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Aqueous microdroplet generation involving high inertial air flow inside a T-junction microchannel was
studied numerically. The volume of fluid method was employed to track the interface between two
immiscible fluids: water and air. The effects of high inertial air flow on the water droplet generation were
investigated. At various Re and Ca numbers, unique flow regime mapping including squeezing, dripping,
jetting, unstable dripping, and unstable jetting and their transitions were determined. Unstable dripping
and unstable jetting flow regimes are new regimes which have not been previously reported in the
liquid—liquid system. The flow structure in these two flow regimes is affected by the high inertial nature
of the continuous phase which is negligible in the conventional liquid—-liquid system. It was found that
the stable aqueous droplets are generated in the squeezing and dripping flow regimes. On the other
hand, the unstable dripping flow regime is unable to sustain spherical droplets as they travel
downstream. In the unstable jetting flow regime, a stream of water is fragmented into multi-satellite
droplets and threads of different sizes as it moves downstream. The behavior of the unstable jetting flow
regime cannot be characterized due to the effect of high inertial air flow on the water stream. The

results show that droplet size increases as Ca and Re numbers increase and decrease, respectively. As
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Accepted 10th October 2017 both Ca and Re numbers increase, droplet generation frequency increases, reaching its maximum at

223 Hz. Finally, the effect of different contact angles at 120-180° on droplet size, detachment time, and
droplet generation frequency was investigated. The results of this research provide valuable insight into
the understanding of high throughput oil-free aqueous droplet generation within a gas flow.
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aqueous droplets. Numerous numerical and experimental
works have studied the underlying physics of droplet generation

1. Introduction
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In recent years, droplet microfluidics has been used as a prom-
ising, interdisciplinary technique for generation and manipu-
lation of monodisperse and discrete micrometer-sized droplets.
It offers several advantages associated with highly parallelized
experiment, monodisperse particle generation, facile control of
droplet size and frequency, small sample volume, and low
cost.'™ As a result, it has become ubiquitous in a variety of
applications such as drug delivery,**® material synthesis,
diagnostic chips,*™¢ chemical reaction,'”*® and
microreactor.***

Over the past few decades, the majority of investigations on
the aqueous droplet generation have been carried out in an
immiscible oil-liquid system: mainly oil and water (O/W) as
continuous and disperse phases, respectively. Low cost, high
commercial availability, and suitable physical properties (e.g.
high interfacial tension) of the O/W system make it an appro-
priate system for the production of stable and uniformly sized
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in the O/W system in different geometries such as flow-
focusing, T-junction and co-flowing. These include double
emulsion droplets,*>¢ high viscosity droplets,” nanofluid*>?
in droplet formation,** droplet formation with mechanical
vibration,*” droplet coalescence, and droplet splitting and
mixing.**** However, many disadvantages and limitations on
this O/W system have arisen.*® The involvement of oil in this
system requires a time-consuming and complicated post-
processing in the stage of final product collection, since the
oil should be separated from the aqueous droplets. As a result,
multiple washing steps have to be conducted off-chip to remove
oil from products which can be problematic in case of cell
encapsulation.*® Furthermore, the use of the oil phase in bio-
logical and biomedical applications always raises concerns
about the biocompatibility issues due to its toxicity.** Finally,
the low Reynolds (Re) number nature of this system results in
low throughput of droplet generation (low frequency) and
inefficient mixing through droplet collision.*

To resolve the issues of the oil toxicity and separation step in
the conventional O/W system, the continuous phase (oil) should
be replaced by either an aqueous phase or a gaseous phase. The
resultant systems would be an aqueous two-phase system

This journal is © The Royal Society of Chemistry 2017
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(ATPS) and an aqueous droplet in gaseous environment system
(e.g. water-in-air). Both systems could be appropriate biocom-
patible and eco-friendly alternatives for the biomedical appli-
cations.* On the other hand, the high throughput is another
important need for many applications, resulting in higher
production efficiency and remarkable savings in reagents and
time.** The ATPS is inappropriate to create droplets at high
frequency due to inherent low Re number flow of the water
phase. Therefore, to increase the throughput of production, the
involvement of high-speed gas flow (high Re number) is
essentially required.

