of the channel and wall effects (Joanicot and Ajdari, 2005). In
this study, we focus on standardizing the coalescence process in a microfluidic device through a design
based on passive elements.

1.2. Dispersion systems in industrial processes
A disperse system is a two-phase system in which an immiscible dispersed phase (solid particle or liquid
droplets) is distributed through a continuous phase (Brunaugh et al., 2019). An emulsion, such as milk
and mayonnaise, cosmetic products like creams and lotions, is an example of a dispersion system. A
polymer blend is an emulsion system that combines desirable properties of different polymers into one
single heterogeneous material or product. The drop size distribution of the polymer blend determines
the characteristics of the product. It is, therefore, important to control the drop size distribution of the
emulsion in the process of creating the blend.

The process of creating emulsions is called emulsification. Shearing flows are used in current industrial
techniques for the emulsification process (Leal-Calderon et al., 2007). In shearing flows, changes to
drop-size distribution are due to two main processes- splitting and coalescence (Vinckier et al., 1998).
Depending on the volume ratio and viscosity ratio of the two phases, the coalescence of droplets
can lead to the destruction of the emulsion system (Meleson et al., 2004). It is, therefore, necessary
to determine the operating conditions under which the desired drop size distribution is achieved and
optimal characteristics of the emulsion/blend is obtained. To this, we need to understand the effect of
the system parameters on the breakup and coalescence of droplets.



2
Background

Coalescence is driven by the minimization of interfacial energy (Kamp et al., 2017) - after two droplets
coalesce, the resulting droplet has a lower interfacial area than the sum of the interfacial areas of the
two initial droplets. Reduction of the interfacial area is favored because when an interface is formed,
the unbalanced intermolecular forces experienced by the molecules at the interface give rise to free
energy to molecules at the interface. As a result, it costs energy for a system to have an interface and
any system tries to minimize its interfacial area.

Rupture of the 

thin film and growth 

of liquid bridge

Approach

hi

Formation of Film Film Drainage

hcr2R

urel

Coalescence

h ~ 1 mm – 100 µm h ~ 60 nm

2a

Figure 2.1: A schematic of the several processes constituting the coalescence of two droplets. In this illustration, we have
assumed the shape of the film to be disk-shaped.

Coalescence involves complex interactions between the droplets, referred to as the dispersed phase,
and the fluid in which the droplets are suspended, referred to as the continuous phase (Chesters,
1991). A way to tackle this complexity is to break the process into many individual coupled processes.
Figure 2.1 represents the many sub-processes that together constitute the process of coalescence.
Two droplets collide due to a relative velocity between them. The relative velocity between the droplets
depends on the flow regime of the two-phase flow and the buoyancy of the droplets in the continuous
phase (Kamp et al., 2017). As the droplets approach closer to each other, the pressure of the continuous
phase in the region between the two droplets increases. The higher pressure in this region compared
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6 2. Background

to the pressure of the continuous phase far away drives the flow of the continuous phase out of this
region. Simultaneously, since the droplet interfaces are deformable, the increase in the pressure of
the continuous phase in the region between the droplets causes the droplet interfaces to deform. We
assume that the interfaces deform in such a manner that they form two parallel disks facing each other,
enclosing a thin film of the continuous phase of radius, 𝑎. The initial thickness of the thin film, ℎi, is
much smaller compared to the radius of the film, 𝑎. The thickness of the film decreases with time due
to the drainage of the film. The drainage of the thin film is the rate-limiting step of the drainage process
(Chesters, 1991). For pure liquids, when the film has thinned to a thickness of ℎcr, Van der Waals
forces become dominant over the viscous and interfacial forces and the film ruptures. Rupture of the
film leads to the formation of a liquid bridge of the dispersed phase that connects the two droplets. The
growth of this liquid bridge leads to the formation of the coalesced droplet (Janssen and Anderson,
2011).

Despite such attempts made to simplify the process of coalescence, it is still a challenging phenomenon
to study. The length scales and time scales governing the sub-processes can be several orders of
magnitude apart (see figure 2.1). To illustrate this point, the critical rupture thickness is of the order
of 60 nm while film drainage occurs over a length scale of 100 𝜇m to 1 mm (Janssen and Anderson,
2011). Similarly, the growth of the liquid bridge for aqueous water droplets occurs over a time scale
of 10−10 s (Aarts et al., 2005) while a typical film drainage time is of the order of 10−3 s (Kamp et al.,
2017). Furthermore, the processes are heavily coupled and complex interactions exist on and across
all the scales (Kamp et al., 2017). Therefore, it is difficult for a single study, experimental or numerical,
to resolve all the scales involved in the process. In this study, we will focus on processes that occur at
length scales of the order of 100 𝜇m- 1 mm and time scales of the order of 10−4 − 10−3 s.

This chapter provides the required background knowledge for the work presented in this thesis. First,
we define the problem, in physical terms, by performing a dimensionless analysis. Then, a commonly
used scaling model for estimating the drainage rates of the film, referred to as the parallel-disk model,
is presented. An overview of the experimental studies is given and the results from the studies are
compared against the prediction of the parallel-disk model. Following this, the objectives of this thesis
is discussed.

Dimensionless groups
The collision of two neutrally buoyant droplets in a shear-dominated flow regime can be described by
six parameters namely, the viscosity of the continuous phase 𝜇c, the viscosity of the dispersed phase
𝜇d, the relative velocity of the droplets 𝑢rel, the radius of the droplets 𝑅 ,the interfacial tension 𝜎 and
the offset distance, 𝑙 (see figure 2.3). In this thesis, we study the two-phase flow of neutrally buoyant
droplets in a viscous fluid. Inertial and gravity forces are assumed to be less important when compared
to viscous forces. Therefore, 𝑢rel ∼ 𝛾̇𝑅 where 𝛾̇ is the strain rate in the flow field. According to the
Buckingham pi theorem, three dimensionless groups govern the collision process namely the viscosity
ratio 𝜆 = 𝜇d

𝜇c
,the offset ratio, Δ= 𝑙

𝑑 and the Capillary number, 𝐶𝑎 =
𝜇c𝑢rel
𝜎 = 𝜇c𝛾̇𝑅

𝜎 . The 𝐶𝑎 characterizes the
problem since we expect the outcome of the collision to be governed by viscous forces and interfacial
forces.

1. Viscosity ratio, 𝜆
The viscosity ratio influences the mobility of the interface. When 𝜆 tends to infinity, the viscosity of the
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Figure 2.2: The schematic represents the velocity profiles in the thin film depending on the mobility of the interface. (a) shows
the velocity profile emerging due to an immobile interface. No-slip is applicable at the interface. (b) represents a partially
mobile interface. The velocity profile is a combination of plug flow and parabolic flow profiles. (c) represents a fully mobile

interface that gives rise to plug flow in the film. Image adapted from Janssen and Anderson, 2011
.

dispersed phase within the droplet is very high. As a result, the interface behaves like a solid wall and
is immobile. For 𝜆 tending to zero, the interface moves freely.

When the continuous phase flows into/out of the film, it experiences resistance to its flow. The flow
profile that develops in the film is determined by the nature of this resistance. When the interface is
immobile, it behaves like a solid wall. The resistance to the flow in the film is due to the shear stress
exerted by a solid wall on the film. As a result, we expect a parabolic velocity profile to develop in the
film. For freely mobile interfaces, the interface behaves like a free surface. Resistance to flow is due
to resistance to deformation or acceleration of the film itself (Chesters, 1991) and the flow in the film is
plug-like. For moderate viscosity ratios, the interface is partially mobile. It is neither a solid wall nor a
free-shear layer. The extent to which the interface can move depends on the viscosity of the dispersed
phase. The velocity profile is a combination of a plug-like flow profile and a parabolic flow profile (see
figure 2.2).

2. Offset ratio

urel

lθix

y

2R

Figure 2.3: Schematic of offset collisions where the line joining the center of the droplets makes an angle with the flow direction
of the continuous phase.

An offset collision is a non-head-on collision where the line joining the centers of the droplets makes
an angle with the flow direction of the continuous phase. The offset ratio can be defined as the ratio
of the shortest distance between the center of the two droplets, 𝑙 (see figure 2.3), to the diameter of
the droplet at the moment of impact. Equivalently, the offset ratio can also be defined by an angle, the
impact angle 𝜃i, such that,
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𝜃i = tan−1
𝑙
2𝑅

An offset/glancing collision differs from a head-on collision in some aspects. After the droplets come
in contact with each other, they begin to rotate about a common axis that passes through their point of
contact and is normal to plane in which their interfaces touch (an axis parallel to the z-axis and passing
through the point of contact of the interfaces in figure 2.3). After rotating to a new configuration such
that each of their centers has translated a distance ∼ 2R, the droplets begin to separate from each
other. Therefore, the time for which the droplets are in contact is finite. The offset ratio determines the
actual time available for the droplets to be in contact. For large offset ratios, the actual contact time is
decreased. Furthermore, in offset collisions, the force pushing the droplets together is time-dependent
(Leal, 2004, Janssen and Anderson, 2011).

3. Capillary number, 𝐶𝑎
The capillary number, 𝐶𝑎, characterizes the deformability of the interface when subjected to shear
forces. It is the ratio of the viscous shear force acting to deform the droplet to the surface tension force
that resists the deformation. At high 𝐶𝑎, the interface undergoes large deformations.

𝐶𝑎 = viscous forces

surface tension force
= 𝜇𝑐𝛾̇𝐿2

𝜎
𝐿 𝐿

2 = 𝜇𝑐𝛾̇𝐿
𝜎

where 𝛾̇ is the strain rate in the flow field and L is the relevant length scale in the problem. In this
problem, L ∼ 𝑅 where 𝑅 is the radius of the droplets. Therefore, we have

𝐶𝑎 = 𝜇𝑐𝛾̇ 𝑅
𝜎

It is worth noting that the 𝐶𝑎 is not only determined by the properties of the continuous phase and the
interface but also by the flow conditions. To illustrate this, we can interpret the 𝐶𝑎 as the ratio of two
velocities, the relative velocity of the droplets, and the characteristic velocity in the film.

𝐶𝑎 = 𝛾̇𝑅
(𝜎/𝜇c)

where 𝜎
𝜇c

is the capillary-viscous velocity scale.

2.1. Parallel­disk model for film drainage
With the given physical description of the problem, we introduce a model, developed by Chesters
(Chesters, 1991), for the process of film drainage. Film drainage is the rate-limiting step of coalescence
(Kamp et al., 2017) and hence, modeling the film drainage time should explain for the coalescence time
- time duration between apparent contact between droplets and coalescence. The model presented
in this section is the drainage model for a head-on collision between two identical droplets. While
the framework of this model can be used for droplets undergoing offset collisions as well, we need to
account for the time-dependent nature of the force pushing the droplets towards each other.

In this model, the processes of approach and film drainage are partially decoupled. As mentioned
earlier, the film drainage process is preceded by the approach of the two droplets. Therefore, it is
necessary to consider both processes while developing a model for film drainage. A way to partially
decouple the two processes is to divide the problem into an ’external problem’ corresponding to the
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flow of the continuous phase that leads to the approach of the droplets and an ’internal problem’ cor-
responding to the drainage of the thin film between the droplet interfaces (Chesters, 1991). By doing
this, we assume that the only way the global flow influences the drainage is by providing the force that
pushes the droplet interfaces towards each other.

We, now, present the nomenclature used in this model. Two droplets of equal radii, R, approach each
other. The force that pushes them towards each other, 𝐹hyd, is provided by the flow of the continuous
phase or the ’external problem’. The pressure in the center of the thin film is represented as 𝑝f, the
pressure of the continuous phase far away is 𝑝a and the pressure within the droplet is 𝑝d. We assume
that 𝑝a and 𝑝d are always constant. The thickness of the film is represented as ℎ(𝑡) and the radius of
the film is 𝑎 (see figure 2.4).
The hydrodynamic force 𝐹hyd, pushing the droplets towards each other is the Stokes drag (Chesters,
1991) on the droplet and can be written as

𝐹hyd ∼ 𝜇c𝛾̇𝑅2, (2.1)

where 𝛾̇ is the strain rate in the flow field. 𝐹hyd is the viscous shear force exerted by the continuous
phase on the droplets.

As the droplets are pushed towards each other by 𝐹hyd, the continuous phase is squeezed out of the
region between the droplets. Eventually, a thin film of the continuous phase separates the two droplets.
Obtaining a model for the drainage rate of this thin film is the objective of this model. 𝐹hyd is balanced
by a pressure force that originates in the film. By approximating this film as a lubrication layer, we can
apply lubrication theory to determine the pressure distribution in the film. The pressure distribution in
the film is such that the highest pressure arises in the center of the film, represented as 𝑝f, and reduces
towards the edge of the film, where the pressure is 𝑝a (Reynolds, 1886). The resulting pressure gradient
across the film causes the drainage of the film. However, the increase in the pressure within the film
also leads to a change in the curvature of the droplet interfaces through the Young-Laplace equation.
The resulting deformation of the droplet interfaces determines the radius of the film, a, between the two
droplets.

h(t)

Fhyd

ufilm
r

z

a

pd

pa

pf

Figure 2.4: A representation of the control volume of the film over which mass and momentum balances are made. The droplet
interfaces are assumed to be flat.

The parallel-disk model for film drainage assumes that the deformation of the droplet interface is such
that the droplet interface is flat and the film region is disk-shaped as shown in figure 2.4. By assuming
that the droplet interfaces are flat, the Young-Laplace equation implies that we limit this model to rep-
resent the cases where the maximum pressure in the film, 𝑝f, is equal to the pressure of the dispersed
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phase within the droplet, 𝑝d. Therefore, the difference in pressure of the continuous phase in the center
of the film, 𝑝f, and just outside the film, 𝑝a, is given by

Δ𝑃lub = 𝑝f − 𝑝a = 𝑝d − 𝑝a ∼ 0(
2𝜎
𝑅 ) (2.2)

By setting up a force balance between the hydrodynamic force pushing the droplets towards each other
and the resisting lubrication force we arrive at a scaling for the radius of the film, 𝑎.

