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This paper presents a parametric study using a three-phase axisymmetric numerical simulation on a dual co-axial
microfluidic device for creating compound droplets. The Volume of Fluid-Continuum Surface Force model (VOF-
CSF) was developed to perform a parametric analysis of the double emulsion formation in a dual co-axial
microfluidic device. The model was used to investigate the effects of phase velocities, viscosities, and interfa-
cial tensions on the size and generation rate of the double emulsions, with the assistance of the Design of Ex-
periments (DOE) and Response Surface Methodology (RSM). The DOE considerably decreased the number of
simulations. A sensitive analysis revealed that the outer phase parameters have the most noteworthy influence on
double emulsion characteristics. Dimensionless numbers, including Weber number of the inner phase (Wej,), the
capillary number of the middle phase (Capiq), and the capillary number of the outer phase (Caoy), were also
implemented to examine the effects of essential forces on the double emulsion size. The simulation results
verified that the size of both the inner and the outer droplets could be easily adapted within a broad range by
adjusting non-dimensional parameters. The simulation results can be utilized to generate a broad range of liquid-
liquid encapsulated structures.

1. Introduction

Double emulsions are three-phase dispersions in which a liquid shell
encapsulates one liquid droplet, which is further dispersed in another
continuous phase. Due to the presence of the middle phase as a pro-
tective shell or semipermeable barrier separating the inner phase droplet
from the continues phase medium, double emulsions are suitable
structures for a broad range of applications, including controlled de-
livery [1-3], food science [4,5], biotechnology [6,7], and cosmetics [8,
91.

The procedure of double emulsion generation is generally based on
the combinations of the most common microfluidic droplet generation
strategies. These strategies can be categorized into three groups: (1)
cross-junctions [10-12], (2) flow-focusing [13-16], and (3) co-flowing
[17,18]. Glass capillary devices have been able to combine two
consecutive co-flowing and flow-focusing strategies, and hence are one
of the most common and effective methods for the production of mon-
odispersed double emulsions with high throughput [19]. Utada et al.
[14,20], were one of the leading groups to develop and characterize a
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microcapillary device to study double emulsion formation. Their device
could perform fluid encapsulation (with a high degree of control) and
the quantitative prediction of droplet size from the flow profiles of the
fluids. Other groups have improved the geometry of microcapillary
devices for precise control of emulsion structures. For instance, Aka-
matsu et al. [21] developed a membrane-integrated glass capillary for
producing water-in-oil-in-water (W/O/W) compound droplets, which
was able to produce emulsions with ultra-thin shells. A similar geometry
was employed by Nam et al. [22], in which they also injected Pt nano-
particles through the inner phase into the emulsion to make the struc-
ture active for catalyst applications.

Numerous experimental studies have been performed on drop for-
mation in glass capillary devices with a focus on the impacts of fluid flow
rates and geometry on the size and morphology of double emulsions
[23-27], however, compared to the experimental works, there have
been a very few numerical parametric studies devoted to double emul-
sion formation and transition from dripping to jetting regimes in
microfluidics [28-33]. For instance, Zhou et al. [28] numerically
investigated the formation of compound droplets in a 2D axisymmetric
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flow-focusing geometry. They utilized finite elements with adaptive
meshing and detected both dripping and jetting regimes in relatively low
and high flow rates, respectively. The assumption of 2D axisymmetric
geometry was doubtful for rectangular cross-sections flow-focusing de-
vice, and hence the results were not reliable. Another 2D axisymmetric
simulation on double emulsion formation has been performed by Nabavi
et al. [29] using the Volume of Fluid (VOF) method in combination with
the Continuum Surface Force (CSF). Their structure was based on the
combination of co-flowing and a flow-focusing. Although they per-
formed a comprehensive study on the effects of various parameters,
including phase flow rates, physical properties, and geometrical pa-
rameters, the effects of each parameter were investigated individually,
which means they changed each parameter when the others were kept
constant. So, they did not provide an in-depth understanding of the
sensitivity of each parameter on the double emulsion characteristics. A
few studies have presented three-dimensional (3D) simulations to
investigate the effects of various parameters, including phase flow rates,
fluid properties, and geometry of the capillaries on the characteristics of
the double emulsion. For instance, a 3D simulation was developed by
Azarmanesh et al. [31] for two consecutive flow-focusing devices used
to generate and manipulate double emulsion droplets. They used Direct
Numerical Simulation (DNS) using the finite volume method and
adaptive mesh refinement technique. They studied influence of various
non-dimensional groups on the characteristics of compound droplets
and found a decussate regime of the double-emulsion/empty-droplet at
low Weber numbers of the inner fluid. However, they only investigated
effects of phase flow rates, and influences of other physical properties
were missed in this study. Vu et al. [32] utilized the front-tracking
method to study the influence of surface tension, phase velocities, and
radius ratio on the characteristics of compound droplets in an axisym-
metric co-flowing design, and found that the transition from dripping to
jetting is profoundly affected by the flow rate ratios.