The water-in-air (W/A) system is a novel approach to meet
these requirements.**** A typical Re number of air in the W/A
system due to the low viscosity and high velocity of air is
significantly higher than in the conventional O/W system. As
a result, the droplet generation frequency in the W/A system is
higher than that in the O/W system.*” The highly inertial
droplets generated in the W/A system and corresponding short
convective timescales involved in the droplet transport can
enable fast and efficient mixing of the reagents that occurs
inside the droplets. This can also improve the ability to digitally
manipulate droplets at a very high throughput.*® This fact is due
to the detaching droplet under inertial condition in W/A system
resulting from the increasing collision velocity or reducing
collision length scale. Furthermore, it has been known that
adding surfactants to the continuous phase can facilitate the
droplet generation; however, it may impose limitations on
biomedical applications due to the risk of cross-contamination.
Droplet generation in the gaseous phase doesn't require using
surfactants which makes droplet as a clean and contamination-
free medium for drug delivery and cell encapsulation.*® The W/A
system can also be used in the variety of applications such as
detection of airborne particles,* purification of organic
substances,*® aerosol drug delivery,* point-of-care diagnostics**
and simulating a lung pathway.>

Despite its importance, there are only a few experimental
works available in the W/A system, namely analysis of water
droplet/slug detachment in air flow,"”** W/A system in co-flow**
and flow focusing geometries,*>** droplet collision mixing,**>*
and coalescence of small aerosol droplets.”” Flow regime
mapping of high inertial gas-liquid droplets in flow-focusing
geometries has been done by Shahriari et al.*® They experi-
mentally and analytically investigated the effect of the micro-
channel geometry on different flow regimes and droplet sizes.
Another experimental research on liquid-gas droplets has been
performed by Tirandazi and Hidrovo.*® Droplet size, generation
frequency and flow regimes under the effect of a high speed gas
flow have been studied. Jiang et al.** used gas as the continuous
phase to generate water droplets inside a capillary co-flow
system. They found two unique flow regimes of dripping and
satellite droplets. However, the difficulties associated with the
proper control of the gas flow, as well as the instability of the
system, have limited to understand underlying physics of
droplet generation through experimental investigations in the
W/A system.*

On the other hand, numerical simulation could be an
effective tool to study the physics and mechanism of water
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droplet generation in the W/A system with the huge cost and
time savings. Numerical methods enable us to investigate the
effects of a wide range of Re numbers (i.e., various V,;;) on the
properties of aqueous droplets, which is difficult to achieve
through experiments. To the best of our knowledge, there have
been no attempts to investigate formation mechanisms and
flow regime mapping of aqueous droplets within the high
inertial gas flow in a T-junction microchannel.

In this paper, we aim to understand the dynamics of water
droplet generation in the high-speed air flow in a T-junction
geometry. We qualitatively and quantitatively studied the
effects of different Re numbers (0.1-100) and Ca numbers
(0.0001-0.1) on water droplet generation in the air phase inside
a T-junction geometry. We particularly focused on influences of
the air velocity on different flow regimes, corresponding tran-
sition Re numbers, droplet size, and generation frequency. The
importance of contact angles (6 = 120°, 140°, 160°, and 180°) on
the droplet size, generation frequency, and detachment time
was also investigated.

2. Mathematical formulation

2.1. Problem statement

Fig. 1 shows a schematic of the T-junction and boundary
conditions employed in the numerical simulation. The widths
of the main (continuous) and lateral (disperse) channels are 100
um and 30 pm, respectively. Air and water are injected into the
microfluidic device as continuous and disperse phases,
respectively. Table 1 indicates the physical properties of both