𝐹hyd ∼ Δ𝑃lub × 𝜋𝑎2

𝐹hyd ∼
2𝜎
𝑅 × 𝜋𝑎2 (2.3)

Substituting for 𝐹hyd from equation 2.1, we get

𝑎 ∼ 𝑅𝐶𝑎
1/2

√2𝜋
(2.4)

From equation 2.4, we see that the film radius increases with 𝐶𝑎 and 𝑅. Mass balance on the film on
the control volume marked in figure 2.4 yields,

𝜕 ∫∫∫𝐶𝑉 𝜌𝑑𝑉
𝜕𝑡 = −∫∫

𝐶𝑆
𝜌𝑢film𝑑𝑆 ,

where 𝑢film represents the velocity of the flow of the continuous phase in the film. By assuming the
drainage problem to be axi-symmetric,

𝜋𝑎2 𝜕ℎ𝜕𝑡 = −2𝜋𝑎ℎ𝑢film

𝑢film = −
𝑎
2
1
ℎ
𝜕ℎ
𝜕𝑡 (2.5)

We obtain another expression for 𝑢film by applying a force balance over the thin film. The stresses
acting on the control volume are shown in figure 2.5. The force originating from the pressure gradient,
Δ𝑃lub, is balanced by the shear stress exerted on the film. Applying a force balance on an element of
thin film by assuming the flow in the film to be axis-symmetric, we obtain

𝜏 × 2𝜋𝑎2 = Δ𝑃lub × 2𝜋𝑎ℎ , (2.6)

where 𝜏 represents the shear stress acting on the film. The correct scaling for the shear stress on the
film is dependent on the mobility of the interface. For an immobile interface, 𝜏 is equivalent to the shear
stress exerted by a solid wall on the film. Here, we derive the scaling relation for a partially mobile
interface. In the case of a partially mobile interface, the viscosity of the dispersed phase is significant
as compared to that of the continuous phase. However, it is not so high as to prevent any movement of
the interface. Rather, the dispersed phase exerts a force on the film by virtue of its dynamic viscosity,
𝜇d. For partially mobile interfaces, we scale 𝜏 with this force.

The shear stress exerted by the dispersed phase on the film is equal (but opposite in direction) to
the shear stress exerted by the film on the dispersed phase. The shear stress exerted by the film
on the dispersed phase causes a flow of the dispersed phase within the droplet, referred to as the
internal circulation of the droplet (see the velocity profile marked within the droplets by the red lines in
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Figure 2.5: A representation of the control volume of the film over which momentum balance is made. The problem is simplified
to be axi-symmetric.

figure 2.5). As a result, the shear stress on the dispersed phase exerted by the flow in the film can be
estimated as,

𝜏 = 𝜇𝑑𝑢int
𝑎 , (2.7)

where the length scale over which the flow is estimated to exist within the droplet scales with the radius
of the film, a (Chesters, 1991) and 𝑢int represents the velocity of the interface.

Substituting for 𝜏 from equation 2.7 into equation 2.6, we have

𝜇𝑑𝑢int
𝑎 × 𝑎 = 2𝜎

𝑅 × ℎ

From this, we have that

𝑢int =
2𝜎
𝜇𝑑
× ℎ𝑅 (2.8)

The variation in the velocity of the film is negligible in the regime we consider. Therefore, the velocity
of the film, 𝑢film, is almost equal to the velocity of the interface, 𝑢int. By equating equation 2.8 and 2.5
and substituting for the film radius from equation 2.4, we obtain an expression for the drainage rate as,

1
𝑅
𝜕ℎ
𝜕𝑡 ∼ −

25/2𝜋1/2𝛾̇
𝜆𝐶𝑎3/2 [ ℎ𝑅 ]

2
(2.9)

1
ℎ2
𝜕ℎ
𝜕𝑡 ∼ −

25/2𝜋1/2𝛾̇
𝜆𝐶𝑎3/2 [ 1𝑅 ] (2.10)

From equation 2.9, the negative sign on the right-hand side of the equation suggests that the film
thickness reduces with time. This is what we expect from the drainage process. Further, we also see
that the rate of change of film thickness is proportional to ℎ2. This means that as the film thickness
decreases, the rate at which the drainage proceeds is also reduced. This suggests that the last stages
of drainage are the rate-limiting steps of the process (Chesters, 1991).

By integrating equation 2.10 from the initial film thickness to the critical rupture thickness, we can obtain
the expression for the drainage time.

∫
ℎ=ℎcr

ℎ=ℎi

1
ℎ2 𝜕ℎ ∼ −

25/2𝜋1/2𝛾̇
𝜆𝐶𝑎3/2 [ 1𝑅 ]∫

𝑡=𝑡dr

𝑡=0
𝜕𝑡
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− [ 1ℎcr
− 1
ℎi
] ∼ −2

5/2𝜋1/2𝛾̇
𝜆𝐶𝑎3/2 [ 1𝑅 ] 𝑡𝑑𝑟 (2.11)

Assuming that ℎi » ℎcr,

𝑡dr ∼
𝜆𝐶𝑎3/2
25/2𝜋1/2𝛾̇

𝑅
ℎcr

(2.12)

The critical rupture thickness, ℎcr, is expected to depend on the radius of the droplet, 𝑅 (Leal, 2004).

Oftentimes, we would like to know if two droplets that collide with each other will coalesce or not. For
a collision to result in coalescence, the time for film drainage must be shorter than the time for which
the droplets are in contact. We can estimate the time scale for droplet contact as,

𝑡c ∼
𝑅
𝑢rel

∼ 𝑅
𝛾̇𝑅 , (2.13)

which is the time taken by the droplets to be advected by the flow across a distance, R. We assume
that once the droplets have traveled a distance ∼ R after they came in contact with each other, they
must no longer be in contact (see the expected relative motion of the droplets from figure 2.3).
By comparing the two-time scales, we have

𝑡dr
𝑡c
∼ 𝜆𝐶𝑎3/2𝑅
25/2𝜋1/2ℎcr

(2.14)

For 𝑡dr𝑡c > 1, the collision of two droplets will not lead to coalescence. This is because the time taken for
the film to drain is higher than the time for which the droplets are in contact with each other. Therefore,
by setting 𝑡dr

𝑡c
∼ 1, we can define a condition based on 𝐶𝑎, namely 𝐶𝑎cr, such that for 𝐶𝑎 > 𝐶𝑎cr a

collision does not lead to coalescence.

𝐶𝑎cr ∼ [
25/2𝜋1/2ℎcr

𝜆𝑅 ]
2/3

(2.15)

The scaling for 𝑡c breaks down for a perfectly head-on collision. This is because, in such cases, contact
time is infinite since the droplets are trapped in a stagnation point. From this, it follows that the 𝐶𝑎cr for
a head-on collision is infinity.

We, now, summarize our findings from the parallel-disk model. This is done to easily compare the
predictions of the parallel-disk model with the results from experimental studies that will be discussed
in the next section.

1. The drainage time, 𝑡dr, for perfectly-head on collisions scales as 𝐶𝑎3/2 (see equation 2.12).

2. The drainage time,𝑡dr, for perfectly-head on collisions increases with 𝜆 (see equation 2.12).

3. The 𝐶𝑎cr for offset collisions decreases with the offset ratio because contact time between droplets
is decreased at high offset ratios.

4. The 𝐶𝑎cr for offset collisions decreases with the radius of the droplet, 𝑅, and scales with the
viscosity ratio as 𝐶𝑎cr ∼ 𝜆−0.68 (see equation 2.15).

Few remarks need to be made regarding the assumptions of this model. This model assumes that
the shape of the droplet interface remains flat and drainage occurs out of a disk-shaped film whose
thickness is invariant in space and decreases in time. However, this is an approximation. It has been
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proven that a flat film cannot be sustained. This is because drainage occurs faster at the edge of the flat
film over the small length where the curvature of the interface changes. As a result, the film becomes
dimple-shaped (Yiantsios and Davis, 1990). Secondly, all the discussion made in this chapter including
this model is based on the underlying assumption that coalescence is triggered when two droplets
approach each other. While this seems like a reasonable assumption to make, we will see in the
following section that some experimental observations reported in the literature qualify this assumption.
Therefore, it is important to recognize this assumption we have made in our discussion of coalescence
so far.

2.2. Experimental studies
Experiments that focus on the systematic study of collision events between two droplets are reviewed
here. After brieflymentioning the various experimental set-ups used in coalescence studies, we present
an elaborate discussion on the results of experimental studies. As mentioned previously, the parallel-
disk model for film drainage is developed based on the assumption that coalescence is initiated when
two droplets approach each other. The discussion in this section will indicate that while coalescence
can be driven by approach, it is not the only means to trigger coalescence. Experimental results indicate
that the coalescence of two droplets can also be triggered by the separation of the two droplets. This be-
ing said, from this point on, a distinction is always made between the two mechanisms for coalescence
as ’approach-driven coalescence’ and ’separation-driven coalescence’. Therefore, the discussion in
this section is categorized into two parts - approach-driven coalescence and separation-driven coa-
lescence. While discussing approach-driven coalescence, the results from experiments will also be
compared with the predictions of the parallel-disk drainage model. In our discussion of separation-
driven coalescence, we present theories and experimental results related to this phenomenon.

Figure 2.6: The T-junction used by Christopher et. al to realise collisions Christopher et al., 2009. The image illustrates the
need for generating droplets synchronously and bringing them to the central T-junction to realise collisions. This can be a

serious limitation to such junction-based microfluidic devices used for coalescence studies.

Macroscopic experimental set-ups to study the collision and coalescence of pairs of identical dropletss
in a viscous flowmake use of shearing flow fields that can be generated using sliding glass plates (Guido
and Simeone, 1998), the four-roll mill (Leal, 2004), and Couette devices (Mousa et al., 2001). Figure
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Figure 2.7: The pictures represent the protocol used to generate droplets. High shearing rates are used to stretch the droplet.
When capillary instabilities are significant, the external flow is shut off and the droplet breaks up naturally. Note the formation of

a small satellite droplet in between the two daughter droplets.Image adapted from Leal, 2004

2.7 shows the protocol adopted to generate droplets by using the external shear field. Droplet gener-
ation and collisions are controlled by manipulating the external flow (Leal, 2004, Guido and Simeone,
1998, Mousa et al., 2001). Microfludic platforms have also been exploited to study the coalescence of
droplets. Devices incorporate passive strategies such as sudden expansions in the channel (Bremond
et al., 2008), junctions in the channel as shown in figure 2.6 (Christopher et al., 2009, Wang et al.,
2013) and surface patterning (Fidalgo et al., 2007) to enable collisions between droplets.

The results from these studies are discussed in the subsequent paragraphs. We first discuss approach-
driven coalescence and evaluate the parallel-disk film drainage model in light of the experimental re-
sults. Following this, we discuss separation-driven coalescence.

2.2.1. Approach­driven coalescence
The mechanism for approach-driven coalescence has been discussed in detail in this chapter. When
two droplets approach each other, a thin film of the continuous phase is formed between them. When
this thin film drains up to a critical thickness, the film ruptures and coalescence is initiated. The parallel-
disk model for film drainage is developed based on this understanding of approach-driven coalescence
and the predictions of the model were summarized in section 2.1. The experimental results related to
approach-driven coalescence is discussed here.

We summarize the results from the seminal study on droplet coalescence by Leal, 2004 in the four-roll
mill. Experimental results show that the drainage time for perfectly head-on collisions, 𝑡dr, scales as
𝐶𝑎3/2 and 𝜆−0.8. In the case of offset collisions, 𝐶𝑎cr was experimentally found to decrease with the
radius of the droplet as 𝐶𝑎cr ∼ 𝑅−5/6. From this, it is concluded that, ℎcr ∼ 𝑅−1/4 (from equation 2.15).
Further, for low viscosity systems (𝜆 < 0.1), the 𝐶𝑎cr is found to decrease with the offset ratio. This is a
natural consequence of the decrease in available contact time between the droplets with an increase
in offset ratio. On comparing these experimental findings to the predictions of the drainage model, we
see that the scaling model captures the physics of the process for over a limited range of 𝐶𝑎 and 𝜆.
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Having addressed the range of experimental data that support our current understanding of approach-
driven coalescence, the instances where the model fails are presented. Firstly, at very low 𝐶𝑎 (< 10−3),
experimental data suggest that the drainage time for a head-on collisions become invariant with the
𝐶𝑎 (Baldessari and Leal, 2006). This is not what we expect from the scaling model derived in section
2.1 that suggests that the 𝑡dr decreases monotonically with the 𝐶𝑎 (see equation 2.12). Secondly,
experimental data from offset collisions between droplets aren’t satisfactorily explained by the parallel-
disk model. For high viscosity ratio systems, 𝜆 > 0.1, it was seen that the 𝐶𝑎cr does not decrease
monotonically with an increase in offset ratio. Rather, at higher offset ratios, 𝐶𝑎𝑐𝑟 starts to increase
(Leal, 2004). This observation is counter-intuitive to our current understanding of approach-driven
coalescence.

Furthermore, in complete disagreement with the mechanism of approach-driven coalescence, droplets
were observed to coalesce when the force acting on the droplets tries to pull them apart (Leal, 2004,
Guido and Simeone, 1998, Bremond et al., 2008). This phenomenon is described as separation-driven
coalescence, where coalescence is not preceded by the approaching of two droplets, rather, coales-
cence seems to be triggered when the droplets begin to separate from each other. From these obser-
vations, it appears that there exists another regime where droplets coalesce, namely, separation-driven
coalescence, that cannot be reconciled with the understanding of coalescence that was presented so
far and requires a discussion of its own.