Unlike the limited number of modeling studies published for double
emulsions, diverse approaches have been developed for the simulation
of multiphase flow in microfluidics, which are generally classified into
surface tracking methods and interface capturing methods [34]. The
surface tracking method requires lattices for tracking the interfaces,
which are updated at each time step [35,36]. In contrast, the
interface-capturing method utilizes a continues function, which is usu-
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technique. The results have been extended using Response Surface
Methodology (RSM), and the influence of various input parameters on
the characteristics of double emulsions, including inner and outer
droplet sizes and frequency of formation, have been investigated. To
evaluate the influence of different parameters on double emulsion for-
mation, we performed a sensitivity analysis and found that outer phase
parameters have the most significant influence on compound droplet
characteristics. We also implemented some non-dimensional groups to
analyze the impacts of effective forces on the double emulsion formation
process. To the best of our knowledge, this is the first numerical simu-
lation study of double emulsion formation in an axisymmetric dual co-
axial device using DOE and RSM, which can both reduce total compu-
tational time and investigate the influence of various combinations of
the input parameters simultaneously.

2. Methodology
2.1. Governing equations

The governing equations consist of the conservation of mass, Eq. (1),
and momentum, Eq. (2).
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in which p, t, Tf, P, and y donate density, time, velocity vector, pressure,
and dynamic viscosity, respectively. F; is the surface tension force acting
at the interface of two immiscible phases. The gravitational acceleration
has been neglected since the length-scale is in the order of a few microns.

In the VOF model, an additional continuity equation is solved to
track the interface for the volume fraction of Phase p. a, is a represen-
tation of the phase advection.

24 U.Va,=0 3

The portion of each computational cell filled with a specific phase is
determined by the volume fraction of that phase using the following

0 < a, < 1 : The computational cell contains an interface between phase pth and one or more other phases 4

ally called an "indicator function", to determine the different phases as
well as the position of the interface [34]. This method demonstrates
higher flexibility of handling topological changes and is, therefore, more
suitable for droplet simulation [34]. Common interface capturing
methods are the Level set method [37], phase-field method [38], and
Volume of Fluid (VOF) method [39]. The VOF model, coupled with
Continuum Surface Force (CSF) approach [40], has been reported to be a
very promising method for the simulation of droplet microfluidics
problems [29,41]. Furthermore, it is well-known that the VOF method is
entirely independent of the density and viscosity ratios of phases or the
phase flow Reynolds number [42], which makes this method applicable
in a wide range of operating conditions. Besides, the surface properties
can be readily adjusted in the VOF-CSF method in the wall boundary
conditions [29,41].

In this study, we performed a 2D axisymmetric simulation on a dual
co-axial microfluidic device for the controllable generation of com-
pound emulsions using the VOF-CSF approach. In total, eight parame-
ters, including five physical parameters and three fluid flow rates, have
been systematically varied utilizing the Design of Experiment (DOE)

conditions:

In the present model, subscribes 1, 2, and 3 refer to the inner, middle,
and outer phases, respectively. The density and the dynamic viscosity
are defined to vary smoothly over the interface by letting:

p=aip; +ap, + (1 —ar —a)p; (5)

H=aipy +aopy + (1 —ar —a)p, (6)

Employing the CSF method, the interfacial surface force, Fg, is
calculated using the diffuse interface representation:

Fy = oxVa 7

where o is the interfacial tension, and « is the local curvature of the
interface, which is calculated as follows:

k=V.n ®

where 7 is the unit normal defined as,
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Despite the significant ability of the VOF model to capture the sharp
interface, it has a few limitations including: (i) lack of compatibility with
the density-based solvers (only the pressure-based solvers must be
employed); (ii) the need for all control volumes to be filled with either a
single fluid phase or a mixture of phases (the VOF model is not appro-
priate for void regions where no fluid of any type is available); (iii) the
lack of ability of the VOF explicit scheme in applying the second-order
implicit time-stepping formulation.

The VOF method can also be employed in conjunction with Fluid
Solid Interaction (FSI) analysis. The coupling between an FSI and a VOF
solver has significantly increased the ability to analyze a wide range of
problems involving major applications such as filling [43], sloshing
[44], and the study of tanks under earthquake loads [45]. In order to
couple the two problems, various strategies have been proposed [46,471;
for instance, the first code output field can be printed on a file, and the
other code can be performed with this file as an input and vice versa.

2.2. Non-dimensional numbers
The Weber number of the inner phase, We;,, and capillary numbers of

the middle, Cayiq, and outer phases, Cayy, are considered as the non-
dimensional groups.
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In the above relations, p, o, u, U, and D denote density, interfacial
tension, viscosity, superficial velocity, and droplet diameter, respec-
tively. Subscribes in, mid, and out refer to the inner, middle, and outer
phases, respectively. Also, 672 and o623 are interfacial tensions between
the internal and middle and the middle and external phases,
respectively.
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2.3. Numerical method

The geometry of the microfluidic device consists of three nested
capillary tubes, shown in Fig. 1 along with the boundary conditions and
the meshed domain. The inner, middle and outer capillary tubes have
the same axis and different internal diameters of 20, 60, and 120 pm,
respectively. The tips of the inner and middle capillaries are precisely
placed in the same position. The length of the main capillary tube is 20
times longer than the outer capillary diameter to eliminate the influence
of the outlet boundary.