. . NI
continuous and disperse phases. Ca number (Ca= M—) is
o

defined for the water phase (disperse phase), while Re number

d
(Re = &) is calculated by the air flow (continuous phase). All
m

physical properties of both phases remain constant and therefore
Re and Ca numbers are varied only by the flow velocity. In other
words, we changed water and air velocities to study the contri-
butions of various forces such as interfacial tension, pressure,
viscous and inertial forces to the droplet generation. A wide range
of Re numbers (Re = 0.1-100) was considered to investigate the
effects of the inertial air flow on the water droplet generation. At
a fixed Re number, Ca number was changed from 0.0001 to 0.1
such that the water velocity was less than or equal to the air
velocity so as to generate aqueous droplets at the junction.*® It
should be noted that the flow field and dimensionless numbers
are time-dependent and as a result the characteristic length of the
flow used for non-dimensionalization is also a function of time.”
In our analysis, the width of the main channel was used as the
characteristic length. Various contact angles between water and
the surface were considered to study their effect on aqueous
droplet formation.

2.2. Governing equations and numerical model

The continuity and momentum equations for a two-dimensional,
laminar, and unsteady flow are expressed as below:

RSC Adv., 2017, 7, 48512-48525 | 48513
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Fig. 1 Schematic of the microfluidic T-junction.

%+V'(p17):0 (1)

%-FV([HTV) =-Vp+V- {}L(VV—F VVTH +P§+ﬁ (2)

Interfacial tension as a source term is added to the
momentum equation and can be expressed based on the
continuum surface model (CSF):

n
k=V-(— (3)
(Inl)

The finite volume method was employed to solve the conti-
nuity and momentum equations using CFD package ANSYS
Fluent 17.0. The Pressure Implicit with Splitting of Operators
(PISO) scheme was used for the pressure-velocity coupling,
while a second-order upwind scheme was employed for the
momentum equation. The pressure interpolation was per-
formed by the PREssure STaggering Option (PRESTO!) method.
The volume of fluid (VOF) method was applied with the
geometric reconstruction scheme to track the interface between
water and air. The amount of fluid in each cell is represented by
«, varying between 0 and 1. In air and water phases « = 0 and
a = 1, respectively, while it lies between 0 and 1 at the water-air
interface. The continuity equation for the volume fraction is
solved to track the interface between water and air:

pk;Va;

F=g,— 70
770500, + 1))

aai o n B
¥+V (a,v)—O,;a,—l (4)

The fluid properties in the governing equations for each cell
are calculated by the following equations:

p=p+ao(ps — wr) (5)

Table 1 Physical properties of continuous and disperse phases

Interfacial
Density Viscosity tension
(kg m™?) (Pas) (Nm™)
Continuous 1.225 1.78 x 107°
phase (air) 0.0728
Disperse phase 998.2 0.001

(water)
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p=p1+ axp2— p1) (6)

A rectangular non-uniform grid was used in this study and it
was further refined near the walls to obtain more accurate
results. The grid independence test has been carried out with
different grid sizes ranging from a coarse grid (total number of
elements = 2933) to a finer grid (total number of elements =
20 568), as shown in Table 2. It was found that the case IV
provides a reasonable accuracy. A convergence criteria and
a time step were set to 10~ ° and 1077-10"% s.

2.3. Validation of numerical procedure

In order to validate the accuracy of the current numerical
model, our numerical results were compared with the experi-
mental results of Guo and Chen® (Fig. 2), and Li et al* as
shown in Fig. 3. The current results are in good agreement with
the experiments. The small deviation between the simulation
and the experimental results are probably due to the effects of
variations in physical properties of fluids, temperature, channel
roughness, and wettability in the simulation and experiment.

