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ABSTRACT

As a typical microdroplet, double emulsion droplet, has received much attention and been widely used in recent
years. For a simplified double-cross-shaped microchannel, the process of preparing double emulsion droplets
is numerically simulated in this paper. The mechanism of droplet forming was analyzed, and the effects of the
angles of the inner-, middle-, and outer-phase channels of the microchip, length of the focusing hole, and
expansion angle on the process and quality of the double emulsion droplet formation were investigated. The
variation in angles between each inlet channel affects the droplet area; the change in expansion angle affects
the flow pattern of droplets; the change in each geometric parameter affects the monodispersity of droplets. The
droplet area is fitted to the microchannel geometric parameters and the functional expressions that represent
their relationship are derived. The work in this paper provides a reference for the practical production and
research of double emulsion droplets.

Keywords: Double emulsion droplet; Forming process; Numerical simulation; Microchannel; Geometric
structure.

NOMENCLATURE
b, volume fraction of inner phase Smin  Minimum area of droplets
b, volume fraction of middle phase i area of inner droplets
b3 volume fraction of outer phase S, area of outer droplets
C, capillary number SD standard deviation of data
C.V.  coefficient of variation t time
CV;  coefficient of variation for inner v velocity vector
droplet areas wy width of inner phase channel
cv,  coefficient of variation for outer w; width of middle phase channel
droplet areas w, Weber number
F interfacial tension and gravity a; angle between inner- and middle-
F, linear momentum force phase channel
F Stokes-like force a, angle between middle- and outer-
F, interfacial tension phase channel
l characteristic length a3 expansion angle
L length of focusing hole p density
Ly distance between droplet breaking P, density of double emulsion droplet
ppint and microchip intersectio_n P, density of inner phase
L, dls_tance bet\_/veen Qro_plet breqkmg P, density of middle phase
. qu;grt] ir;dd;r:;crochlp intersection 0, density_ of f)uter.phase
P pressure u dynamic viscosity

0 flow rate of inner phase 7y viscosity of double emulsion droplet
1 . . .

0,  flow rate of middle phase #y viscosity of inner phase

0, flow rate of outer phase My viscosity of middle phase

S maximum area variation ratio Hs viscosity of outer phase
S maximum area variation ratio of o interfacial tension between two
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inner droplets

S, maximum area variation ratio of
outer droplets
Smax ~Maximum area of droplets

1. INTRODUCTION

Microfluidics is a technology that handles
microfluidics (Shao et al. 2021). As an essential
branch of microfluidics, droplet microfluidics
mainly uses the interaction of microfluidic shearing
force, viscous force, and interfacial tension to split
continuous fluid into dispersed droplets (Han and
Chen 2021). One of the extremely promising
directions in droplet microfluidics is the preparation
of double emulsion droplets using this technique.
These techniques have been widely used in various
fields, such as self-healing materials (Souza and Al-
Tabbaa 2018; Zhang et al. 2018), electrochemical
biosensors (Schmidt-Speicher and Lange 2021; Xing
et al. 2021; Muhsin et al. 2022), food processing and
safety (He et al. 2020; Su et al. 2021), biomedicine
(Illath et al. 2021; Shi et al. 2021; Ko et al. 2022),
and chemically enhanced oil recovery (Fani et al.
2022). Therefore, it is of great practical production
significance to investigate the forming mechanism
and process of double emulsion droplets.

Nabavi et al. (2015) developed a three-phase
axisymmetric numerical model and conducted
numerical simulations in ANSYS Fluent fluid
analysis software to investigate the effects of
physical properties (such as the flow rate, fluid
interfacial tension, viscosity, and density of each
phase) and geometric parameters (such as distance
between the fluid inlet and outlet) on the forming
droplet size, pattern, and production rate. Stauffer et
al. (2019) modified the wetting properties of the
microchip to generate microdroplets with controlled
size and shell thickness. Lian et al. (2019)
investigated the effect of microfluidic interfacial
tension on the stepwise emulsification of
microdroplets by numerical simulations using
ANSYS Fluent. Zhao-Miao et al. (2018) used a
combination of experimental and numerical
simulations to investigate the effects of the flow rate
of three phases on the forming pattern, size, and
frequency of double emulsion droplets. Liu et al.
(2021) investigated the effect of the viscosity of the
dispersed phase on the microfluidic flow state
transition and droplet size in a flow-focusing device.
Liu et al. (2018) investigated the effect of expansion
angle at the intersection in T-shaped microchannels
on droplet formation. Hidema et al. (2021)
investigated droplet formation in a microchip with a
triangular expansion angle. Sartipzadeh et al. (2020)
investigated the effect of the geometry of a cross-
shaped microchannel on droplet formation. Many
scholars have investigated the effects of microfluidic
flow properties and geometrical parameters of
microchannels on microdroplet formation.