A 2D axisymmetric, time-dependent pressure-based segregated al-
gorithm in the finite volume based Ansys® Fluent 19.2 commercial
software was developed to perform the parametric analysis on com-
pound droplet formation. The discretized moment equation was
approximated employing the QUICK scheme to get the most accurate
solution. The pressure term interpolation was obtained by the PRESTO
scheme in which the pressure term was directly calculated on the in-
terfaces, and interpolation errors were avoided [29]. The
pressure-velocity coupling was accomplished by the SIMPLE scheme,
and the interface interpolation was performed by the
Geo-Reconstruction algorithm. A variable time step method using the
maximum Courant number, Copqy, wWith the prescribed value of 0.35,
was employed to reduce the computational cost.

All three inlets were specified using constant inlet velocities. The
outlet boundary was determined as the pressure outlet. All other
boundaries were imposed with the non-wetted wall conditions because
the encapsulated structure in the designed geometry was not influenced
by the wettability of the outer wall.

Three different cases based on mesh resolutions of 10, 5, and 2 pm
were considered in order to investigate the grid dependency effect. Since
no significant differences in the behavior and characteristics of com-
pound droplets were observed for the resolutions of 5 and 2 pm,
considering computational cost and a large number of simulations, a fine
mesh with a resolution of 5 pm was implemented for all simulations.

2.4. Model validation

Although several studies have verified the accuracy of the VOF
model, here, we present a qualitative comparison of our model with
experiments conducted by Shao et al. [48] (Fig. 2). Their double
emulsion generation consisted of two main parts, including a supporting
body and three co-axial capillaries. In this configuration, the inner fluid

Meshed domain

Pressure outlet

- Symmetry axis

0.00015

0.0003

0.0006 (m)
0.00045

Fig. 1. Schematic view of the two co-axial geometry for the preparation of double emulsions along with boundary conditions and the meshed domain.
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(b)

1 mm

Fig. 2. (a) Experimental study of Shao et al. [48] (Reproduced from [40] with
permission from Elsevier, Copyright © 2013 Elsevier Ltd), and (b) numerical
simulation of the compound droplet formation (The corresponding conditions
are Qi+ Qn =200 pl/min, Q;/Qm =2, and Qo =2000 pl/min). (Left) Near
breakup moment; (Right) after the breakup.

is injected through the innermost capillary tube into the middle capil-
lary, which together are injected into the outer capillary. The double
emulsion is then created at the downstream of the outer capillary as a
result of dripping instability. They also utilized a high-speed camera
with a recording frequency of 200 fps mounted to a zoom lens to record
the generation of double emulsions. Our numerical model could accu-
rately predict the compound droplet formation process both before
(Fig. 2a) and after (Fig. 2b) breakup. The inner and outer droplet di-
ameters of the numerical simulation were 1403 pm and 1983 pm,
respectively, while the experimental measurements revealed diameters
of 1433 pm and 2003 pm, respectively. Hence, the errors are approxi-
mately 2% and 1% for the inner and outer droplet diameters, respec-
tively. The corresponding operation conditions are Q; + Q, = 200
pl/min, Q;/Qm = 2, and Qp = 2000 pl/min, where Q;, Qn, and Qo are the
inner, middle, and outer phases flow rates, respectively.

Table 1
The range of input parameters for the design of experiment study.

Parameter Symbol  Unit Range
Inner phase velocity U; m/s 0.01-0.1
Middle phase velocity Unia m/s 0.01-0.1
Outer phase velocity Uoue m/s 0.05 - 0.5
Inner phase viscosity Hin Pas 0.025-0.1
Middle phase viscosity Hmid Pa.s 0.025-0.1
Outer phase viscosity Hout Pa.s 0.007-0.08
The interfacial tension between inner and 012 N/m 0.005-0.06
middle phases
The interfacial tension between middle and 023 N/m 0.025-0.1
outer phases
Inner phase density Pin kg/ 1180
m3
Middle phase density Prmid kg/ 1170
m3
Outer phase density Pout kg/ 1200
3
m
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2.5. Design of experiment (DOE)

The DOE method provides an efficient and statistical approach to
obtain desirable results. Contrary to traditional experimentation (which
varies one-factor-at-a-time (OFAT)), the DOE method changes multiple
variables simultaneously, allowing the assessment of interactions be-
tween variables [49]. Response Surface Method (RSM) is one of the
well-known formal experimental plans in which quantitative indepen-
dent variables will be related to the response variables utilizing some
statistical models [49].

Here we considered three phase inlet velocities and five physical
properties, including viscosities and interfacial tensions between phases,
as the input parameters to our DOE. The range of input parameters is
tabulated in Table 1. Note that the densities of phases were ignored as
the input parameters since it was found that they do not have a signif-
icant effect on the formation process and characteristics of double
emulsions [29]. This assumption led to a significant reduction in the
number of design points from 242 to 82 using the Central Composite
Design (CCD) scheme. CCD has been utilized widely along with RSM to
design and optimize different problems in various fields of studies and
has been demonstrated to be a robust and efficient approach [50,51].
Here, we implemented a full second-order polynomials model [52] as
the response surface type, which is widely used in RSM due to its high
accuracy in solving real response surface problems [53].