3. Results and discussion

In the conventional liquid-liquid system, droplet generation is
mainly characterized by a low Re number indicating the weak
effect of the inertial force when compared with the viscous force
due to the low flow velocity. When Re < 1, interfacial tension and
viscous forces are dominant during the droplet formation.*
However, in the gas-liquid system, the contribution of the
inertial force is significant due to the high-speed gaseous flow
(i.e., high Re number) affecting the flow regime distribution and
droplet properties. At different Re numbers, herein simulations
were performed to study the effects of air and water velocities on
the dynamics of aqueous droplet generation mechanisms in the
T-junction geometry. The water phase is introduced to the
junction in the lateral channel while the air phase is injected
into the main channel. Water penetrates the main channel and
then forms an interface with air at the junction. Water creates
a plug approximately equal or greater than the channel width
blocking the main channel. Finally, the interplay between
different forces results in droplet generation in various regimes
that will be discussed.®

3.1. Flow field and regimes

Fig. 4-7 show the two-phase flow field and sequential droplet
formation in five different flow regimes including squeezing,
dripping, jetting, unstable dripping and unstable jetting. These
flow regimes can be categorized based on different Re numbers
of air and Ca numbers of water as shown in Fig. 8. It has been
generally known that in the O/W system, droplet formation can
be classified into three regimes, e.g., squeezing, dripping, and
jetting.®” In contrast, we observed five unique flow regimes in
the current W/A system.

Fig. 4 shows stable droplet generation in squeezing and
dripping flow regimes at six sequential stages: intrusion,
blocking, squeezing, pinch-off, breakup and droplet.®® In each

This journal is © The Royal Society of Chemistry 2017
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Table 2 Grid independence tests

Case I Case II Case III Case IV Case V
No. elements 2933 5182 10 125 14 112 20 568
Droplet detachment time (s) 0.00562 0.00566 0.00572 0.00574 0.00574
Droplet length (um) 145 143 141.8 140 139.5

AL

(b)

t=0.012s

Fig. 2 Validation: (a) experiment,®® (b) simulation (present study).

stage, the droplet size and detachment time are uniquely
distributed at different combinations of Re and Ca numbers. It
has been known that the mechanisms of the droplet breakup
are slightly different under the squeezing and dripping flow
regimes, which affect the droplet size and frequency.®> To
understand the droplet generation mechanisms in the
squeezing and dripping flow regimes, contributions of each
force to the droplet formation are considered. The main forces
acting on the disperse phase include pressure, interfacial
tension, viscous and inertial forces.> In general, viscous and
pressure forces act on water driving it downstream while the
interfacial force resists detachment of droplets at the junction.
In detail, these forces act dynamically on droplet generation as
described in six sequential stages for the squeezing flow regime.

25
-o-Experiment [61]
5 [ -e-Present Study
15 |
g
1 -
05 |
0 L . . L
0 0.005 0.01 0.015 0.02
Ca

Fig. 3 Comparison between the current numerical results with
experiment for the dimensionless droplet size.®*
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At a low Re number due to the low velocity of air, the inertial
force and shear stress are not significant leading to the
squeezing flow regime (Fig. 4a-d). In the early stage of the
squeezing flow regime, water enters from the lateral channel to
the main channel and meets the air stream (“intrusion stage”).
The water penetration to the main channel continues until it
blocks the main channel (“blocking stage”) followed by
continuous increases in the upstream pressure. Therefore, the
droplet breakup mechanism in this regime is dominated by
a pressure drop across the droplet. The continuous injection of
the disperse phase leads to the critical pressure drop when the
entire main channel is blocked by the water. Then air starts to
force and squeeze the neck of the water thread (“squeezing
stage”). The squeezing of water by air continues until the water
neck gets very thin. Finally, pinching-off and breakup occur and
the upstream pressure drops abruptly (“pinch-off and breakup
stages”) (see Video 17). It should be noted that the physical
confinement of the channel wall completely affects the droplet
generation in the squeezing flow regime.*®

The mechanism of droplet generation in the dripping flow
regime, known as shear-dominated,** is slightly different from
the squeezing flow regime. The disperse phase partially blocks
the main channel (Fig. 4e-g).** Although it's known as shear-
dominated, the exerted shear force of air on the water is not
high enough to overcome interfacial tension. Due to this, the
water plug oscillates at the junction (see Video 2t). During this
oscillation, the water plug blocks the main channel several
times and the pressure force due to the blockage of the main
channel by the droplet plays an important role in the breakup.
The breakup occurs when these three forces are balanced where
the transition from the squeezing to dripping flow regimes
occurs at Re = 10.