2.2.2. Separation­driven coalescence
Initial reports of separation-driven coalescence are from 2004 (Leal, 2004) and since then, several at-
tempts have been made to investigate this phenomenon and characterize this regime of coalescence.
In an experimental study of coalescence in microfluidic channels, droplets were made to encounter a
sudden expansion in the channel following which they entered a constriction in the channel (see figure
2.8). It was observed that the droplets did not coalesce when pushed against each other (in the expan-
sion) but coalescence occurred when the leading droplet entered the constriction in the channel (see
figure 2.8a). By investigating the distance between the centers of the two droplets, it was concluded
that the droplets coalesced when they started to separate from each other (Bremond et al., 2008).

This interesting discovery begs the question- what is the mechanism for separation-driven coales-
cence? A hypothesis was proposed based on the pressure distribution inside a lubrication film between
two separating interfaces. While the pressure in the thin film increases when interfaces approach each
other, separating interfaces gives rise to a suction pressure in the thin film (Reynolds, 1886), which is
necessary to drive the flow of the continuous phase into the film region. However, the interface between
a droplet and the continuous phase is not rigid, the suction pressure within the film causes the droplet
interfaces to deform towards each other leading to a local thinning of the thin film, thereby driving co-
alescence (Leal, 2004). In support of this hypothesis, the formation of nipples has been captured (as
shown in figure 2.8b) in the contact area between separating droplets (Bremond et al., 2008).

Using this hypothesis, a model for separation of droplets to drive coalescence was derived (Lai et al.,
2009) based on the argument that the time scale related to the deformation of the interfaces, 𝑡def, must
be smaller than the time scale at which the center of mass of the droplets are pulled apart by the
external flow, 𝑡sep. The model was applied to the experimental set-up of Bremond et al., 2008 and their
experimental results were used to validate the model developed in this study. It was found analytically
that the time taken for the deformation to grow sufficiently to trigger coalescence varied inversely with
how quickly the droplets were separated from each other. This was also observed from the experimental
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(a) The microfluidic expansion used by Bremond et. al in their study.
The pancake shaped droplets assume a spherical shape on entering the
expansion. Coalescence is observed when the centre-to centre distance
of the droplets begin to increase.Image adapted from Bremond et al.,

2008

(b) The formation of nipples on the droplet interfaces suggesting the
presence of low pressure in the film as the droplets begin to separate.

Image adapted from Bremond et al., 2008

Figure 2.8: The study of Bremond et al., 2008 in microfluidic channels with a sudden expansion-constriction section in the
channel.

data of Bremond et al., 2008. The agreement between the model and the experimental results adds
evidence to the hypothesis.

Furthermore, studies have found an experimental condition that is defined based on the Capillary num-
ber, 𝐶𝑎, such that for 𝐶𝑎 > 𝐶𝑎𝑐𝑟, separation between droplets does not lead to coalescence (Gunes
et al., 2013,Chatzigiannakis et al., 2020). The existence of a 𝐶𝑎𝑐𝑟 for separation-driven coalescence is
yet to be clearly understood. Note that we do not expect the 𝐶𝑎𝑐𝑟 of separation-driven coalescence to
be the same as the 𝐶𝑎𝑐𝑟 of approach-driven coalescence. The focus of this study is separation-driven
coalescence and any further reference to a 𝐶𝑎𝑐𝑟 corresponds to the critical 𝐶𝑎 of separation-driven
coalescence. To the best knowledge of the author, there exists no work that has determined the de-
pendency of the 𝐶𝑎𝑐𝑟 on the system parameters, namely, 𝜆 and the offset ratio.

In summary, two regimes in which droplets coalesce seem to exist- an approach-driven coalescence
and separation-driven coalescence. The parallel-disk model for film drainage assumes that the ap-
proach of two droplets must trigger coalescence. From experimental results, the model seems to
represent head-on collisions reasonably but falls short in its predictions over the outcome of offset col-
lisions. Separation-driven coalescence is a relatively new discovery from experimental studies and we
are yet to entirely understand the mechanism for this regime of coalescence. A hypothesis proposed in
the literature attempts to explain the mechanism behind separation-driven coalescence. Also, experi-
mental studies report the existence of a condition based on the 𝐶𝑎, such that for 𝐶𝑎 > 𝐶𝑎cr, separation
ceases to trigger coalescence. To further validate the hypothesis, we need to investigate if the hypoth-
esis can explain the presence of a 𝐶𝑎cr.

2.3. Research objectives
The study of Leal, 2004 using the four-roll mill is the most extensive study on shear-induced coales-
cence in which macroscopic parameters such as the drainage time has been measured. This highlights
the need to design other systematic experimental set-ups to study this phenomenon to corroborate or
refute the currently available experimental data. The reproducibility and repeatability of the collision
and coalescence events with macroscopic experimental setups are questionable (Guido and Simeone,
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1998). Microfluidic devices for coalescence studies, where high control over droplets can be achieved,
have undesirable characteristics such as non-repeatable collisions, need for synchronous droplet gen-
eration (see figure 2.6), and multi-droplet fusion.

In this thesis, we aim to

1. Develop a microfluidic device in which both approach-driven coalescence and separation-driven
coalescence can be systematically studied.

2. Experimentally investigate the presence of the critical capillary number for separation driven co-
alescence 𝐶𝑎cr and determine the dependency of 𝐶𝑎cr on the viscosity ratio 𝜆 and offset ratio.

3. Develop a scaling model to explain the presence of 𝐶𝑎cr.

The study will be restricted to droplets and the behaviour of bubbles will not be the focus of this thesis.
Furthermore, while most systems of practical relevance use surfactants (Leal, 2004), as a first step,
we perform studies without surfactants to reduce the complexity of the process. Finally, it is re-iterated
that any reference to 𝐶𝑎cr in the following chapters refers to the critical 𝐶𝑎 corresponding to separation-
driven coalescence unless explicitly stated otherwise.





3
Design of the flow device and

Experimental set­up

In this chapter, the design approach of the experimental set-up is discussed. Rapid-prototyping is
adopted as the workflow methodology. It allows us to progress based on action and observation rather
than assuming a theoretical approach towards finding the optimized design. The design of the flow
device, the fabrication method, and the experimental set-up are discussed. Finally, the dimensions of
the finalized prototype are presented and justified.

3.1. Design approach
Microfluidic devices used in coalescence studies use geometric configurations or surface patterning
to enable collision between two droplets. In general, it is challenging to control the angle of collision
between two droplets in these devices. While the confinement provided by the walls of the microfluidic
channel improves the repeatability in the motion of a train of droplets, the motion of individual droplets
cannot be controlled. Microfluidic devices in which droplets are forced to collide at junctions in the
channels (refer figure 2.6) have the added disadvantage of necessitating synchrony in the motion of
droplets to ensure the collision of droplets at the junction.

We propose a microfluidic device in which droplet collisions are repeatable and controllable. Mono-
disperse droplets will be produced in a T-junction and carried through the channels by the flow of the
continuous phase. The motion of each droplet will be guided by designing features in the channel
based on the concept of surface energy wells, thereby, making the collisions more controllable. In
this section, we explain and motivate the major choices that contribute to the proposed design of the
microfluidic chip.

3.1.1. Microfluidics
Microfluidics offers an ideal framework to study coalescence because of the small scales that charac-
terize the flow. Due to these small scales, high strain rates can be achieved in microfluidic devices
(Stone et al., 2004). Confined droplets can be controlled owing to their high sensitivity towards the
presence of channel walls. This eliminates the need for active controls to manipulate the droplet po-

19



20 3. Design of the flow device and Experimental set­up

sition and movement. Furthermore, advancements in fabrication methods that are cost-effective and
fast (Duffy et al., 1998, McDonald et al., 2000) make it possible to employ a rapid prototyping work-flow
methodology.

Droplet generation

Droplet generation in microfluidic devices can be very precise and reliable. Several configurations
of microfluidic channels- T-junctions, Y-junctions and cross-flow junctions- have been used to create
droplets in microfluidic devices (Glawdel et al., 2012, Link et al., 2004). The continuous phase enters
the device through a ’main’ channel and the dispersed phase enters the device through an ’inlet’ channel
(see figure 3.1). The main channel and inlet channel meet at a junction where the dispersed phase is
split by the continuous phase and droplets are generated. Droplets are generated from an interplay
of viscous forces, pressure forces, and capillary forces. Depending on the dominant forces, various
regimes are identified in the droplet generation process within micro-fluidic channels and the regimes
are briefly discussed in this section.

Inlet channel

Dispersed phase

Continuous phaseMain channel T-junction

Figure 3.1: An illustration of the droplet generation process in a microfluidic T-junction device.

Three regimes have been identified based on the dominant forces that govern the droplet break-up -
the squeezing regime (particular to microfluidic channels), the dripping regime, and the jetting regime.
In microfluidic devices, the effects of the channel walls cannot be neglected. The squeezing regime is
a consequence of the dispersed phase blocking a large part of the main channel when flowing out of
the inlet channel. As a result, the continuous phase is forced to flow through a small gap between the
interface of the droplet and the channel wall. The pressure upstream of the interface increases and
squeezes the neck, initiating a breakup. In this regime, the size of the droplet is independent of 𝜆 and
𝐶𝑎, but depends only on the ratio of the flow rates (Xu et al., 2005). In the dripping regime, shear forces
exerted by the continuous phase on the dispersed phase cause an elongation of the neck and drives
break-up. Studies conclude that the dripping regime in confined microfluidic channels is significantly
modified from unconfined droplet generation. This is attributed to the fact that the dispersed phase
always blocks a significant part of the main channel. As a result, the effects of the pressure build-up of
the continuous phase cannot be entirely neglected (De Menech et al., 2008). They also report that the
dripping regime exists over a small range of 𝐶𝑎 and is hard to realize in experimental conditions. As a
result, no scaling relation could be proposed for the effect of the parameters on the droplet size.

Surface EnergyWells

Surface energy wells take advantage of the tendency of any fluid system to minimize its interfacial
area and uses this principle to trap droplets. When we introduce a spherical droplet, of radius R, into
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a microfluidic channel whose depth, h, is smaller than the diameter of the spherical droplet, then the
droplet is forced to deform and assume a pancake shape that is energetically less favorable to the
droplet, as shown in figure 3.2. Such a ’confined’ droplet is extremely sensitive to variations in the
height of the channel (Dangla et al., 2011). By carving small wells or traps into the channel floor (or
bottom/top walls), we can force a confined droplet to remain attached to the well where a part of the
droplet interface within the well assumes a spherical cap shape as illustrated in figure 3.3 by the blue
region. The force that enables the droplet to remain in the well is the gradient in the surface energy of
the droplet and this force opposes the drag force from the continuous phase. When the hydrodynamic
drag force on the droplet exceeds the force originating from the local reduction in surface energy, the
droplet is pulled out of the well (Dangla et al., 2011). These traps are called surface energy wells and
can be used to both capture droplets and to guide them (Abbyad et al., 2011).

d

compressed droplet

Figure 3.2: Front cross-sectional view of a droplet generated at a microfluidic T-junction where the height of the channels are
smaller than the unconfined radius of the droplet. The droplet is compressed and assumes a pan-cake shape.

To develop a microfluidic platform for droplet coalescence studies, we propose to trap, position, and
guide the collision of droplets using surface energy wells (refer figure 3.4). Anchors can trap a droplet
up to a critical flow rate of the background phase. The critical flow rate depends on the geometry of
the anchor and the size of the droplets (Abbyad et al., 2011). Below the critical flow rate, the anchor
always traps a droplet. However, when a free-moving droplet comes within the interaction range of the
trapped droplet, two different modes were observed by Abbyad et al., 2011. The free-moving droplet
can replace the trapped droplet in the anchor (buffer mode) or the free-moving droplet can slide past the
trapped droplet (parking mode) after making contact. Additionally, by using sinusoidal patterning over
their channel walls, they demonstrated that rails can be used to guide the droplet through predefined
trajectories. Based on the results of their study, we have attempted to use surface energy wells for
trapping and guiding droplets to realize repeatable collisions for droplet coalescence studies.

Anchor/Trap

Microfluidic 

channel

Compressed 

droplet

Figure 3.3: The image shows the cross-sectional side view of a confined droplet trapped in an anchor. The confined droplet can
locally re-assume a spherical shape (blue shaded region in the image) and decrease its surface energy. In this image, ℎ is the
depth of the channel, 𝑑 is the diameter of the anchor and 𝑒 is the depth of the anchor. Image adapted from Dangla et al., 2011

Figure 3.4 represents an illustration of the proposed microfluidic device. The anchor is a small well
(similar to the well shown in figure 3.3) where we intend to trap a droplet. The rail is also a surface
energy well, however, unlike an anchor it extends along a direction. Rails are grooves that are etched
on the channel surface and can be used to guide the droplets. In the proposed design, the droplets
are first produced at the T-junction shown in figure 3.4. The generated droplets will be carried by the
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continuous phase to the anchor. One droplet is trapped at the anchor. By operating at the parking
mode, we can ensure that any subsequent droplet only interacts with the trapped droplet, but does not
replace it in the anchor. The purpose of the rail is to guide the motion of subsequent droplets such that
we have control over the point of collision. Therefore, the rail is designed such that it extends from the
T-junction towards the anchor. Hence, the droplets follow the pathway dictated by the rail, like how a
train is guided by tracks, and collide with the trapped droplet at the intended point.

T-Junction

Anchor
Rail

Trapped droplet

Guided droplet

P

Figure 3.4: An illustration of the proposed design of the device.

In figure 3.5, a particular advantage of adding rails to the design is illustrated. By having rails, we are
not limited to collisions along the center-line of the channel (depicted by the dashed line in figure 3.5)
but by positioning the rail appropriately in the design, we can obtain collisions between the trapped
droplet and guided droplet at any position. To illustrate this, the point P (depicted as the red dot) in
figure 3.4 and figure 3.5 shows the expected point of collision in the two designs that differ from each
other in the position of the rail.