Deshpande et al. (2016) proposed a simplified
double-cross-shaped microchannel with a six-way
junction in their investigation of microdroplet
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phases

o,  interfacial tension between inner and
middle phase

o3  interfacial tension between middle

and outer phase

preparation. The microchannel has a simple structure
and is suitable for preparing microdroplets, such as
double emulsion droplet, since it is easy to control
droplet formation with proper adjustment of the
structure. Other scholars have also prepared
microdroplets using microchannels with this
structure (Deshpande and Dekker 2018; Schaich et
al. 2020; Vaezi et al. 2020; Tivony et al. 2021).

Microchips such as double-cross and double-T
shaped ones are multilayered in series and have high
manufacturing costs, while the simplified double-
cross structure of the six-way junction shape in this
paper is beneficial to reduce the chip area. The effect
of fluid properties on the double emulsion droplet
formation has been investigated using chips of this
structure (Tan et al. 2020). However, the effect of the
microchip geometry on the droplet formation has
been less investigated. In this paper, numerical
simulations are used to investigate the effect of the
geometrical parameters of microchannels on droplet
formation for this simplified double-cross-shaped
microchannel. In this paper, the forming area and
monodispersity of double emulsion droplets are
investigated by varying the angles between the inner
and middle phase, middle- and outer-phase channels,
width ratio between inner- and middle-phase
channels, and expansion angle of the microchip. To
make the statistical results with less error, each time
the geometrical structure parameters are changed, 5
stably forming double emulsion droplets are selected
to count the average value of their forming area size.
These average values are used for comparison under
different geometric structure parameters.

2. CONTROL EQUATIONS,
DIMENSIONLESS PARAMETERS, AND

EVALUATION PARAMETERS

The volume of fluid method (VOF) is often applied
to multiphase flow calculation problems (Jiang et al.
2019) and is used for numerical simulations in this
paper. The basic theoretical basis for numerical
simulation is the basic control equations of fluid
motion, such as the continuity equation and
conservation of momentum equation. Dimensionless
parameters such as the capillary number and Weber
number are often used to analyze the force on
droplets (Nabavi et al. 2015). The coefficient of
variation is often used to measure the degree of data
dispersion (Deshpande et al. 2016). In this paper, the
concept of maximum area variation rate is introduced
to measure the relative wall thickness of the droplet.

2.1 Volume of Fluid Method (VOF)

When VOF is used to characterize the motion of each
phase interface, the equations for the density and
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viscosity of a double emulsion droplet are shown in
Egs. (1) and (2).

pdzblpl +b2p2+b3p3 (1)

O]

where p, is the density of a droplet; b, b, and b3,
are the volume fractions of the three phases; p,, p,,
and p, are the densities of the three phases; x, is the
viscosity of a droplet; «,, u,, and u, are the
viscosities of the three phases.

Uy = by + by, + bsug

2.2 Continuity Equation

The continuity equation is shown in Eqg. (3).

L v =0 3)

where p is the density, ¢ is the time, and v is the
velocity vector.

2.3 Conservation of Momentum Equation

The fluid momentum conservation equation is shown
in Eq. (4).

| (o))
<i

FVGP) =2 VP + VLV V) ]+ F 4

where P is the pressure, u« is the dynamic viscosity,
and F includes the interfacial tension and gravity.

jo)]

t

2.4 Dimensionless Parameters

The capillary number C, reflects the effect of the
interfacial tension on the fluid flow, which is
proportional to the ratio of the viscous force and
interfacial tension. It is calculated by Eq. (5).