RSC Adv., 2017, 7, 48512-48525 | 48515
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Fig. 4 Different stages of droplet generation; (a—d) squeezing flow regime (a) Re = 0.1 Ca = 0.0001, (b) Re = 0.5Ca=0.001, (c)Re=1Ca =

0.0005, (d) Re = 5 Ca = 0.001; (e—q) dripping flow regime (e) Re = 10 Ca = 0.0005, (f) Re = 20 Ca = 0.0001, (g) Re = 20 Ca = 0.001.
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Fig. 5 Droplet generation in jetting flow regime; (a) Re = 10 Ca = 0.005, (b) Re =10 Ca = 0.01, (c) Re = 20 Ca = 0.005, (d) Re =100 Ca = 0.01.
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Fig. 6 Droplet generation in unstable dripping flow regime; (a) Re = 30 Ca = 0.0005, (b) Re =40 Ca = 0.0001, (c) Re = 50 Ca = 0.001, (d) Re =

100 Ca = 0.0001, (e) Re = 100 Ca = 0.001.

Fig. 5 shows the jetting flow regime at a wide range of Re
number (Re > 5) and Ca = 0.005, 0.01 (see Fig. 8). In this regime,
a stream of water is extended downstream of the main channel
while attached to the top wall and parallel to the continuous
phase (see Video 37). It should be noted that in this study, the

jetting flow regime is rather different when compared with the
liquid-liquid system. In some cases (Re = 10, 20, and 50 and Ca
= 0.005), a long thread of water forms a thin neck far from the
junction resulting in breakup and forming big droplets (Fig. 5a
and c). Therefore, droplet generation moves much further

ms ms

t=0.018 t=0.036  t=0.046 ms  t=0.048 ms t=0.124 ms t=0.31 ms

e e T T mm——

t=0.014 ms t=0.04 ms t=0.068 ms t=0.164 ms t=0.38 ms
t=0.502 ms

t=0.008 ms  t=0.018 ms t=0.032 ms t=0.05 ms t=0.076 ms
t=0.122 ms

Fig. 7 Droplet generation in unstable jetting flow regime; (a) Re = 50 Ca = 0.05, (b) Re = 100 Ca = 0.05, (c) Re =100 Ca = 0.1.
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downstream from the junction as compared to its breakup
point in the liquid-liquid system. This behavior is due to the
interface instability caused by the exerted shear force of air on
the water phase.®® In other cases (Fig. 5b and d), the water
stream extends to the outlet without droplet generation and
breakup may occur either close to or after the outlet (parallel
flow regime). As a result, it is impossible to distinguish the
jetting flow regime from the parallel flow regime in the high
inertial gas-liquid system. By further increasing the Re number,
the water stream becomes thinner due to the high inertial air
flow which pushes water to the top wall of the channel (Fig. 5d).

We found two new flow regimes that have not been previ-
ously seen in the liquid-liquid system occurring at high Re
numbers (Re = 30, 40, 50, and 100) called unstable dripping and
unstable jetting flow regimes (Fig. 6 and 7). The flow structures
in these two flow regimes are also affected by the high inertial
nature of the continuous phase which has been neglected in the
liquid-liquid system. In the unstable dripping flow regime (Ca <
0.005), the formed droplet cannot sustain its initial shape
(Fig. 6). As the droplet passes the downstream, its interface is
deformed, causing shape changes (see Video 47). This is due to
the fact that the contribution of inertial force of air is compa-
rable with the interfacial tension. At Re = 100, it can lead to the
breaking of droplets into small parts. The sequential stages of
droplet generation in this regime is the same as the dripping
regime. However, in the unstable dripping flow regime, water is
not able to completely block the main channel. Therefore,
unlike dripping and squeezing flow regimes, there is no
significant pressure increase during the squeezing stage. In the
unstable jetting regime (Ca > 0.01), an unstable thread of water
extends downstream where its tip breaks up intermittently into
small or large volumes of water at different locations (Fig. 7).
The dominant flow structure at Ca = 0.05 includes a long jet of
water along with multi-satellite droplets of different sizes (see
Video 51). The behavior of flow field is unable to be predicted
due to the effect of high inertial air and water flows.