P

Figure 3.5: A device in which the rail is offset from the centre line of the channel (dashed lines) by a distance. By changing the
position of the rail, we can vary the point of collision between the trapped droplet and the guided droplet.

Having discussed the main features of the device, we explain the method used to fabricate the device.

3.2. Fabrication method
In this section, we describe the fabrication process adopted for making the microfluidic devices. Mi-
crofluidic chips are made by casting a polymer over a master mold. The master mold is designed on
AUTODESK and uploaded to the Form 3 3-D printer from Formlabs. The 3-D printer is an ideal choice
for rapid prototyping since the mold can be printed within a few hours. After printing, the molds are
flushed with an air gun to remove the liquid resin attached to the mold. Since the features in the design
are comparable to the resolution of the printer, removing any liquid resin that remains in the mold is
necessary to obtain sharp features. The mold is then washed with isopropyl alcohol for 20 minutes. At
the end of this cleaning step, the molds are once again flushed using an air gun. After this, the mold
is washed for a second time for 10-15 minutes. The mold is then cured in a UV station for 2-3 hours at
60 °C.

The UV cured mold is surface treated with Trichloro (1H,1H,2H, 2H-perfluorooctyl) silane overnight.
This is done by placing the mold within a vacuum bell along with a Petri dish with 2-3 drops of Trichloro
(1H,1H,2H, 2H-perfluorooctyl) silane. The vacuum bell is closed and vapors of Trichloro (1H,1H,2H,
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1.CAD design

PDMS mixture

10: 1 ratio

mold

4. Casting of PDMS

PDMS device

Glass slide

5. Bonding of the PDMS device with a glass slide

6. Surface treatment of device

Bonded device

Trichloro silane vapour

3. Surface treatment of mold

Vacuum bell
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2. 3-D printing the mold on Form 3 resin printer

print bed
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Figure 3.6: An illustration showing the fabrication process adopted in this thesis

2H-perfluorooctyl) silane are created by maintaining a low pressure of 100 mbar within the chamber,
as shown in step 3 of figure 3.6. Surface treating the mold helps in the ’peeling off’ of the cast polymer
in the subsequent steps.

After surface treating the mold, a degassed mixture of elastomer base and curing agent (Polydimethyl-
siloxane or PDMS) is poured over the mold. The PDMS is prepared by mixing the base and curing
agent in the ratio of 10:1. We choose to make the flow device out of PDMS due to its optical trans-
parency, softness, and elasticity (Whitesides, 2006). The softness of PDMS allows us to punch holes
into the device so that tubes can be plugged in. The elasticity of PDMS forms a natural seal around
the tubes and prevents leakage. The mold-mixture system is kept inside the oven at 65 °C for 10-12
hours. After letting the cured PDMS cool down, we peel the PDMS device off the mold.

The device is, then, bonded to a glass slide. The bonding is carried out by spin-coating a thin layer of
PDMS on the glass slide and partially curing the thin layer of PDMS by placing the glass slide in the
oven at 65 °C for 25-30 minutes. The partially cured PDMS serves as the bonding agent for the device
and the glass slide and also forms the bottom wall of the channel. The bonded device is, then, cured
at 65 °C for 8-10 hours.

Finally, the fabricated device is once again subject to surface treatment with Trichloro (1H,1H,2H, 2H-
perfluorooctyl) silane. Surface treatment is performed over the bonded device to make the channel
walls hydrophobic. Wall effects have a big influence on microfluidic operations. Firstly, the phase
which is present inside the droplet is determined by which phase prefers to wet the wall (Joanicot and
Ajdari, 2005). Making the walls hydrophobic ensures that only the continuous phase (oil) wets the wall
and water droplets are formed. Furthermore, the roughness of the 3-D printed molds can cause water
droplets to stick to the walls of the channel leading to the failure of the experiment. The hydrophobic
nature of the walls also ensures that the water droplets are repelled by the wall surface.
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3.3. Experimental setup
Figure 3.7 illustrates the experimental setup used to test the prototypes. The microfluidic chip is placed
on an inverted Nikon Ti microscope that is connected to a high-speed camera. The field-of-view of the
microscope focuses on the interrogation area that is represented in figure 3.7. Videos are captured at
3000 fps. We use such a high frame rate since typical coalescence times are of the order of 10−3𝑠.
Two syringe pumps are used to push oil and water into the flow device. Oil and water are generally
chosen as the working fluids in microfluidic devices as higher viscosity liquids will suffer large pressure
drops while flowing through a microfluidic channel. (Janssen and Anderson, 2011).

Syringe Pump 1

Syringe Pump 2

Microfluidic chip

Beaker

High-speed

camera

Interrogation area

oil

water

Anchor
Rail

Interrogation area

Image of the interrogation area from the real device.

Droplets are not present in the shown image.

Figure 3.7: An illustration showing the experimental set-up for testing the prototypes

The protocol followed while filling the device is discussed here (Christopher et al., 2009). The tubing is
connected to two identical syringes filled with oil and water, respectively. Syringes are carefully filled
with working fluids to avoid the introduction of air bubbles. The fluid is manually pushed out of the
syringe so that the fluids enter the tubing and fill the entire length of the tube. This is done to prevent
the syringe pump from forcing air into the microfluidic channel. The syringes are then placed in the
syringe pump. The tubing for the oil phase is attached to the oil inlet. The outlet is connected to a
beaker for collecting the oil-water mixture. The tubing to the water inlet is not attached to the device,
yet. The channels are filled with the oil phase first so that the oil wets the channel walls. The water
phase is allowed to enter the device through the inlet channel later. First, syringe pump 1 (see figure
3.7) is switched on and the oil phase fills all the channels. After the oil phase has filled the channel,
syringe pump 1 is switched off and syringe pump 2 (for water) is switched on. The tubing for the water
phase is attached to the water inlet hole. When the water phase enters the channel and reaches the
T-junction, syringe pump 1 is also switched on. The pressures in the channels are allowed to settle
down before any data is recorded.

3.4. Design constraints
Based on the phenomena we want to study (namely, coalescence), the chosen fabrication method,
and the chosen measurement technique, there are some constraints on the design of the device. The
constraints and their implications on the design are discussed below.
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The droplet size should beminimized: Smaller droplets are more resistant to deformation than larger
droplets. As a result, theymaintain their shape and this translates to a smaller error while approximating
the shape of the droplets. The size of the droplet is determined by the width of the T-junction since the
droplet fills the channel in a microfluidic device (De Menech et al., 2008). Hence, we minimize the size
of the T-junction.

The dimensions of the channels should be higher than the resolution of the 3-D printer: The
resolution of the 3-D printer is 25 𝜇m in the z plane. The smallest feature attainable in the xy- plane
is nearly 80 𝜇m in size, which corresponds to the width of the laser dot. This determines the lower
limit that we can reach by using the 3-D printer to fabricate our mold. When approaching the resolution
of the printer, errors become comparable to the dimensions of the feature itself. Hence, we restrict
ourselves to a lower limit of 200 𝜇𝑚 in the xy plane and 50-75 𝜇m in the z plane.

The device should fit within a microscopic glass slide (∼ 25 mm ×75 mm): Since we use optical
microscopy to observe the phenomenon, the device has to be bonded with a glass slide through which
we view the oil-water system. As a result, the dimensions of the device are constrained by the glass
slide that can be placed in the holder of the microscope.

Design should minimize the pressure drop within the channel (preferable): The pressure drop in a
microfluidic device can be very high (Stone et al., 2004) due to viscous fluids flowing through channels
of small dimensions. As a result, it is preferred that the smallest dimensions (width of the T-junction)
aren’t maintained throughout the device.

3.5. Device dimensioning
In this section, the design of the device used for this study is justified. Figure 3.8 shows the dimensions
of the device that are to be identified. Based on the constraints posed in section 3.4, the dimension
to be minimized is the width of the T-junction, 𝑤t, which determines the size of the droplet formed.
The minimum dimension that can be realized in this device is dictated by the XY resolution of the 3-D
printer. From our experience, we find that the lower limit to the features in the XY plane is around 200
𝜇m. Apart from 𝑤t, the width of the rail, 𝑤r, is also to be minimized. This is necessary to allow for
maximum control over the point of collision between the free-moving droplet and the trapped droplet.
Hence, 𝑤r is also around 200 𝜇m. Based on this estimation for the width of the rail, the diameter of the
anchor, 𝑑a, is set to 300 𝜇m. The width of the channel at the interrogation area, 𝑤i, is designed to be
four times the sum of the radius of the trapped droplet (∼ radius of the anchor) and the radius of the
free-moving droplet (∼ 0.5 ×width of the T-junction), which is 1000 𝜇m. This design choice is made to
reduce the influence of the wall on the behavior of the colliding droplets.

The depth of the channel, ℎc, is determined based on the expected radius of the droplet and the z
resolution of the 3-D printer. Since we aim to use surface energy wells to our advantage, we need
to generate compressed droplets in the device (see figure 3.2). Therefore, the height of the channel
must be less than the expected radius of the droplet, which is about 100 𝜇 m. It is, thus, chosen that
the height of the channel, ℎc is around 70-80 𝜇m, which is also three times the Z resolution of the 3-D
printer. The depth of the anchor, ℎa, plays an important role in the trapping strength of the anchor. From
experimentation, we find that the trapping strength of the anchor increases as the depth of the anchor
is increased, within the range of anchor depths tested (50 𝜇m to 175 𝜇m). Based on the range of 𝐶𝑎
we intend to study in the experiments (∼ 10−2), ℎa is determined to be around 150-180 𝜇m. The height
of the rail, ℎr, is minimized since the functionality of the rail is merely to guide the droplets. Increasing
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Figure 3.8: Schematic showing the dimensions of the device to be designed.

the depth of the rail makes it harder to push the droplets out of the rail near the anchor. Hence, ℎr set
between 25-50 𝜇m.

In figure 3.9, the images of the microfluidic device are presented. Figures 3.9a and 3.9b correspond
to the top view of the T-junction and interrogation area respectively, which is also marked in figure 3.8.
It is evident from these images that the surface of the channels is very rough. This is a consequence
of fabricating the devices from a 3-D printed mold. In figure 3.9c and figure 3.9d, a cross-sectional
view of the channel is shown. To obtain the images, we first create cross-sections of the device by
carefully cutting across the device, through a cross-sectional plane, with a sharp knife. The chosen
cross-sectional plane is the y-z plane in figure 3.8. The sections are, then, placed on a clean glass slide
and observed under the microscope. Figure 3.9c is the cross-sectional view of the main channel near
the T-junction. We see from the image that the cross-section is not rectangular as one would expect,
but rather is rounded near the edges. Figure 3.9d is a cross-section of the channel, farther away from
the T-junction, where the rail is placed. The increase in depth of the channel at the middle of the
image (see the red box in figure 3.9d) indicates the position of the rail. We notice, once again, that the
channel edges are not sharp but rather rounded. This is also an effect of the fabrication method. The
3-D printer does not have a high enough resolution to make molds of sharp edges for the dimensions
that we require. Therefore, there is always a discrepancy between the designed dimensions and the
measured dimensions in the device.
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(a) A picture of the T-junction of the device. (b) A picture of the interrogation area of the device showing the end of
the rail and the anchor.

(c) A cross-sectional view of the channel. Cross-section is taken close to
the T-junction and channel width is close to 300 𝜇 m.

(d) A cross-sectional view of the channel area in which the rail is
positioned at the middle of the channel as per the design. The red box
on the image indicates the rail. It can be seen that the rail is not exactly
in the center of the channel, but is skewed towards the right. This could

be a result of an error in the fabrication of the mould.

Figure 3.9: Pictures of the microfluidic device while viewed through the microscope. The roughness of the channel surface is
evident in the pictures.





4
Results and Discussions

In this section, the findings from this work are presented and interpreted. Firstly, the design proposed in
section 3.5 is tested for repeatability and control over droplet collisions. Secondly, the findings concern-
ing the effect of the governing system parameters, namely the offset ratio (or equivalently, the impact
angle 𝜃𝑖) and the viscosity ratio (𝜆), over the critical Capillary number (𝐶𝑎cr) of separation-driven coa-
lescence is discussed. A simple scaling model predicting this dependency of 𝐶𝑎cr is derived and it is
compared against experimental data.
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Figure 4.1: (Left) Image shows the interrogation area at the moment of impact between two droplets. (Right) Schematic
representing the interrogation area.

Before proceeding to the results, the geometry of the problem and the nomenclature used in the fol-
lowing chapters is introduced. The interrogation area consisting of the trapped droplet and the moving
droplet is shown in figure 4.1. The flow of oil is from the left to right. In all experiments, the continuous
phase is mineral oil (light, Sigma-Aldrich). Experiments are performed by using two different fluids as
the dispersed phase, namely DI water and a glycerol-DI water mixture. The in-plane curvature of the
trapped droplet is approximated to be equivalent to a circle of radius 𝑅1 and equal to the radius of the
anchor. The radius of the free-moving droplet is referred to as 𝑅2. The velocity of the continuous phase,
oil, far away from the anchor is referred to as 𝑢∞.
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The cylindrical coordinate system (r,𝜃) is chosen with the axis placed at the center of the trapped droplet
to describe the flow field. Since the flow is symmetrical about the x-axis, we compute 𝜃 such that 𝜃 ∈ [0
𝜋]. The impact angle, 𝜃𝑖, is defined as the angle made by the line joining the center of the two droplets
with the positive x-axis at the moment of impact.

4.1. Repeatability and control over collisions
The objective behind the proposed microfluidic device is to enable repeatable and controllable colli-
sions. Apart from applications in droplet-based microfluidics, it is a crucial step towards building an
experimental set-up for the systematic study of shear-induced droplet coalescence. In this section, the
proposed design is marked based on these characteristics - namely repeatability and control of droplet
collisions, over hundreds of recorded collision events.

o

Figure 4.2: An image showing the positioning of the rail in the device.