The inner and outer droplet diameters and double emulsion fre-
quency of formation have been considered as the output parameters. The
goodness of the fit plot for droplet diameters, illustrated in Fig. 3 com-
pares the results obtained by the response surface method to those
observed from design points. The results show a coefficient of deter-
mination of 0.94 and 0.93 for inner and outer droplet diameters,
respectively, which are appropriate values for a response surface study
[54].

3. Results and discussion
3.1. Dripping regime

The formation of the double emulsions in the asymmetrical geometry
is simulated within two same-level co-axial arrangements. For dripping

regime, the inner fluid is injected through the internal channel into the
forming droplet of the middle phase, which results in the creation of the
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Fig. 3. A comparison between data gathered from the response surface study
and data observed from the design points.
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Fig. 4. Steps of double emulsion formation in dripping regime. (a) The filament of the inner phase is moving inside, forming a droplet of the middle phase
(t =8.34 ms). (b) The inner phase filament then penetrates the middle phase droplet while it is in the necking process (t = 9.08 ms). (c) The outer droplet breaks up
due to the dripping instability, and the double emulsion is created (t =9.49 ms). ((1) and (2) refer to the first and second compound droplets, respectively). The
corresponding operation conditions are Uy = 0.05m/s, Upig = 0.05m/s, Uy = 0.1 m/s, p;; = 0.0396 Pa.s, p,;q = 0.0648 Pa.s, u,, = 0.0482 Pa.s, 012 =

0.00574 N/m, and 023 = 0.095 N/m.

inner phase liquid filament (Fig. 4a). The inner filament then penetrates
the forming droplet of the middle phase (Fig. 4b). Finally, as a result of
dripping instability, the double emulsion droplet is generated at the
downstream end of the main channel (Fig. 4c). When it reaches the
downstream of the microchannel, the outer droplet diverges from the
spherical shape due to the higher momentum of the inner droplet, which
tends to accelerate it towards the outer tip of the droplet.

3.2. Jetting regime

When the flow rate of the dispersed phase increases, the formation of
the droplet changes to the jetting regime, and the fluid filament is
breaking up downstream of the channel through a jet instability process.
It is well-known that when the capillary number of the continuous phase
is small, the dripping regime occurs because of the domination of the
surface tension over viscous forces. When the continuous phase capillary
becomes larger, the viscous shear force is the dominant force, and the
jetting regime happens. The procedure of double emulsion formation is
almost similar to that of the dripping regime, i.e., the inner jet stream
penetrates the forming jet of the middle phase (Fig. 5a), the necking
process results in breaking up the internal jet stream into single or
multiple droplets (Fig. 5b), and the outer jet stream also breaks up into
several droplets, which encapsulate inner droplets (Fig. 5¢).

3.3. Widening jet regime

The droplet formation in both dripping and jetting regimes can be
theories. The

various instability

employing

explained by

(b)

Rayleigh-Plateau [55] is one of the most well-known theories,
explaining why/how a liquid filament breaks up into smaller droplets
with an equivalent volume but a smaller surface area. The absolute
instability occurs when the instability in the fluid thread advances in
both downstream and upstream [56]. This situation is designated as the
dripping regime because instabilities invade the entire jet, particularly
the injecting orifice outlet. Conversely, suppose all developing in-
stabilities travel downstream. In this case (i.e., called convective [56]),
the jetting regime happens, in which the fluid velocity is relatively high
to advect the instabilities causing the breakup phenomenon away from
the orifice tip.

In addition to the two common flow regimes in co-flowing devices
(dripping and jetting regimes), another flow regime very similar to the
jetting with some minor differences has been identified. This flow
regime is called widening jet regime [30]. In such a regime, the tip of the
formed jet has a widening shape, resulting from the higher velocity of
the middle phase compared to that of the outer phase [29]. Therefore,
the larger shear rate at the interface due to the larger velocity difference
decelerates the liquid jet, provoking it to widen [57]. In this flow regime,
the double formation procedure is similar to the previous regimes
(Fig. 6). The only difference compared to the jetting regime is that the
filament breakup is followed by a single droplet formation (there is a
larger droplet at the tip of the liquid filament). It should be noted that
the monodispersity of this flow regime is generally smaller than the
dripping regime due to the higher and more irregular instabilities acted
on both interfaces.

Tean
—

o 20002 0.00M im}
— cxmm—
©.0001 05003

Fig. 5. Steps of double emulsion formation in the jetting regime. (a) The jet of the inner phase is moving inside of the forming jet of the middle phase (t = 9.24 ms).
(b) The jet of the inner phase breaks up into several droplets inside the forming jet of the middle phase (t =9.31 ms). (c) The outer jet breaks up due to jetting
instability, resulting in the formation of double emulsions (t =9.41 ms). ((1) and (2) refer to the first and second compound droplets, respectively). The corre-
sponding operation conditions are Uy, = 0.055m/s, Upg = 0.055m/s, Uy = 0.275m/s, p;; = 0.0505 Pa.s, y,q = 0.046 Pa.s, u,, = 0.0435Pas, o612 =
0.00574 N/m, and 623 = 0.05 N/m.
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Fig. 6. Steps of double emulsion formation in widening the jet regime. (a) The jet of the inner phase is moving inside the widening jet of the middle phase
(t =9.43 ms). (b) The jet of the inner phase penetrates the middle phase widening jet while the necking process happens (t = 9.64 ms). (c) The outer widening jet
breaks up due to the fluid instability, and the double emulsion is created (t = 9.84 ms). ((1) refers to formation of compound droplets). The corresponding operation
conditions are Uy, = 0.077 m/s, Upig = 0.033 m/s, Uy = 0.39m/s, p;, = 0.0258 Pa.s, p,,;,q = 0.0679 Pa.s, p,,, = 0.0253 Pa.s, 612 = 0.0193 N/m, and 623 =