Fig. 8 summarizes the five flow regimes over a wide range of
flow conditions at different Ca and Re numbers. The squeezing
and dripping flow regimes occur at Ca and Re numbers less
than 0.001 and 20, respectively. At low Ca numbers (Ca =
0.0001, 0.0005, and 0.001) and high Re numbers (Re = 30, 40,
50, and 100), droplets are generated in the unstable dripping

100 A A X X
50 A A X
40 A A X
30 A A X
° 20 ] ] | A A
X 10 ] ] ] A A
5 ° L ° A ® Squeezing
1 ® ® Y ® Dripping
05 ° ° A Jetting
. Unstable Dripping
0.1 [ ] * Unstable Jetting
0

0 0.0001 0.0005 0.001 0.005 0.01
Ca

0.05 0.1

Fig. 8 Flow regime map.
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flow regime while they are unable to maintain their initial
shapes throughout the main channel. It is concluded that at the
low Ca numbers but all Re numbers, droplets are formed at the
junction in three regimes of squeezing, dripping, and unstable
dripping. The jetting flow regime occurs at the middle Ca
numbers and a wide range of Re numbers (Re = 5-100, Ca =
0.005, 0.01). The unstable jetting regime occurs at both high Ca
and Re numbers such that the water jet is fragmented into small
volumes and threads which are the dominant structures in this
regime. It is worth mentioning that at Ca = 0.05 and 0.1, the
inertial force of water completely dominates the interfacial
force. Generally, at high Re numbers (Re = 30, 40, 50, and 100),
stable droplet generation is impossible even at low Ca numbers.

3.2. Droplet size

Fig. 9 shows the droplet size at different Ca and Re numbers: (a)
the ratio of droplet length to the channel width in the squeezing
and dripping flow regimes and (b) the ratio of droplet diameter
to the channel width in the unstable dripping flow regime. In
Fig. 9b, the droplet diameter (D) represents the diameter of the
non-spherical droplet equivalent to that of the spherical
droplet. It can be found from Fig. 9a and b that the droplet size
increases as Ca number increases because the water phase is
injected at a higher flow rate into the main channel forming
bigger droplets. At a fixed Ca number, droplet size decreases
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with an increase in the Re number. As the Re number increases,
the velocity of the continuous phase increases and this in turn
enhances the inertial and shear forces resulting in smaller
droplets.

As shown in Fig. 9a, the effect of increasing the Ca number
on the increase in the droplet size is more pronounced at lower
Re numbers. For example, by increasing the Ca number from
0.0001 to 0.001, the droplet length increases from 3.6% at Re =
10 to 15% at Re = 0.5. The biggest droplet is generated at Re =
0.5 and Ca = 0.001, while the smallest one is formed at Re = 10
and Ca = 0.0001 (Fig. 9a). According to Fig. 4 and 9a, the length
of droplets is bigger than the width of the channel for all Re and
Ca numbers and their shapes are not spherical. The diameter of
droplets in the unstable dripping flow regime are less than the
channel width, and accordingly generated droplets in this
regime are always smaller than those in squeezing and dripping
flow regimes (Fig. 9b). The smallest unstable droplet is formed
at Re = 100 and Ca = 0.0001 (D/W = 0.53).

3.3. Droplet detachment time and frequency

The droplet detachment time, the instant that the water thread
was detached from the lateral channel, at different Ca and Re
numbers is shown in Fig. 10a and b for squeezing and dripping
and unstable dripping flow regimes, respectively. At a fixed Re
number, the droplet detachment time decreases with an
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Fig. 10 Droplet detachment time in (a) squeezing and dripping flow
regimes, (b) unstable dripping flow regime.
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increasing Ca number. As the Re number increases, this time
scale decreases and droplet breakup occurs quickly. The
reduction in the detachment time from Ca = 0.0001 to 0.0005 at
a given Re number is significantly higher than that from Ca =
0.0005 to 0.001 due to an increase in water velocity at a fixed air
velocity. On the other hand, the difference in the detachment
time at various Re numbers decreases as Ca number increases.
The maximum detachment time occurs at the lowest Re and Ca
numbers corresponding to the squeezing flow regime (o,
Fig. 10a), while its minimum happens in the unstable dripping
flow regime (e, Fig. 10b, Re = 100 and Ca = 0.001).