The success of the design is evaluated by comparing the performance of the proposed design of the
device (see section 3.5), hereafter referred to as the experimental device, against a control device. The
control device is defined as a device that does not have rails and is similar to the experimental device
in other aspects. Droplet coalescence experiments are performed with both devices and data of over
hundreds of collisions are recorded and compared. An experimental data set is defined as the data
obtained from an experimental device such that the rails are positioned to facilitate a specific impact
angle of collision between the droplets. In figure 4.2, 𝑂 marks the distance of the center of the rail from
the centerline of the channel. By varying the value of 𝑂 in the design, the rails are positioned to facilitate
different impact angles. In this regard, three different experimental devices, device 1, device 2, and
device 3, corresponding to distinct positions of the rail are tested. Since all experiments performed
with the control device are of the same design, all the data from these experiments fall into one single
data set corresponding to the control device. It is important to mention that the control device used
for this comparison is similar in design but not of the same dimensions as the experimental device,
as would be generally assumed. Experiments performed on a control device of the same dimensions
as the experimental device were largely unsuccessful, in the sense that a large number of observable
events did not involve a collision between the two droplets (see figure 4.3). This is because, as shown
in figure 4.3, the droplets tend to drift towards the sidewalls of the channel and fail to collide with the
trapped droplet in the interrogation area.

The frequency distribution of the impact angle is plotted in figure 4.4 to visualize the performance of the
experimental device against the control device. A narrow and distinct peak is identified in each data
set corresponding to an experimental device (figure 4.4a). Similarly, a single peak can be observed in
the data from the control device corresponding to a high impact angle 4.4b). From a first glance, it is
already clear that the selectivity of impact angles is higher in the case of the experimental device, where
three distinct peaks can be spotted across the range of impact angles, 𝜃i, between 90°and 180°. To
quantify the repeatability of collisions, we define the variable 𝑝 as the fraction of occurrence of the most
occurred impact angle interval against the total number of collisions considered. Control over droplet
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Droplets drifting to the sides

of the channel

Droplets do not collide with 

each other

Trapped droplet

Moving droplet

Moving droplet

Figure 4.3: An image showing the drifting of droplets from experiments on a control device of the same dimensions as the
experimental device.

collisions is characterized by the spread of the impact angle in each experimental data set which is
computed as the range of the data set, 𝑟, and the selectivity over the impact angle is represented by
the number of peaks in the distribution.
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(a) The frequency distribution of impact angles obtained from three
experimental devices. Three distinct peaks are observed corresponding

to the three devices.
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(b) The frequency distribution of the impact angles obtained on the
control device.

Figure 4.4: Histograms representing the distribution of impact angles.

From the results presented in table 4.1, it is clear that the experimental device outperforms the control
device in enabling repeatability of collisions. The value of the parameter 𝑝 is over 50% for all the
experimental devices while it is only 12 % for the control device. This is because the most frequently
occurring impact angle is determined by the positioning of the rail in the case of the experimental
device. In the case of the control device, the frequently occurring impact angle is between 170-165°.
In principle, the droplets are generated at the T-junction and carried by the background phase, here
the oil phase. They are expected to behave as particles that follow the flow. After the droplets are
generated at the middle of the channel, they are expected to follow the centerline of the channel and



32 4. Results and Discussions

Device p r no of peaks in the distribution
Experimental
Device

Device 1 0.575 13.31
3Device 2 0.545 21.25

Device 3 0.52 12.41
Control Device 0.12 70.16 1

Table 4.1: Table listing the performance parameters of the experimental and control devices

collide with the trapped droplet at a high impact angle. However, most droplets tend to drift from the
expected trajectory. One possible reason could be due to hydrodynamic interactions between droplets
that can lead to instabilities (Beatus et al., 2012). Asymmetry in the geometry of the channel could also
lead to particle drift. The 𝑝 value in the control device is, thus, an estimate of the stability of the droplets
along their natural trajectory. By comparing the 𝑝 values, it is evident that the preferred impact angle is
more often encountered in the experimental device owing to the preference over specific impact angles
that is enabled by the rails.

The spread of the impact angle, r, is also significantly larger for the control device indicating that it is not
possible to have a narrow distribution of impact angles. While a peak can be identified at low impact
angles, the data spread over a range of 70°. On the contrary, the range of impact angles encountered
in each experimental device is 10-20°, suggesting a narrow distribution around the preferred impact
angle. Lastly, it is not possible to control the position of the peak encountered in the control device.
In other words, the preferred impact angle of collision will always be restricted to high impact angles.
This is represented by another parameter, namely the number of peaks, which can be increased in the
experimental device through the position of the rail. In the design, the rail can be positioned to suit
our choice of impact angle. However, in the fabrication of the device, the center of the rail can only be
changed in steps and the value of this step depends on the resolution of the fabrication method. As a
consequence of this, the impact angles can also be changed only in steps. With the current fabrication
method, it was difficult to sample the angles between 175°, 150°, and 120°.

From our experiments, we conclude that the use of surface energy wells can enhance the control over
droplet collisions in microfluidic devices. Furthermore, we find that the designed device can be used
as part of an experimental setup to study droplet coalescence.

4.2. Study of droplet coalescence
In this section, an introduction to the flow field in the interrogation area is given. An overview of the
experimental observations is also provided. Following this, we proceed to summarize our results from
the coalescence studies.

4.2.1. Characterizing the flow field

To develop amodel, it is important to characterize the flow in the device. In this subsection, we introduce
a framework through which we can theoretically describe the flow field in the interrogation area. The
flow geometry in the interrogation area corresponds to a Hele-Shaw flow cell with an aspect ratio (𝑤i

ℎ𝑐
)

= 13.33. By applying the Hele-Shaw approximations, we can consider the depth-averaged flow field to
be rotation-free (Hele-Shaw, 1898). As a result, the flow field around the trapped droplet is modeled
as the ideal flow around a cylinder of radius 𝑅1. Following this, we have that
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Figure 4.5: A schematic of the interrogation area divided into four quadrants.

𝑢𝑟(𝑟, 𝜃) = 𝑢∞ (1 − (
𝑅1
𝑟 )

2
) cos(𝜃) , (4.1)

𝑢𝜃(𝑟, 𝜃) = −𝑢∞ (1 + (
𝑅1
𝑟 )

2
) sin(𝜃) , (4.2)

𝑒𝑟𝑟(𝑟, 𝜃) =
2𝑢∞𝑅21 cos(𝜃)

𝑟3 , (4.3)

where 𝑢r is the radial velocity, 𝑢𝜃 is the tangential velocity and 𝑒rr is the radial strain in the flow field.
For the period in which the two droplets are in contact, the radial coordinate of the center of the free
moving droplet can be approximated as r= 𝑅1+𝑅2. Therefore, as an estimate of the forces and velocity
of the free moving droplet, equations 4.1, 4.2 and 4.3 are computed at r= 𝑅1 + 𝑅2. By doing this, we
approximate the free moving droplet to be a point particle in the flow field that follows the flow. This is,
however, an approximation.

As can be seen from figure 4.5, the flow field is divided into 4 quadrants. From equation 4.1, we see
that the radial velocity is positive in quadrant 1 and quadrant 4 because the sign of the cosine function
is positive. This means that when the moving droplet is in either of these two quadrants, the moving
droplet is separating away from the trapped droplet. In quadrant 2 and quadrant 3, the sign of the
cosine function is negative, and hence the moving droplet is pushed towards the trapped droplet in
these quadrants. Note that 𝑒rr also follows the sign of 𝑢r.

The only non-dimensional number that depends on the flow field is 𝐶𝑎. 𝐶𝑎 is defined as

𝐶𝑎 = 𝜇𝑐𝑈
𝜎 , (4.4)

where U represents a velocity scale, 𝜇𝑐 represents the viscosity of the oil phase and 𝜎 represents
the interfacial tension. We choose U ∼ 𝐸rr𝐿 such that it characterizes the maximum relative velocity
between the two droplets as their centers are at a distance of 𝑅1 + 𝑅2. Note that, the trapped droplet
is stationary and the relative velocity between the droplets is directly the velocity of the free moving
droplet. Here, 𝐸rr represents the maximum radial strain rate and 𝐿 is the length scale of the ’external
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problem’ that is governed by the flow of the continuous phase and is defined in the subsequent section.
From this, we can define the 𝐶𝑎 corresponding to the problem as,

𝐶𝑎 = 𝜇𝑐𝐸𝑟𝑟𝐿
𝜎 (4.5)

The 𝐶𝑎 is defined such that it represents the non-dimensional relative velocity between the two droplets
that can be entirely determined based on experimental conditions as it only depends on fluid properties,
the geometry of the droplets, and 𝑢∞.

𝐶𝑎 = 𝐸rr𝐿
𝜎
𝜇𝑐

= maximum relative velocity scale

capillary− viscous velocity scale
(4.6)

𝜎
𝜇𝑐

represents the capillary-viscous velocity scale - the only velocity scale that results from the two
dominant forces governing the problem - capillary forces and viscous forces. In this work, the 𝐶𝑎 is
interpreted as a ratio of velocity scales rather than a ratio of forces. Equivalently, 𝐶𝑎 can be interpreted
as the competition between two velocity scales - the velocity scale related to the separation of centers
of the two droplets and a velocity scale related to the lubrication problem in the film between the two
droplets. By this means, we can connect the ‘external problem’ that is governed by the flow of contin-
uous phase to the ‘internal problem’ that is governed by the flow in the film region between the droplet
interfaces.

With the stated framework for characterizing the flow field, we proceed to discuss some of the obser-
vations from the experiments that guide this research work.

4.2.2. Experimental observations
We present an elaborate description of the experiment. First, the design of the experiment is presented.
We, then, present some observations from the experiment. The work in this thesis is guided by these
observations, hence, it is important to discuss them to appreciate the course of this research.

Experiments are performed by varying three parameters, the impact angle 𝜃𝑖, the viscosity ratio 𝜆, and
the Capillary number, 𝐶𝑎. Three different impact angles are chosen, namely 175°, 150°, and 120°.
Experiments were performed with two systems- a DI water- mineral oil system with 𝜆= 0.033 and a
glycerol-DI water mixture- mineral oil system with 𝜆= 0.2. Values for the interfacial tension of 𝜎 = 20.5
mN-m for the DI water-mineral oil interface and 𝜎 = 12.5 mN-m for the glycerol-DI water mixture-mineral
oil interface, as reported in literature, was used (Posocco et al., 2016, Sinzato et al., 2017).

Six sets of experiments were performed, each consisting of a particular combination of 𝜆 and 𝜃i. For
each experimental set, the flow rate of oil is increased in small steps and videos of the collision events
are recorded at each step. By changing the flow rate of the oil phase, we can change the 𝐶𝑎 defining
the experimental condition. The measured parameters were the impact angle 𝜃i and time duration, 𝑡,
between impact and coalescence of the two droplets. The videos were recorded at 3000 fps.

We noticed in our experiments that while the impact between droplets occurred in quadrant 2 or quad-
rant 3 (refer to figure 4.5), we never observe coalescence in these two quadrants where droplets are
pushed towards each other, according to equation 4.1. Rather, if the droplets coalesced, it always
occurred in quadrant 1 and quadrant 4. An example of this is shown in figure 4.6. As discussed previ-
ously, the droplets separate away from each other in quadrant 1 and quadrant 4. We, thus, conclude
that the coalescence between the two droplets observed in our experiments is separation-driven.
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t= 0 s t= 0.117 s t= 0.198 s t= 0.303 s t= 0.306 s

Figure 4.6: A time series representing a collision event that led to coalescence, Ca= 0.0018, 𝜆 = 0.033, 𝜃i = 175°

t= 0 s t= 0.057 s t= 0.102 s t= 0.165 s t= 0.168 s

Figure 4.7: A time series representing a collision event when the droplets separated without coalescing, Ca= 0.0029,
𝜆 = 0.033, 𝜃i = 175°

Wemake another interesting observation from our experiments. Figure 4.6 shows a collision event that
was recorded for an experimental set of 𝜆= 0.033 and 𝜃i = 175 °at 𝐶𝑎 = 0.0018. When we increase
the flow rate of the oil phase, we increase the 𝐶𝑎. On increasing the 𝐶𝑎, we started observing collision
events that did not lead to coalescence even upon separation. Such an event, at a 𝐶𝑎 = 0.0029, is
shown in figure 4.7. Furthermore, we also observed that the number of collision events that did not result
in coalescence increases with 𝐶𝑎. From this observation, we suspect that by gradually increasing the
𝐶𝑎, for each set, we will reach an experimental condition when the number of collision events resulting
in coalescence decreases to zero. We refer to the 𝐶𝑎 defining this experimental condition, where the
separation between droplets ceases to drive coalescence, as the 𝐶𝑎cr.

Based on these observations, we conclude that under the experimental conditions maintained, coales-
cence is driven by the separation of droplets. Further, we also expect that there exists an experimental
condition defined by 𝐶𝑎cr at which separation between droplets ceases to trigger coalescence. We,
now, proceed to investigating the 𝐶𝑎cr. We explain the presence of 𝐶𝑎cr through a scaling model and
proceed to compare the predictions of this model with our experimental results.

4.2.3. Simple scaling model to predict 𝐶𝑎cr
In our experiments, we observe coalescence when the moving droplet was about to separate away
from the trapped droplet. We conclude that the coalescence of the two droplets is triggered by their
separation. Further, we also observe an experimental condition based on the non-dimensional relative
velocity (𝐶𝑎) between the droplets such that for, 𝐶𝑎 > 𝐶𝑎cr, separation of droplets ceases to trigger
coalescence.