0.0276 N/m.
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—20 0000 00
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Fig. 7. Effects of (a-c) inner phase velocity ((a) Uy, = 0.01 m/s, (b) Ui, = 0.055 m/s, (¢) Ui, = 0.1 m/s), (d-f) middle phase velocity ((d) Upig = 0.01 m/s, (e)
Umia = 0.055m/s, (f) Upig = 0.1 m/s), and (g-i) outer phase velocity ((g) Ugy = 0.05m/s, (h) Ugye = 0.1 m/s, (i) Ugye = 0.5 m/s) on the double emulsion for-
mation. The corresponding conditions are y;, = 0.0629 Pa.s, p .4 = 0.0570 Pas, p,,, = 0.0435Pas, 612 = 0.0326 N/m, and 633 = 0.0661 N/m.

3.4. Effect of phase flow rates

The contours of volume fraction in various phase velocities are
demonstrated in Fig. 7. Generally, increasing each phase flow rate leads
to greater elongation of both inner and middle phase jets. Increasing the
inner phase velocity increase both the inner and outer droplet sizes
(Fig. 7a-c). In contrast, an increase in middle phase velocity leads to an
increase in the outer droplet size and a reduction in the inner droplet
diameter (Fig. 7d-f). Increments in the outer phase velocity decreased
the size of the inner and outer droplets dramatically (Fig. 7g-i), causing
the transition of the double formation regime from dripping to jetting
(Fig. 7g and h).

The quantitative effects of phase flow rates on the inner phase
equivalent diameter (Dj,) and frequency of formation (f) are illustrated
as the response surfaces in Fig. 8a-d. An increase in innermost velocity
leads to a rise in the inner phase droplet diameter at any middle or outer
phase velocities (Fig. 8.a and b). This is due to the increase in both in-
ertial and viscous forces of the inner phase fluid, which means more
surface tension force is required to predominate inertia and viscous
forces for the breakup process that is obtained by larger droplets in
constant surface tension conditions. A more significant inner phase ve-
locity also moves the breakup location to the downstream of the main
channel, which results in a more stretched internal phase jet (Fig. 7a-c).
Increasing the middle phase velocity does not have a noticeable effect on
the inner droplet diameter at any of the inner phase velocities (Fig. 8a)
and only reduces Dy, slightly. The increase in the middle phase velocity
results in higher velocity gradients at the internal interface, and thus
increases the shear stress exerted by the intermediate phase to the inner
interface, leading to the smaller inner droplets. This influence is more
significant at lower outer phase velocities (Fig. 8c), in which the breakup

process of the inner droplet is mostly influenced by the shear stress
applied by the middle phase.

Increasing the outer phase velocity has the most notable control over
the inner droplet size, and reduces it regardless of any inner and middle
phase velocities (Fig. 8b and c). The influence is more noticeable in the
smaller middle phase velocities (Fig. 8c). The reduction in the inner
droplet diameter is mainly due to the increase in shear stress applied by
the outer phase stream to the middle phase jet interface. Increasing the
outer phase velocity leads to the suppression of the middle phase jet
(Fig. 7h and i), which also reduces the formation time and results in the
formation of a smaller droplet. Due to the opposite effects of the inner
and middle phase velocities on the inner droplet size, the response
surface of formation frequency as functions of U;, and Up,;q has a dome-
shaped behavior, which means it will have a maximum point somewhere
in the mid-range of the mentioned parameters (Fig. 8d).

The response surfaces of the outer droplet equivalent diameter (Dyy)
and frequency of formation (f) against the phase flow rates are
demonstrated in Fig. 8e-h. The inner phase velocity has different im-
pacts on Dy in relatively small and large values of the middle phase
velocity, i.e., Doy is reduced with an increase in the internal phase ve-
locity in the range of Uy <~ 0.055 (m/s), while they have a direct
relationship for Up;g >~ 0.055 (m/s) (Fig. 8e). At relatively small mid-
dle phase velocities (Uy,q <~ 0.055 (m/s)), the higher inner phase ve-
locity values produce steeper velocity gradients and higher shear stress
exerted by the internal phase to the external interface, which facilitates
the detachment process and results in smaller droplet size. However, at
larger middle phase velocities (Up;g >~ 0.055 (m/s)), the increment in
the velocity gradient by the inner phase does not have a notable influ-
ence on the shear stress exerted on the external interface. Hence, the
outer phase droplet size increment may be attributed to a delay arising
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Fig. 8. (a-d) Effect of the (a) inner and middle phase velocity, (b) inner and outer phase velocity, and (c) middle and outer phase velocity on the inner phase droplet
equivalent diameter. (d) Influence of the middle and outer phase velocities on the frequency of compound droplet formation. (e-h) Effect of the (e) inner and middle
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0.0435 Pa.s, 012 = 0.0326 N/m, and 623 = 0.0661 N/m.
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from the blockage of the middle phase jet necking process by the inner
jet stream, which delays the detachment and results in larger droplets.