The droplet detachment time also can be interpreted as
a frequency of droplet generation. Fig. 11 shows the variation of
droplet generation frequency versus the Ca number at different
Re numbers. Increasing Re number results in the higher droplet
generation frequency with the smaller droplets. We found that
the maximum frequency providing stable droplet generation is
223 Hz and occurs at Re = 20 and Ca = 0.001 in the dripping
flow regime (e, Fig. 11a). Also, the maximum frequency of
unstable droplet generation in the unstable flow regime is
512 Hz (+, Fig. 11b).

3.4. Temporal variation of pressure

A pressure drop across the droplet plays an important role in
the droplet breakup mechanisms.*® As such, variations of
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pressure near the junction area are useful to understand the
underlying physics of droplet generation. Fig. 12-15 show the
temporal variations of pressure at two phases (P. for the
continuous phase and Py for the disperse phase) for squeezing,
dripping, jetting, and unstable dripping flow regimes. P, is
measured at a point before the junction in the main channel,
whereas Py indicates the pressure at a point in the lateral
junction (Fig. 1). Compared to droplet generation in the liquid-
liquid system, the pressure profile in the W/A system experi-
ences more fluctuations over time. This is mainly due to the
high flow velocity and the inertial force of the gas phase on the
water droplet.

Fig. 12 shows the pressure evolution at points P. and Pq4 in
the squeezing flow regime at Re = 1 and Ca = 0.001. During the
intrusion stage, water starts to enter the main channel and P,
remains approximately constant until ¢ = 3.5 ms when the
blocking stage occurs. Due to the pressure build-up before the
droplet at P., the pressure profile experiences an increase and
the squeezing stage follows. At ¢t = 8.2 ms, the droplet breakup
stage occurs and the pressure drops abruptly. On the other
hand, the pressure of the disperse phase (P4, Fig. 12b) first
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undergoes a decrease and subsequent increase from the
blocking to squeezing stages. First, water slowly starts to enter
the main channel and pushes itself into the air resulting in
decreased P4. During the squeezing stage, the curvature of the
growing droplet at the neck is gradually decreased as the tip of
the water thread penetrates further into the main channel,
leading to increases in the pressure P4.” Then it shows a peak
because of droplet breakup. Generally, P4 is always higher than
P, at the same timescale as expected.®® The temporal variation of
pressure in the dripping flow regime (Re = 20 and Ca = 0.0001)
is shown in Fig. 13. The magnitudes of pressure in this regime
are higher than that in the squeezing flow regime (cf., Fig. 12) as
the flow velocity is higher (Re = 1 in Fig. 12 vs. Re = 20 in
Fig. 13). While the general behavior of pressure variations in the
dripping flow regime is similar to that in the squeezing flow
regime, P, presents differently in the blocking and squeezing
stages. It dramatically increases in the squeezing flow regime
due to the complete blockage of the main channel, while it
fluctuates in the dripping flow regime due to the dancing
motion of the droplet (see Video 21). This dancing motion
affects the variation of Py leading to its fluctuation trend
(Fig. 13b).
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Fig. 14 shows evolution profiles of pressure in the jetting flow
regime at Re = 10 and Ca = 0.005. During the intrusion process,
P. and P4 experience increasing (Fig. 14a) and decreasing
(Fig. 14Db) behaviors, respectively, following periodic fluctua-
tions in both P. and Py. The periodic fluctuation behaviors are
due to the periodic blockage of the main channels by the
elongated water tip as it travels toward the downstream (see
Video 31). As shown in the figure, the first blockage occurs at t =
0.9 ms and the traveling water tip blocks the channels multiple
times generating multiple peaks. The temporal variation of
pressure in the unstable dripping flow regime (Re = 100 and Ca
= 0.001) is shown in Fig. 15. Compared to the previous regimes,
pressure in the unstable flow regime experiences less fluctua-
tion since the droplet is unable to block the main channel.