In this subsection, we attempt to derive a model to explain the presence of a 𝐶𝑎cr for separation-
driven coalescence. Firstly, we briefly state the hypothesis attempting to explain separation-driven
coalescence. The model to predict the 𝐶𝑎cr is developed based on this hypothesis. The approach
adopted in this model for predicting the 𝐶𝑎cr is also presented. Following this, an attempt is made to
describe the collision and coalescence process in the current experimental setup. We, then, present
the ideas borrowed from the literature that aid in the derivation of the model. Finally, the model is
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derived.

It has been proposed that the mechanism for coalescence during separation is local thinning of the
film due to the deformation of droplet interfaces in response to the suction pressure that arises in
the film between separating interfaces (Leal, 2004). Following this, the model estimates the 𝐶𝑎cr for
separation driven coalescence by comparing the two velocity scales that govern the problem - the
velocity scale of separation of the droplets, 𝑢rel, and the velocity scale governing the deformation of the
droplet interfaces in response to the sudden drop in film pressure, ̇ℎ̃. We argue that the 𝐶𝑎cr can be
found when the velocity scales are of the same order. If 𝑢rel > ̇ℎ̃, we do not expect coalescence.

h(x,t)
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urell
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Figure 4.8: Schematic of two separating droplets and the resulting deformation of the interface

Figure 4.1 represents an image of the moment at which the moving droplet impacts the trapped droplet.
At this moment, the center of the moving droplet is located at r=𝑅1 + 𝑅2, 𝜃 = 𝜃i. From the moment of
impact, the radial distance of the center of the moving droplet is always described by r=𝑅1+𝑅2, until the
moment of coalescence or separation. The impact between the two droplets occurs at quadrant 2 or
quadrant 3 (refer figure 4.5). After impact, the moving droplet describes a trajectory as shown in figure
4.6 and figure 4.7. If the droplets coalesce, it always occurs in quadrant 1 or quadrant 4. We view
this whole process as being composed of two distinct mechanisms favoring coalescence. Invoking the
nature of the flow field in the current experimental set-up (see figure 4.1), we see that the problem
is one of film drainage as the free moving droplet moves from its impact angle 𝜃i to 𝜃 =

𝜋
2 , i.e when

the center of the moving droplet falls in quadrant 2 or 3. When the moving droplet enters quadrant 1
from quadrant 2 or quadrant 4 from quadrant 3, the external flow begins to separate the two droplets
away from each other. This can be seen from equation 4.1, where the sign of the radial velocity, 𝑢r,
is positive indicating that the droplet moves along the positive 𝑟 direction in quadrant 1 and quadrant
4. While coalescence is observed only in quadrant 1 or quadrant 4, we suspect that the film drainage
phase influences the outcome of the separation. This is because the film drainage process influences
the thickness of the film on the onset of separation. Therefore, this part of the process is also in our
interest.

Figure 4.8 represents a schematic of two separating droplets. Although the two droplets in our problem
are non-identical (see figure 4.1), we consider the problem to be similar to that of coalescence between
two identical droplets of radius , 𝑅e, such that (Chesters, 1991),

𝑅e =
𝑅1𝑅2
𝑅1 + 𝑅2

(4.7)

We assume that the two droplets separate at a velocity 𝑢rel ∼ 𝐸rr𝑅e. Therefore, in our definition of 𝐶𝑎
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(see equation 4.6), the length scale 𝐿 ∼ 𝑅e. It is important to note here that the angle of coalescence(𝜃c)
is assumed to be 𝜃c = 0 when 𝐶𝑎 = 𝐶𝑎cr. We adopt a local coordinate system (x,r) such that x=0
represents the center of the film and h(x,t) represents the interface of the droplets. ℎo represents the
minimum distance between the two droplets, h(x=0,t), and ℎ̃ represents the maximum deformation of
the interface, expected at the center of the film at the moment of separation. Note that h(x=0,t=0)
represents the minimum film thickness at the onset of separation and we expect it to be influenced
by the film thickness at the end of the drainage process. The pressure in the centre of the film is
represented as 𝑝f, the pressure far away is 𝑝a and the pressure inside the droplet is represented as 𝑝d.

Before we begin developing the model, we recognize that some length scales have entered the problem
that we currently do not have an estimate for, namely, the film thickness at the end of the film drainage
process and the length scale for the deformation of the droplet interface on separation, ℎ̃. Before we
derive the model, we first estimate these length scales.

Estimation of film thickness at the end of the film drainage process, ℎmin

We expect the thickness of the film at the end of the film drainage process to influence the outcome of
the separation of the two droplets. Therefore, we begin by estimating the film thickness at the end of
the film drainage process. To do this, we invoke the parallel-disk model that was presented in section
2.1. We integrate the equation for rate of change of film thickness (obtained for head-on collisions)
presented in the aforementioned section, namely equation 2.10, from 𝜃 = 𝜃i to 𝜃 =

𝜋
2 . Importantly, by

doing this, we simplify the film drainage process as drainage of the film through a head-on collision that
was allowed to proceed up to a finite period.

∫
ℎ=ℎmin

ℎ=ℎi

1
ℎ2𝑑ℎ ∼ −

25/2𝜋1/2𝛾̇
𝜆𝐶𝑎3/2 [ 1𝑅e

]∫
𝑡=𝑡(𝜃=𝜋2 )

𝑡=𝑡(𝜃=𝜃i))
𝑑𝑡 (4.8)

where ℎi represents the initial thickness of the film at the moment of impact and ℎmin is the thickness
at the end of the film drainage process, i.e, at 𝜃 = 𝜋

2 . It is noted here that 𝛾̇ is the strain rate based on
experimental conditions which is 𝐸rr in our problem.
The independent variable 𝑡 can be found as a function of the angle 𝜃 through the relation

(𝑅1 + 𝑅2)𝑑𝜃 = 𝑢𝜃|𝑅1+𝑅2𝑑𝑡 (4.9)

From equation 4.2, we have

𝑢𝜃|𝑅1+𝑅2 = −𝑢∞ (1 + (
𝑅1

𝑅1 + 𝑅2
)
2
) sin(𝜃) (4.10)

Substituting equation 4.10 into equation 4.9, we have

(𝑅1 + 𝑅2)𝑑𝜃 = −𝑢∞ (1 + (
𝑅1

𝑅1 + 𝑅2
)
2
) sin(𝜃)𝑑𝑡

𝑑𝑡 = −
⎡
⎢
⎢
⎢
⎣

(𝑅1 + 𝑅2)

𝑢∞ (1 + (
𝑅1

𝑅1+𝑅2
)
2
)

⎤
⎥
⎥
⎥
⎦

csc(𝜃)𝑑𝜃 (4.11)

Substituting equation 4.11 into equation 4.8,
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∫
ℎ=ℎmin

ℎ=ℎi

1
ℎ2𝑑ℎ ∼

25/2𝜋1/2𝐸rr
𝜆𝐶𝑎3/2 [ 1𝑅e

]
⎡
⎢
⎢
⎢
⎣

(𝑅1 + 𝑅2)

𝑢∞ (1 + (
𝑅1

𝑅1+𝑅2
)
2
)

⎤
⎥
⎥
⎥
⎦

∫
𝜃=𝜋2

𝜃=𝜃𝑖
csc(𝜃)𝑑𝜃

Substituting for 𝑅e, we have

∫
ℎ=ℎmin

ℎ=ℎi

1
ℎ2𝑑ℎ ∼

25/2𝜋1/2𝐸rr
𝜆𝐶𝑎3/2 [𝑅1 + 𝑅2𝑅1𝑅2

]
⎡
⎢
⎢
⎢
⎣

(𝑅1 + 𝑅2)

𝑢∞ (1 + (
𝑅1

𝑅1+𝑅2
)
2
)

⎤
⎥
⎥
⎥
⎦

∫
𝜃=𝜋2

𝜃=𝜃𝑖
csc(𝜃)𝑑𝜃

On integrating and substituting the limits, we recognize that that ℎmin << ℎi. We therefore have,

− 1
ℎmin

∼ −2
5/2𝜋1/2𝐸rr
𝜆𝐶𝑎3/2 [𝑅1 + 𝑅2𝑅1𝑅2

]
⎡
⎢
⎢
⎢
⎣

(𝑅1 + 𝑅2)

𝑢∞ (1 + (
𝑅1

𝑅1+𝑅2
)
2
)

⎤
⎥
⎥
⎥
⎦

[log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|]

ℎmin ∼
𝜆𝐶𝑎3/2𝑢∞
25/2𝜋1/2𝐸𝑟𝑟

×
(𝑅1𝑅2) [1 + (

𝑅1
𝑅1+𝑅2

)
2
]

(𝑅1 + 𝑅2)2
× 1
log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|

For compactness, we represent
(𝑅1𝑅2)[1+(

𝑅1
𝑅1+𝑅2

)
2
]

(𝑅1+𝑅2)2
= 𝑔(𝑅1, 𝑅2) which is a known function.

ℎmin ∼
𝜆𝐶𝑎3/2𝑢∞
25/2𝜋1/2𝐸rr

× 𝑔(𝑅1, 𝑅2) ×
1

log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|

Substituting for 𝐸rr we have,

ℎmin ∼
𝜆𝐶𝑎3/2(𝑅1 + 𝑅2)3
27/2𝜋1/2𝑅21

× 𝑔(𝑅1, 𝑅2) ×
1

log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|
(4.12)

Now, we have an estimate for the thickness of the film at the onset of separation. Now, we direct
our attention to the second length scale that we are yet to estimate - the length scale related to the
deformation of the interface, ℎ̃.

Estimating the deformation of the interface, ℎ̃
We borrow the idea of Lai et al., 2009 to estimate an expression for the deformation of the interface in
response to the suction pressure in the film. We note that the assumptions stated in the derivation of
ℎ̃ are the assumptions made in the cited literature (Lai et al., 2009) and are presented here for clarity.

We approximate the problem to be two-dimensional, neglecting the flow in the third dimension corre-
sponding to the height of the channel. Within the Hele-Shaw flow cell, the droplets are pancake-shaped.
We assume that any changes in the curvature of the droplet occur only in this 2-D plane and the curva-
ture of the droplet dictated by the height of the channel is unaffected. The droplet interface is assumed
to be circular in the instant preceding separation.We assume that the pressure inside the droplet, 𝑝d,
and the pressure far away, 𝑝a, remain constant.

Now, we obtain an estimate of ℎ̃. To do this, we make use of the Laplace boundary condition that
relates the curvature of the interface, 𝜅, to the pressure jump across the interface, Δ𝑝𝑑−>𝑓.
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Δ𝑝𝑑−>𝑓 = 𝑝f − 𝑝d = 𝜎𝜅 (4.13)

The curvature of a plane curve can be expressed as

𝜅 =
𝜕2ℎ
𝜕𝑥2

(1 + (𝜕ℎ𝜕𝑥 )
2)
3/2 ∼

𝜕2ℎ
𝜕𝑥2 , (4.14)

where we assume that 𝜕ℎ𝜕𝑥 << 1.
Substituting for 𝜅 from equation 4.14 into equation 4.13, we have

Δ𝑝𝑑−>𝑓 = 𝑝f − 𝑝d = 𝜎𝜅 ∼ 𝜎
𝜕2ℎ
𝜕𝑥2 (4.15)

The deformation of the interface in response to the suction pressure developed in the film is treated as a
perturbation over the un-deformed curvature of the interface. As a result, the curvature of the deformed
droplet is obtained as a linear superposition of the curvature of the un-deformed droplet, − 1

𝑅e
, and the

perturbation that scales as ℎ̃
𝑙2 , where 𝑙 represents the length scale over which the perturbation exists

(see figure 4.8).

Δ𝑝𝑑−>𝑓 = 𝑝f − 𝑝d = 𝜎𝜅 ∼ 𝜎
𝜕2ℎ
𝜕𝑥2 ∼ 𝜎 (−

1
𝑅e
+ ℎ̃
𝑙2) (4.16)

We expect 𝑙 ∼ (𝑅eℎo)0.5. This formulation for 𝑙 is the only way to obtain a length scale such that ℎo << 𝑙
and 𝑙 << 𝑅e.

From lubrication theory, we know that the suction pressure in the center of the film 𝑝f is related to the
pressure far away 𝑝a (𝑝 = 𝑝a when 𝑥 >> 𝑙) by

Δ𝑝lub = 𝑝f − 𝑝a ∼ −(
𝑓(𝜆)𝜇c𝑢rel

ℎ2o
)𝑅e ,

Δ𝑝lub = 𝑝f − 𝑝a ∼ −
𝑓(𝜆)𝜇c(𝐸rr𝑅e)𝑅e

ℎ2o
, (4.17)

where 𝑓(𝜆) is a currently unknown function of the viscosity ratio, 𝜆.
Substituting for 𝑝f from equation 4.17 into equation 4.16, we have

Δ𝑝𝑑−>𝑓 = 𝑝a − 𝑝d −
𝑓(𝜆)𝜇c(𝐸rr𝑅e)𝑅e

ℎ2o
∼ 𝜎 (− 1𝑅e

+ ℎ̃
𝑙2) (4.18)

We know that for an un-deformed droplet, the pressure inside the droplet 𝑝d is related to the pressure
far away 𝑝a through the Laplace boundary condition as,

Δ𝑝𝑑−>𝑎 = 𝑝a − 𝑝d ∼ 𝜎
𝜕2ℎ
𝜕𝑥2 ∼ −𝜎 (

1
𝑅e
) (4.19)

By substituting for 𝑝d − 𝑝a from equation 4.19 into equation 4.18,

− 𝑓(𝜆)𝜇c(𝐸rr𝑅e)𝑅eℎ2o
∼ 𝜎 ( ℎ̃𝑙2) ∼ 𝜎 (

ℎ̃
𝑅eℎo

) (4.20)

Reorganizing equation 4.20 we have,
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ℎ̃ ∼ −𝑓(𝜆)𝜇c𝐸rr𝑅
3
e

𝜎ℎo
(4.21)

With this, we have determined both the unknown length scales by borrowing ideas from literature. We,
now, proceed to derive a simple model to explain the presence of 𝐶𝑎cr.