Increasing the middle phase velocity results in larger outer droplets
regardless of Uy and U,y operating ranges (Fig. 8e and f). There is a
similar justification regarding the effect of the inner phase velocity on
the inner droplet diameter: increasing U,y reduces D, dramatically in
any ranges of Uy, and Upiq (Fig. 8f and g) as a result of the shear stress
growth at the outer interface due to an increase in the velocity gradient,
which facilitates breakup of the middle phase jet. It also has a more
significant influence on the droplet size than the inner and middle phase
velocities; as a result, the shear stress at the outer interface impacts the
middle phase jet more significantly than the inner interface. A dramatic
reduction in the droplet size at the lower outer velocity is related to the
transition from the dripping to the jetting regime (Fig. 7g and h). As
discussed earlier, due to the opposite effects of the middle and outer
phase velocities on the outer droplet size, the response surface of the
formation frequency has a dome-shaped behavior (Fig. 8d).

3.5. Effect of phase physical properties

The contours of the volume fraction for diverse phase physical
properties are shown in Fig. 9. It can be observed that generally,
increasing the phase viscosities results in greater elongation of both
inner and middle phase jets (Fig. 9a-i); while increasing both 615 and o253
suppresses the inner and outer fluids jetting (Fig. 9j-o).

As illustrated in Fig. 10a-c, the outer droplet diameter is almost
unaffected by p;, due to the poor influence of y;, on the shear stress acted
on the outer interface. However, the influence of y;, on the inner droplet
diameter is significant, i.e., an increase in D;, can be seen as y;, increases
from 0.02 to 0.1 Pa.s. An increase in ;, (u;, >~ 0.05 Pa.s) also causes
the inner phase formation to transit from the dripping to jetting regimes
due to the growth in the capillary number of the internal phase. As
discussed earlier, an increase in the capillary number results in the
domination of viscous forces and elongation of the liquid filament,
which corresponds to the jetting regime.

Increasing ;4 as shown in Fig. 9d-f, leads to an increase in the both
inner and outer filament lengths and transition from dripping to jetting.
The increment in the ligament lengths is due to the increase in the

(d)
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middle phase capillary and domination of the viscous over the interfa-
cial tension forces. The increase in the shear stress due to the increase in
the capillary number leads to the stretch of both liquid jets in the
downstream of the channel.

The outer phase viscosity has the most significant influence on both
inner and outer liquid filaments, according to Fig. 9g-i. An increase in
Houe leads to an increase in the capillary number of the outer phase, as
both velocity and interfacial tension remain constant. The higher
capillary number leads to the higher shear force acting on the outer
interface, resulting in elongation of both inner and middle phase fila-
ments and transition from the dripping to jetting regimes
(Uoue >~ 0.007 Pa.s). This higher level of viscous force accelerates the
formation of droplets, leading to a higher frequency of formation and
smaller inner and outer droplet diameters.

The effect of interfacial tension between the inner and middle pha-
ses, 612, is shown in Fig. 9j-1. Starting from 6132 = 0.00574 N/m, both
inner and middle phases are formed in the jetting regime. Increasing o12
results in the reduction in the capillary number of the inner phase, which
corresponds to the higher interfacial force compared to the viscous shear
force. Hence, there is a tendency to retrograde the forming jet to the
orifice tip. This causes the formation process to transits from the jetting
regime to the dripping regime (612 >~ 0.06 N/m). A similar procedure
can be observed as a result of increasing the interfacial tension between
the middle and outer phases (633), as it is shown in Fig. 9m-o. The
interfacial tension force acting on the intermediate phase jet interface
increases with increasing o3, which implies a reduction in the outer
phase capillary number and domination of the interfacial tension over
viscous shear forces. Higher values of the interfacial tension suppress the
jets of both inner and middle phases and approach the formation process
to the dripping regime.

Generally, the viscosity of the outer phase and the interfacial tension
between the inner and middle phases have the most significant influence
on the double emulsion formation process. It can also be concluded that
choosing appropriate physical properties is essential in successive pro-
duction of double emulsions, e.g., at a relatively small interfacial tension
between the middle and outer phase fluids (623 = 0.005 N/m), the outer
jet stream along with the inner phase jet extends for a long distance to
the outlet of the channel, and the double emulsion structure may not be

(&)