3.5. Contact angle

In droplet generation in the microfluidic T-junction, the contact
angle plays an important role in droplet sizes and shapes as
non-spherical droplets with a high surface-to-volume ratio are
typically generated in this geometry.>® All generated droplets in
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the squeezing and dripping flow regimes have a length longer
than the channel width (Fig. 9a); therefore, droplet formation is
highly influenced by the channel wall. To investigate the effect
of a contact angle on droplet generation mechanisms in the
simulation, four different contact angles (f,,) at 120°, 140°, 160°,
and 180° from weak- to super-hydrophobic surfaces were
examined. The contact angle indicates the interaction of water
molecules and the channel wall. It defines the adjustment of the
curvature of the surface near the wall:

7T = iiy €OS Oy, + fy sin Oy, 7)

where n,, and ¢, are normal and tangential unit vectors to the
wall, respectively. The local curvature of the surface can be
determined using this contact angle with the surface normal
one cell away from the wall. Finally, this curvature is used to
adjust the body force term in the surface tension calculation.
Fig. 16 and Table 3 show the effect of different contact angles
on the shape and size of droplets, detachment time, and
frequency. By increasing the contact angle, the droplet detach-
ment time decreases for both Ca = 0.001 and 0.0001 (Table 3).
This behavior can be explained that as the contact angle
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Table 3 Characteristics of droplet generation at different contact angles (Re = 5)
Ca 0.001 0.0001
O 120° 140° 160° 180° 120° 140° 160° 180°
LW — 1.94 1.8 1.65 1.94 1.7 1.52 1.5
Detachment time (ms) — 8.08 6.64 6.48 88.46 74.22 62.94 59.8
Frequency (Hz) — 124 151 154 11 13 16 17
increases, the adhesive force of water on the channel wall, i.e., regimes, the droplet detachment time and droplet size
a wall resistance to the flow, decreases. Consequently, the flow decrease.

becomes faster and breakup occurs at an earlier time.*® On the
other hand, the droplet length decreases as the contact angle
increases. This is due to the hydrophobicity of the channel wall
exceeding the effect of interfacial tension for droplet genera-
tion. Since the droplet is completely confined by the channel
wall, increasing the adhesive force of water on the wall results in
larger droplets. It is worth noting that at Ca = 0.001 and 6, =
120°, the flow regime is in the jetting flow while it is in the
squeezing flow regime in other angles. The droplet generation
frequency experiences an increasing trend by increasing the
contact angle.

4. Conclusion

In this paper, we numerically studied the underlying mecha-
nisms of aqueous droplet generation in high inertial air flow in
a T-junction droplet generator. Applying the pressure-based
finite volume method with the volume of fluid model, contri-
butions of various forces on droplet generation were analyzed.
In addition, the two-phase flow behaviors of water droplets
within air over a wide range of Ca and Re numbers were
examined. At various Re and Ca numbers, unique flow regime
mapping was determined including squeezing, dripping,
jetting, unstable dripping, and unstable jetting. Unstable drip-
ping and jetting flow regimes have not been reported in the
previous studies. The main characteristic of these new regimes
is the significant effects of the high inertial force of air flow on
droplet generation, resulting in an unstable structure of water
flow. Due to the distinct dynamics of the droplet breakup
mechanism, many two-phase flow patterns at different flow
regimes were observed such as droplets, plugs, thin water film,
multi-satellite droplets, and fragmented droplets and threads.
Droplet size increases as Ca and Re numbers increases and
decreases, respectively. The system reached its maximum at
223 Hz in the dripping flow regime while at 512 Hz in the
unstable dripping flow regime. Lastly, we found that by
increasing the contact angle in the squeezing and dripping flow
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