Scaling model for 𝐶𝑎cr
The model is derived based on the argument that for separation to lead to coalescence, ̇ℎ̃ > 𝑢rel. We
begin with estimating the two velocity scales we seek to compare.

We know that 𝑢rel ∼ 𝐸rr𝑅e. We differentiate equation 4.21 with respect to time to obtain an estimate for
the rate of deformation of the interface, ̇ℎ̃ .

̇ℎ̃ ∼ 𝑓(𝜆)𝜇c𝐸rr𝑅
3
e

𝜎ℎ2o
̇ℎo (4.22)

̇ℎo represents the rate of separation of the interfaces and is ∼ 𝐸rr𝑅e. Thus,

̇ℎ̃ ∼ 𝑓(𝜆)𝜇c𝐸
2
rr𝑅4e

𝜎ℎ2o
(4.23)

Comparing the two velocity scales, we have

̇ℎ̃
𝑢rel

∼ 𝑓(𝜆)𝜇c𝐸rr𝑅
3
e

𝜎ℎ2o
(4.24)

We assume that ℎo ∼ ℎmin. ℎo represents the thickness of the film between the droplets during the
separation of the droplet interfaces. We expect it to scale with the film thickness at the end of the film
drainage process. Therefore, we substitute the expression for ℎmin from equation 4.12 into equation
4.24.

̇ℎ̃
𝑢rel

∼ 𝑓(𝜆) 𝐶𝑎 𝑅2e ×
128𝜋𝑅41

𝜆2𝐶𝑎3(𝑅1 + 𝑅2)6
1

𝑔(𝑅1, 𝑅2)2
(log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|)2 (4.25)

On simplifying, we have

̇ℎ̃
𝑢rel

∼ 𝑓(𝜆) 𝑅2e ×
128𝜋𝑅41

𝜆2𝐶𝑎2(𝑅1 + 𝑅2)6
1

𝑔(𝑅1, 𝑅2)2
(log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|)2 (4.26)

The 𝐶𝑎cr is determined by setting the ratio of the two velocity scales to be of order 1.

̇ℎ̃
𝑢rel

∼ 1 , (4.27)

when 𝐶𝑎 = 𝐶𝑎cr.

𝐶𝑎2cr ∼
128𝜋𝑓(𝜆)

𝜆2 × 𝑅2e𝑅41
𝑔(𝑅1, 𝑅2)2(𝑅1 + 𝑅2)6

× (log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|)2

𝐶𝑎cr ∼ [
20.05𝑓(𝜆)0.5

𝜆 × 𝑅e𝑅21
𝑔(𝑅1, 𝑅2)(𝑅1 + 𝑅2)3

× (log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|)] (4.28)

In our experiments, 𝑅1 ∼ 150 𝜇𝑚 and 𝑅2 ∼ 75 𝜇𝑚. Therefore, g(𝑅1,𝑅2) = 0.321 and 𝑅e= 50 𝜇𝑚.
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𝐶𝑎cr ∼ [
6.16𝑓(𝜆)0.5

𝜆 × (log𝑒 | csc(𝜃𝑖) − cot(𝜃𝑖)|)] (4.29)

For 𝐶𝑎 > 𝐶𝑎cr or equivalently
̇ℎ̃

𝑢rel
< 1, separation of droplets does not lead to coalescence.

4.2.4. Experimental data

Introduction to the experiments
In our experiments, as discussed in section 4.2.2, it was observed that if the droplets coalesce, they
do so in quadrant 1 or quadrant 4 (see figure 4.5), where the droplets tend to separate away from
each other. As a result, it was concluded that the observed coalescence phenomena are triggered by
the separation of the droplets. The parameters measured in each experiment are the impact angle,
𝜃i, and the time taken for coalescence from the moment of impact, 𝑡. Firstly, we check if there is any
dependency between the two.

The time taken for droplets to coalesce is plotted against the impact angle (see figure 4.9). It is important
to note here that the measured time is defined as the duration between the time of impact to the time
of coalescence. In figure 4.9a, the dimensional time is directly plotted against 𝜃i. While it appears like
a trend may be deduced between the two parameters, the scatter in the data is quite large. This is
because there is a large variation in the droplet size and the flow rate of the oil phase between the data
points. In figure 4.9b, the measured time, 𝑡, is non-dimensionalized by a parameter, 𝑡N, such that

𝑡N = ∫
𝜃𝑖=120

𝜃𝑖=150

(𝑅1 + 𝑅2)
𝑢𝜃|𝑅1+𝑅2

𝜕𝜃 (4.30)

𝑡N represents the time taken by a particle that follows the flow to travel from an angle of 𝜃𝑖 = 150
to 𝜃𝑖 = 120 when it is at a distance of 𝑟 = 𝑅1 + 𝑅2 from the origin. We suspect that the measured
experimental time is largely contributed by the time taken for the motion of the droplet from quadrant 2
or quadrant 3 to quadrant 1 or quadrant 4, respectively. Therefore, by normalizing the measured time
with the advection time scale, we expect a collapse of the data plotted in figure 4.9a. Although there is
still a slight scattering of the data points especially at large 𝜃i, there is a significant collapse in the data,
and a definite trend is observed between 𝑡

𝑡N
against 𝜃𝑖, thereby confirming our suspicion.

One additional investigation is performed to distinguish if the observed trend in figure 4.9b is merely a
consequence of the droplets being advected in the flow or if the data reveals information related to the
process of separation-driven coalescence. We estimate the time taken for the motion of the droplet
from its impact position corresponding to 𝜃𝑖 to 𝜃c, where 𝜃c is the angle of coalescence as,

𝑡adv = ∫
𝜃𝑐

𝜃𝑖

(𝑅1 + 𝑅2)
𝑢𝜃|𝑅1+𝑅2

𝜕𝜃 (4.31)

We compare the time calculated through this expression, 𝑡adv, to the measured time in the experiments.
To proceed with this investigation, we need knowledge of 𝜃c. Experimentally, no single angle of coa-
lescence could be determined and the droplets coalesce between 𝜃c = 90 and 𝜃c = 0. Therefore, we
choose three different values of 𝜃c, namely 90°, 60°, and 30°, to gather a rough idea of the various ad-
vection times. The estimated duration, computed through equation 4.31, is plotted as the dashed lines
in figure 4.9b. It can be seen that the estimated time matches the experimental data in trend and by
scaling the theoretical time by a factor of 0.33, most of the experimental data points can be explained
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Figure 4.9: Plots showing a trend between the time and the impact angle, 𝜃𝑖. The duration measured is from the moment of
impact to the moment of coalescence.

by one of these curves. Moreover, we see that at higher 𝜃i, the range of coalescence angles is larger.
From this, we can also conclude that the slight scatter in the non-dimensional time plotted in figure 4.9b
is a consequence of the uncertainty in 𝜃c.

The final observation we make over plot 4.9b is that the data points correspond to a larger range of 𝐶𝑎
at 𝜃i close to 180° while the range of 𝐶𝑎 is reduced at 𝜃i nearing 90°, suggesting a dependency of 𝐶𝑎cr
on the 𝜃i. This is in line with the predictions of the model developed in section 4.2.3.

Interestingly, we see that the time predicted theoretically is 3 times larger than the time measured in the
experiments, meaning, the droplets travel 3 times faster under experimental conditions than under the
assumption that they follow the flow. This could be partly explained by recognizing that the actual flow
in the device is the classic fluid mechanics problem of flow past a confined cylinder while the kinematic
model derived in equation 4.31 is based on the flow past an unconfined cylinder. The blockage ratio,
i.e, the ratio of the area of the channel cross-section to the cross-sectional area blocked by the droplet,
is nearly 2. As a result, the local free stream velocity of the oil is larger than the free stream velocity far
away from the interrogation area by a factor of 2.

In summary, the time scales of the coalescence process itself could not be resolved through the current
measurement technique and a non-trivial relationship between the measured time for coalescence and
the impact angle could not be found. In other words, the frame rate used in the acquisition of images,
namely 3000 fps, was insufficient to resolve the time scales relevant to separation-driven coalescence.
Secondly, the overlap between the experimentally measured time and the kinematic model developed
in equation 4.31 suggests that the flow field around the trapped droplet can be qualitatively represented
using potential flow theory. With these conclusions, we shift our focus towards investigating the 𝐶𝑎cr.

Experimental estimates of 𝐶𝑎cr
In this section, the experimentally measured 𝐶𝑎cr are reported. Firstly, the manner by which the 𝐶𝑎cr
is computed from the experiments is explained. It is, then, compared against the model developed in
section 4.2.3.

As mentioned previously, for an experimental set with fixed 𝜆 and fixed 𝜃i, the only parameter varied
while experimenting is the 𝐶𝑎. The 𝐶𝑎 is changed by slowly increasing the flow rate of oil flowing through
the channels. Each experimental set could be performed only beyond a certain 𝐶𝑎 corresponding to
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the minimum flow rates at which droplets can be dragged out of the rail. This is a limitation of the
experimental setup. While this limitation will always render a lower limit to the 𝐶𝑎 achievable with the
experimental set-up, the limit itself can be lowered further by making the rails less deep closer to the
end of the rail. To do this, we need to use micro-fabrication methods of higher resolution. The minimum
𝐶𝑎 at which the experiments could be carried out with the current experimental device is around 0.002.
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Figure 4.10: Plots showing the fraction of coalescence events observed at each 𝐶𝑎 for four different experimental sets.

While the objectives of the study were to investigate the effect of the system parameters on 𝐶𝑎cr, we
first report the existence of a 𝐶𝑎cr observable in the experimental set up as our first result. This result
is validated by previous studies in microfluidic devices (Gunes et al., 2013) and thin films (Chatzigian-
nakis et al., 2020) that also report the presence of a 𝐶𝑎𝑐𝑟 beyond which separation does not lead to
coalescence. Secondly, we report that the transition from a coalescence-non coalescence regime is not
sharp, but is gradual. Consequently, the fraction of coalescence events at different 𝐶𝑎 was measured
and has been plotted in figure 4.10. By assuming that the binomial distribution may be approximated
as a normal distribution, the standard error on the fraction of coalescence events was computed. The
fraction of coalescence events declines with 𝐶𝑎 and progresses close to zero. By fitting a line through
the data points and extrapolating the line to a fraction corresponding to zero coalescence events, the
𝐶𝑎cr is experimentally determined. In other words, the 𝐶𝑎cr is computed as the x-intercept of the fitted
line and is represented by the circles in figure 4.10. The error in the estimation of the 𝐶𝑎cr is obtained
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within a 95 % confidence interval (see appendix B). At low impact angles, from experiments in microflu-
idic devices, the 𝐶𝑎cr was estimated to be 0.014 (Gunes et al., 2013) for a system of 𝜆 = 0.01. We arrive
with a comparable estimate of 𝐶𝑎cr ∼ 0.0062 for 𝜆 = 0.033 and 𝐶𝑎cr ∼ 0.0058 for 𝜆 = 0.2 (see figure
4.10).

From the estimates of the 𝐶𝑎cr between experimental data sets of different 𝜃i plotted in figure 4.11,
it appears that the 𝐶𝑎𝑐𝑟 decreases with decreasing 𝜃i. For the lowest 𝜃i tested (𝜃i=120°), it was not
possible to estimate the 𝐶𝑎cr using the current device as the droplets failed to coalesce on separation
at the minimum attainable 𝐶𝑎 (Ca ∼ 0.002). Thus, in the figure 4.11, 𝐶𝑎= 0.002 is marked as the upper
boundary of the 𝐶𝑎cr at 𝜃i = 120, estimated from the current experiment. At this moment, it is difficult
to make a conclusion regarding the dependency of 𝐶𝑎cr on 𝜃i due to the estimated uncertainty in the
prediction of 𝐶𝑎cr, marked in figure 4.11. However, we argue that the possible dependency of the 𝐶𝑎cr
on 𝜃i that we witness in our experiments arises due to the available time for film drainage before droplet
separation. As can be easily noticed from figure 4.1, the available time for film drainage is compromised
as 𝜃i approaches 90°, leading to a thicker film at the onset of droplet separation. The effect of a thicker
film is not only to increase the absolute distance between the two droplets before separation, but also to
reduce the absolute magnitude of the suction pressure in the film (see equation 4.17). The effect of both
these consequences is to suppress coalescence. Within the expected uncertainty in the estimation of
𝐶𝑎cr, no dependency could be found between the 𝐶𝑎cr and 𝜆 experimentally (see 4.10), despite the 𝜆
of the two systems being one order of magnitude apart.
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Figure 4.11: Plot showing the variation of the 𝐶𝑎𝑐𝑟 with the impact angle of collision obtained from experiments. The values are
compared against the model developed in section 4.2.3

The results from our experiments are now compared to the predictions of the model derived in section
4.2.3. In the model, the effect of the film drainage phase is taken into account by scaling the thickness
of the film between the droplets just before separation, ℎo, with the estimated film thickness, ℎmin, at
the end of the drainage process, i.e, at 𝜃 = 90°. By comparing the values for 𝐶𝑎cr obtained experimen-
tally against the model (see figure 4.11), we see that the model fits the data, within the experimental
uncertainty limits, qualitatively. However, the model predicts values that are four orders of magnitude
larger than what is experimentally observed. The origin of this scaling factor is currently unknown to
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the author. Increasing contact times between droplets before separation was found to increase the
𝐶𝑎𝑐𝑟 (Gunes et al., 2013) although a qualitative or quantitative relationship between the two was not
presented. The experimentally obtained dependency of 𝐶𝑎cr on 𝜆 is also in apparent disagreement
with the scaling model that predicts 𝐶𝑎cr ∼ 𝜆−1, although it cannot be said for certain since the function
f(𝜆) is unknown at the moment. In the case that f(𝜆) ∼ 𝜆2, the model would also predict only a weak
dependency of the 𝐶𝑎cr over 𝜆. In line with this possibility, as stated earlier, the 𝐶𝑎cr obtained by Gunes
et al., 2013 in their study of a system of 𝜆 = 0.01 falls fairly close to the estimates in this study over
systems of 𝜆 that are considerably larger than 𝜆 = 0.01.