Fig. 9. Effect of the (a-c) inner phase viscosity ((a) y;, = 0.02 Pa.s, (b) u;, = 0.05 Pa.s, (¢) p;, = 0.1 Pa.s), (d-f) middle phase viscosity ((d) p,,;q = 0.024 Pa.s, (e)
Hmia = 0.046 Pas, (f) p,iq = 0.09 Pa.s), (g-i) outer phase viscosity ((g) po,, = 0.007 Pa.s, (h) pio,, = 0.044 Pas, (i) p,,e = 0.08 Pa.s), (j-1) interfacial tension between
the inner and middle phases ((j) 612 = 0.00574 N/m, (k) 612 = 0.03287 N/m, () 612 = 0.06 N/m), and (m-p) interfacial tension between the middle and outer
phases ((m) 023 = 0.005 N/m, (n) 623 = 0.05 N/m, (0) 623 = 0.095 N/m) on the double emulsion formation. The corresponding phase velocities are Uy, = 0.05 m/s,

Unig = 0.05m/s, and Uy, = 0.1 m/s.
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and (h) influence of 675 and 6,3 on the outer phase equivalent diameter. The corresponding phase velocities are Uj,= 0.05 m/s, Upig= 0.05 m/s, and Ugy= 0.1 m/s.

formed (Fig. 9m).

The effects of the phase physical properties on the inner phase
droplet diameter are demonstrated in Fig. 10a-d. Generally, variations of
both y;, and y,,;; do not have a noticeable influence on the inner droplet
size (Fig. 10a, b, and c). Nevertheless, increasing both y;, and y,,;4 causes
the internal jet to postpone the breakup location to the downstream of
the channel and creates relatively large inner droplets. An increase in y;,
follows with the domination of the viscous forces over surface tension,

which causes a longer inner jet filament and larger detached droplets,
due to the requirement of a larger surface tension force to confer the
viscous stress. The increase in 4, on the other hand, leads to an in-
crease in the viscous stress on the inner fluid, causing the inner jet to
stretch in the downstream of the channel. This results in the formation of
larger droplets, as discussed earlier.

The outer phase viscosity has the most significant influence on the
inner droplet size, i.e., increasing y,,, leads to a dramatic reduction in
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Din. Increasing u,,;4 leads to an increase in the viscous force acting on the
external interface, which suppresses both liquid jets and causes both
inner and outer jet ligaments to be stretched farther (Fig. 9g-i). The
higher level of this viscous stress leads to more suppressed liquid jets,
and hence a smaller droplet size (Fig. 10b and c).

Increasing o1, causes a higher interfacial force in comparison with
the shear force of the inner jet. Thus, there is an increasing tendency
towards the dripping regime (Fig. 91). Consequently, the inner jet breaks
up faster, leading to smaller inner droplets (Fig. 10d). Two different
behaviors can be observed regarding the influence of 623 on the inner
droplet diameter. At 633 = 0.02 — 0.05 N/m, an increase in o3 delays
the pinch-off mechanism and results in larger inner droplet sizes, while
at higher 633 (623 = 0.05 — 0.1 N/m), the inner droplet shrinks, causing
the smaller inner droplet diameter. This may be due to the transition of
the inner jet stream from the narrowing to widening jet regimes
(Fig. 9m-o0), which was also observed by [29].

The effects of the phase physical properties on the outer phase
droplet diameter are shown in Fig. 10e-h. As can be seen, D, is almost
unaffected by the inner phase viscosity due to the negligible effect of y;,
on the shear stress exerted to the external interface (Fig. 10a and b).
Moreover, the middle phase viscosity has a negligible effect on the outer
droplet diameter (Fig. 10b and c). This phenomenon was pointed out by
[29,58], who declared that the droplet size and formation time are
insensitive to the middle phase viscosity for a specific range of viscosity
ratios (U, /fmig)- An increase in y,,,, has the most considerable effect on
outer droplet diameter, like the influence on the inner droplet, due to an
increase in the shear stress applied by the external phase to the outer
interface (Fig. 10b and c). Increasing y,,, also leads to the transition
from the dripping to jetting regime due to the higher viscous force being
exerted on the external interface, which results in stretching both the
inner and middle jets (Fig. 9g-i).

Increasing o012 leads to an increase in the outer droplet diameter
(Fig. 10d). It was explained that the more interfacial tension between the
inner and middle phase tends to suppress both the inner and outer
jetting and switch the droplet formation to the dripping regime (Fig. 91).
Similar to the influence of o33 on the inner droplet diameter, two
different behaviors on the outer droplet diameter were observed: at
023 =0.02 — 0.05 N/m, an increase in 0,3 delays the pinch-off event and
results in larger outer droplet diameters, while at larger amounts, 633 =
0.05 — 0.1 N/m, the outer droplet shrinks, causing an increase in the
droplet generation rate and resulting in smaller outer droplets.

Local sensitivity (%)

-40 .
D. D /

in out

Fig. 11. Local sensitivity of input parameters on the characteristics of the

compound droplets, including Din, Doy, and f.
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3.6. Sensitivity analysis

The sensitivity of the compound droplet characteristics with regards
to the input parameters is presented in Fig. 11. Local sensitivity analysis
evaluates the local impact of input factors’ variation on the model
response by focusing on the sensitivity in the vicinity of a set of factor
values. Such sensitivity is evaluated through partial derivatives of the
output parameters at these factor values, i.e., the values of other input
parameters are kept constant when examining an input factor’s local
sensitivity.