In summary, we first report the presence of 𝐶𝑎cr observed in our experiments such that for 𝐶𝑎 >
𝐶𝑎Cr, separation of droplets does not drive coalescence. On investigating the dependency of the 𝐶𝑎𝑐𝑟
on the impact angle, 𝜃𝑖, we see a decrease in 𝐶𝑎cr as 𝜃𝑖 was decreased. However, we note that
the estimated uncertainty in the experimentally determined 𝐶𝑎cr is quite large which makes it difficult
to derive any conclusions with the currently available information. In any case, we argue that the
apparent dependency of 𝐶𝑎cr over 𝜃𝑖 is, in fact, a consequence of the time allowed for the drainage
of the film to proceed before separation. Finally, we observe no dependency of the 𝐶𝑎cr over 𝜆. The
model developed in section 4.2.3 also predicts the presence of a 𝐶𝑎cr and this was confirmed in the
experiments. Themodel explains the experimental data for the dependency of 𝐶𝑎𝑐𝑟 over 𝜃i qualitatively.
The extent of agreement between the model and experimental results adds further evidence to the
hypothesis that separation of two droplets leads to coalescence due to local bulging of the interfaces in
response to the suction pressure in the film. However, while the agreement indicates the right direction,
further research is required to evaluate the extent to which the model grasps the physics of the process.





5
Conclusions

The objective of this thesis was to develop a microfluidic device in which we can observe the coales-
cence of two droplets. We proposed to develop this device by taking advantage of surface energy
wells. By using a combination of anchors and rails to trap and guide droplets, we intended to real-
ize repeatable and controllable collisions in the device. Apart from serving as a proof-of-concept, we
sought to use the developed device in the study of coalescence of two droplets. A specific mechanism
of coalescence termed in literature as ‘separation-driven coalescence’ was the problem of interest in
this thesis. We sought to understand the presence of a critical limit for separation-driven coalescence
in terms of a non-dimensional parameter, 𝐶𝑎. The effect of the system parameters on the 𝐶𝑎cr was
studied.

A microfluidic device, consisting of anchors and rails, was designed and fabricated through rapid pro-
totyping. The dimensions of the functioning device are presented and justified in section 3.5. The
designed device was tested and proved to deliver better control over droplet collisions with high re-
peatability in comparison to a device without rails (refer section 4.1). The control over the impact angle
in the device is limited by the resolution of the fabrication method. Currently, the rail is 200 𝜇𝑚 in width
and is limited by the lowest dimension realizable in the XY plane with the chosen fabrication method.
Therefore, the variation in the impact position of the droplets is up to 200 𝜇𝑚. By using a fabrica-
tion method of higher resolution, the width of the rail can be reduced and the impact position of the
droplets can be controlled with more accuracy. However, we conclude that using surface energy wells,
specifically a combination of rails and anchors, can help in realizing repeatable and controllable droplet
collisions.

The proposed design was used as a part of the experimental setup for the systematic study of separation-
driven droplet coalescence. Three devices were fabricated differing in the position of the rail such that
in each device, the rails facilitated a different impact angle of collision. A total of two systems were
tested - a water-oil system (𝜆 = 0.033) and a glycerol-water mixture-oil system (𝜆 = 0.2). We first
acknowledge the presence of 𝐶𝑎cr beyond which separation between droplets does not lead to coa-
lescence. 𝐶𝑎cr was determined for each experimental set consisting of a specific 𝜃i and specific 𝜆. We
found that the 𝐶𝑎cr decreases with decreasing 𝜃i. A weak dependency of 𝐶𝑎cr on 𝜆 was observed in the
experiments. However, we note that the uncertainty in the experimentally determined values of 𝐶𝑎cr is
large.

47
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A model was developed to explain the presence of a 𝐶𝑎cr based on the hypothesis that separating
droplets coalesce due to the suction pressure developed in the intervening film between separating
interfaces (Leal, 2004). The model succeeds in predicting the presence of a 𝐶𝑎cr for separation-driven
coalescence. Further, the model captures the effect of 𝜃i on the 𝐶𝑎cr qualitatively. Based on this agree-
ment, we conclude that the time available for the drainage of the film between the two droplets before
separation plays a role in determining the 𝐶𝑎cr. A thinner film on the onset of separation increases the
𝐶𝑎cr since it increases the velocity scale for deformation of the interface. The observed concurrence
between the model and experimental values suggests that the hypothesis adopted in the model ex-
plains the mechanism of separation-driven coalescence. However, the model predicts values for the
𝐶𝑎cr that are four orders of magnitude larger than found experimentally. The model is also unable to
predict the effects of 𝜆 on the 𝐶𝑎cr.

In this study, we have established a framework for studying micro-droplet coalescence and specifically-
separation-driven coalescence. The device developed in the study is a first step towards building a ro-
bust experimental set-up for droplet coalescence studies. While the underlying concept of its design
can be adopted, better fabrication methods must be used to further this research. Secondly, a frame-
work for experimentally determining the 𝐶𝑎cr has been established. We also derived a model to explain
the experimental results. Due to the limitations of the setup and the paucity of time, enough experi-
mental data could not be collected. As a result, a rigorous analysis of the phenomena and evaluation
of the model could not be carried out. Hence, we did not arrive at conclusive results regarding the de-
pendency of 𝜃i and 𝜆 on 𝐶𝑎cr. By working with the framework established in this thesis, better insights
into the fascinating phenomena of droplet coalescence can be gained on pursuing this research. A few
suggestions that can improve this study are discussed in the next section.

5.1. Recommendations for future work
Firstly, the recommendations for the design and fabrication of this device are discussed. The use of
rails and anchors has significantly improved the control over droplet collisions attainable in microfluidic
devices, despite the low resolution of the fabrication method used in this study. The purpose of this
study was to assess the potential of using surface energy wells in coalescence studies and the results
we have obtained motivate us to develop a scaled-down device by shifting to a fabrication method of
higher resolution. This can provide us better control and selectivity over the impact angle of collision.
A suggested technique is to fabricate silicon wafer molds instead of 3-D printed molds. Secondly,
in the current device, the only parameters that can be tuned by the experimentalist after choosing a
device (in terms of positioning of the rail) and the two-phase system are the input flow rates of the
two phases. By changing the flow rate of the continuous phase (oil), we can study the problem at
different 𝐶𝑎. The current design is such that any change to the flow rate of the phases made to study
its effect on the coalescence process (at the interrogation area) cannot be done without affecting the
droplet generation process (at the T-junction). This is quite inconvenient since, apart from affecting the
stability of the droplet generation at the T-junction, the size of the droplets and the frequency of droplet
generation are also continuously changing as we run the experiment under a gradually changing flow
rate of oil (see appendix A). To overcome this, we can improve the design of the device by including
additional channels that connect to the main channel after the T-junction and before the interrogation
area. Additional syringe pumps can be used to push oil through these channels. With this design, we
can have independent control over the flow rates realizable at the interrogation area without influencing
the droplet generation process at the T-junction. However, it comes at the cost of complicating the



5.1. Recommendations for future work 49

design and operation of the device.

”It is only by a patient separation of different physical regimes that one may hope to reach the physical
laws”.- de Gennes (De Gennes, 1985). In this vein, we discuss further experiments that can be per-
formed using the developed device to emerge onto a unified understanding of the coalescence process.
Firstly, experiments can be performed with the existing set-up to determine more accurate estimates of
the 𝐶𝑎cr. Secondly, having fabricated a scaled-down device, we must focus on sampling more impact
angles between 𝜃i = 180 − 170 and 𝜃𝑖 = 120 − 90 where the model predicts sharp changes in the
𝐶𝑎cr with 𝜃i (see figure 4.11). Testing these impact angles will help us arrive at more conclusive results
regarding the effects of the film drainage phase in separation-driven coalescence. Finally, the transition
from approach driven-coalescence to separation-driven coalescence can also be investigated with a
scaled-down device.

Finally, we present some suggestions that can reduce the approximations made while analyzing the
data from experiments. As mentioned in the introduction to chapter 4, the trapped droplet is approxi-
mated as circular droplets of radius equal to the radius of the anchor. The flow field around the droplet
is assumed to be represented by the ideal flow around a cylinder of radius 𝑅1. A better approximation
of the flow field may be obtained by accounting for the real shape of the trapped droplet by using con-
formal mapping. Secondly, in this study, we use the expected flow field around an unconfined cylinder
to represent the flow around the trapped droplet which in reality is a confined object. As a result, the
forces and relative velocities (𝐶𝑎) estimated experimentally may be underestimated. It is possible that
the underestimation of the 𝐶𝑎 partly contributes to the discrepancy in the magnitude of the 𝐶𝑎cr be-
tween the model and the experiments. A better estimate of the flow field may be obtained by treating
the trapped droplet as a confined object. To do this, a Particle Image Velocimetry (PIV) study could be
performed to experimentally estimate the flow field around the trapped droplet. However, introducing
particles in a coalescence study can affect the behaviour of the interfaces (Gafonova and Yarranton,
2001, Sullivan and Kilpatrick, 2002). Hence, a PIV study should only be done to determine the flow
field around the trapped droplet and not to gather any information on the coalescence process. Finally,
in the development of the scaling model in section 4.2.3, we couple the film drainage process to the
model through the introduction of the film thickness,ℎmin. The parallel-disk model for film drainage was
developed for two isolated droplets that collide with each other. In our experiments, the droplets are
pancake-shaped. With such a configuration, it is possible that the drainage process is altered and pro-
ceeds at a slower rate due to the confinement from the top and bottom walls of the channel. We can
correct this by deriving a drainage rate for confined droplets such that the drainage along the height of
the channel is neglected.





A
Droplet generation in T­junction

In this thesis, droplets were generated at the T-junction. The size of the droplets against the 𝐶𝑎 defined
at the T-junction is plotted in figure A.1. The 𝐶𝑎 is defined as,

𝐶𝑎 = 𝜇c𝑢T
𝜎 (A.1)

where 𝑢T is the velocity of the oil phase computed at the T-junction. In this section, we make observa-
tions regarding the droplet generation process in the microfluidic device.
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Figure A.1: The measured radius of the droplets generated at the T junction

In figure A.1a, the radius of the droplet generated at the T-junction, 𝑅, is plotted against 𝐶𝑎. Firstly,
we see a very slight dependency of 𝑅 with 𝐶𝑎 within each experimental data set. The 𝐶𝑎 at the T-
junction changes as a consequence of the change in the flow rate of the oil phase. Experimentally, we
increase the flow rate of the oil phase to change the 𝐶𝑎 at the interrogation area. Since the T-junction
and the interrogation area are coupled in the device, it is not possible to vary one without affecting the
other. This is a limitation of the device since ideally we would like to study the effects of the 𝐶𝑎 on
the coalescence phenomenon without changing the size of the droplets. Secondly, when we compare
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the 𝑅 values obtained from different data sets, we see considerable differences. This difference in 𝑅
across experimental data sets is quite striking. For example, in figure A.1a droplet sizes vary between
data sets of 𝜃i = 175°and 𝜃i = 150°. We note here that between both these devices, the only difference
in the design is the position of the rail and the T-junction is designed to be the same. To investigate this,
we made cross-sections of the T-junction in both the devices to check if the cross-sectional area of the
T-junction was the same. We found that in the device where the 𝜃i= 175°, the height of the channel, ℎc
was 75 𝜇m, as per design. In the device where the 𝜃i= 150°, ℎc was around 55 𝜇m. This discrepancy
is a consequence of the errors made in the fabrication of the mold. We reiterate that we do not expect
this difference to originate due to the positioning of the rail. In figure A.1b, we non-dimensionalize 𝑅 by
ℎc and we see a better collapse of the data.

The result from the droplet generation process is further evidence that better fabrication methods must
be used in the further course of this research. We remark that, in this study, the actual size of the
droplet is always taken into consideration while computing parameters experimentally.



B
Error in estimation of 𝐶𝑎cr

In this chapter, the manner in which the error in the experimentally deduced 𝐶𝑎cr was determined is
presented. As mentioned previously, the 𝐶𝑎cr was estimated as the x-intercept of the fitted line in figure
4.10. Therefore, by fitting a line through the data points, we obtained an equation for the line as

𝑛c = 𝑚 𝐶𝑎 + 𝑐 (B.1)

where 𝑛c is the fraction of coalescence events, 𝑚 is the slope of the line, and 𝑐 is a constant. To
compute the x- intercept, we say the 𝑛c (𝐶𝑎= 𝐶𝑎cr) = 0. Therefore, we arrive at the 𝐶𝑎cr as,

𝐶𝑎cr = 𝑓(𝑚, 𝑐) =
−𝑐
𝑚 (B.2)

where 𝐶𝑎cr is represented as 𝑓(𝑚, 𝑐).The errors in the estimation of𝑚 and 𝑐 are known from the results
of the fitting function. We represent the error in 𝑚 as Δ𝑒m, the error in 𝑐 as Δ𝑒c, and the error in 𝐶𝑎cr as
Δ𝑒i. Then, Δ𝑒i is obtained as,

Δ𝑒i = [(
𝜕𝑓(𝑚, 𝑐)
𝜕𝑚 Δ𝑒m)

2
+ (𝜕𝑓(𝑚, 𝑐)𝜕𝑐 Δ𝑒c)

2
]
1/2

(B.3)

Δ𝑒i = [(
𝑐
𝑚2Δ𝑒m)

2
+ (−1𝑚 Δ𝑒c)

2
]
1/2

(B.4)
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