As can be seen, the outer phase parameters, including velocity and
viscosity, generally have the most significant influence among other
parameters. The input velocity has a small impact on the outer droplet
diameter, a moderate influence on the inner droplet diameter, and a
considerable effect on the frequency of formation. The results also
demonstrate that the interfacial tensions have a moderate impact on all
output parameters. Additionally, the results show that the inner phase
parameters have no significant impact on the outer droplet diameter and
frequency of formation, indicating that the internal droplet size can be
tuned independently just by changing the inner phase parameters.
However, varying the outer droplet diameter and frequency of forma-
tion by altering the input parameters led to a change in the inner droplet
diameter as well.

Generally, the results of the sensitivity analysis revealed that a pre-
cise consideration of the phase parameters and velocities is essential for
the production of desired size double emulsions in microfluidic systems.
The accurate control on the size of the inner droplet can be achieved
only by the tuning the velocity and viscosity of the internal phase;
however, independent controlling of the outer droplet diameter is an
arduous procedure since changing any parameter, including flow rates
and physical properties of the inner and middle phases can also affect
inner droplet characteristics.

3.7. Effect of non-dimensional groups

Non-dimensional groups, including Weber number of the inner
phase, and capillary numbers of the middle and outer phases, are
selected to perform the parametric study from the viewpoint of the
effective forces acting on compound droplets (Fig. 12). It is observed
that increasing We;, leads to the larger inner and outer droplets
(Fig. 12a). An increase in We;; means the domination of fluid’s inertia,
which tends to elongate the fluid stream more, compared to its surface
tension, which tends to break up the liquid filament. As a result, any
increase in We;, results in the formation of larger inner droplets. The
larger outer droplets may be due to the fact that the external droplet
formation time increases since the more extended internal liquid jet due
to higher values of We;, blocks the necking process of the outer droplet
and delays the pinch-off time. Therefore, the interval of the external
droplet inflation by penetration of the inner phase is increased, and the
outer droplets become larger.

Increasing the middle phase capillary number causes the interme-
diate phase break-up location moving to the downstream due to the
domination of the viscous forces over the interfacial forces, which re-
sults in the need for the larger interfacial tension force to overcome
viscous force through larger middle phase droplets (Fig. 12b). However,
the inner phase droplets will have smaller sizes as Cap;q is increased
(Fig. 12b). This is because the domination of the viscous forces of the
middle phase results in higher viscous shear forces acting on the internal
interface, which leads to the faster breakup of the inner droplets, and
consequently, smaller droplet sizes.

The outer phase capillary increment reduces the size of both inner
and outer droplets dramatically (Fig. 12c) due to the higher viscous drag
force being acted on the external interface by the flow of the outer phase.
This facilitates breakup of the middle phase jet and results in smaller
outer droplets. On the other hand, the innermost interface has a lower
dependency on Cayy, since it is almost affected by the inner and outer
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Fig. 12. The inner and outer droplet sizes as a function of (a) Wej,, (b) Capig, and (c) Cagye.

phase parameters. Nevertheless, with increasing Ca,,;, the inner droplets
also have a smaller size due to the higher shear rate induced by the
middle phase to the internal interface as a result of the intermediate
phase jet suppression caused by the outer phase viscous effects.

Overall, the results of the non-dimensional analysis show a prom-
ising approach to detect the influence of various parameters on the
double emulsion formation process. However, it should be considered
that this approach cannot be utilized alone for the design of a compound
droplet generation system without considering the influence of indi-
vidual parameters, as illustrated by the sensitivity analysis.

4. Conclusions

This paper simulated the generation of compound droplets in a dual-
coaxial microfluidic device by altering phase velocities and physical
properties using the VOF-CSF numerical model. The effects of each input
parameter on the compound droplet characteristics, including inner and
outer droplet size and frequency of formation, was examined using the
design of experiments and response surface methodology. The local
sensitivity analysis revealed that the external phase parameters have the
most significant influence on compound droplet formation. It has also
been shown that the characteristics of the inner phase droplet can be
altered almost independently by tuning internal phase velocity and
viscosity. However, changing the outer droplet diameter alone is a more
arduous procedure. Also, three dimensionless groups of e;,, Canig, and
Ca,y were implemented to investigate the effects of the effective forces
on compound droplet size. Results ascertained that increasing We;, and
Cayy lead to the larger and smaller droplets, respectively, while
increasing Ca,,;g results in larger outer droplets and smaller inner
droplets.

Overall, this study demonstrates the influence of phase physical
properties and flow rates on compound droplet formation in a dual co-
axial microfluidic device, which can be applied to generate a broad
range of liquid-liquid encapsulated structures (varies between 20 and
100 um). Using the response surface methodology, one can easily extract
required conditions (including physical properties of phases and phase
flow rates) to obtain a specific size and aspect ratio of double emulsions.
It is also possible to fix some input parameters (with the assumption that
working fluids are previously selected) and obtain desired double
emulsion characteristics by tunning other input parameters. Hence, it
would be a beneficial tool for the applications requiring particular size,
aspect ratio, and formation frequency of double emulsions, which
considerably diminishes the challenging procedure of tunning physical
properties and three phase flow rates in experimental work to achieve
the desired results. More studies are required to extend the results to 3D
geometries and also study the effects of geometrical ratios on double
emulsion formation.
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