(5)
where ¢ is the interfacial tension.

Weber number W, is often used to analyze the fluid
motion when there is a cross interface between
different fluids. A smaller Weber number
corresponds to more important interfacial tension. It
is calculated as shown in Eq. (6).

Pl

g

We = (6)

where [ is the characteristic length.

2.5 Evaluation Parameters

The degree of data dispersion is inferred by
calculating the coefficient of variation (C.V.); a
smaller coefficient of variation corresponds to less
discrete data, and it is calculated by Eq. (7).
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where SD is the standard deviation of the data, and
MN is the mean of the data.

For the convenience of presentation, the coefficients
of variation of the inner and outer droplets of the
double emulsion droplets are subsequently expressed
using CV; and CV,,, respectively.

2.6 Maximum Area Variation Rate

The maximum area variation ratio S is defined as the
ratio of the maximum to the minimum area of inner
or outer droplets. A larger ratio corresponds to a
greater relative wall thickness of the droplet. It is
calculated by Eq. (8).

S = Smax (8)
where S,,qx 1S the maximum area of droplets and
Smin 1S the minimum area of droplets.

Smin

The maximum area variation ratios of the inner and
outer droplets of the double emulsion droplet are
subsequently expressed wusing S; and S, ,
respectively.

3. NUMERICAL SIMULATION MODEL
3.1 Geometric Model and Physical
Properties

To simplify the calculation, the object of numerical
simulation is a two-dimensional microchip. The
initial dimensions (unit: um) of the microchip model
are shown in Fig. 1. (@) The coordinate system,
boundary names, and variable structural parameters
are shown in Fig. 1. (b) The initial widths of the inlets
of three phases are 160 um, 60 pm, and 200 pm. The
double emulsion droplet technology is widely used
in the food industry and other industries (Kanouni et
al., 2002; Sapei et al., 2012), and the densities of the
fluids set for the numerical simulations in this paper
are similar to those of pure water and cooking oil.
The densities of the fluids selected for the numerical
simulations are all 1000. For the fluid flow
properties, subscripts 1, 2, and 3 are used in this
paper to represent the inner, middle, and outer
phases, respectively.

The chip designed in this paper belongs to the flow-
focusing structure. According to existing studies, the
main factors that affect droplet formation are the
angles and width ratios of the inlet channels and the
expansion angle. In this paper, we focused on the
angles (the angle between inner- and middle-phase
channels «;, the angle between middle- and outer-
phase channels a,), the width ratio between the
inner- and middle-phase channels w;/w,, and the
expansion angle (the length of focusing hole L and
the expansion angle a;) to investigate the effects of
these microchannel geometrical parameters on the
droplet formation.
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Fig. 1. (a) Initial dimensions. (b) Coordinate system, boundary names, and variable structural
parameters.

3.2 Fluid Flow Form and Mechanism
Analysis

Fluids in conventional parallel microchannels, e.g.,
double-T-shaped microchannels and microchannels
with  combined T-shaped and cross-shaped
structures, generally undergo two two-phase flows
with mutual shearing and squeezing to prepare
double emulsion droplets. In contrast, the six-way
junction microchannel in this paper enables the three
phases to interact with one another simultaneously.

The force analysis of a droplet is shown in Fig. 2. In
the figure, the directions of Q,, Q0,, and Q; are the
flow directions of the inter, middle and outer phases,
respectively; the direction of out flow is the exit
direction of the droplets. Similar to the single
emulsion droplet, the double emulsion droplet is
subjected to the interaction of the separation force
that promotes droplet separation and the retaining
force that prevents droplet separation (Wu et al.
2015). The interfacial tension F, in the direction
opposite to the direction of droplet movement
prevents the droplet neck from breaking and acting
as a retaining force. The linear momentum force F;
caused by the fluid momentum inside the microchip
is the separation force that accelerates the breakage
of the droplet neck. The Stokes-like force Fyg
consisting of viscous stress and pressure stress also
promotes droplet separation, and the droplet will
separate only when the droplet expands to a certain
degree. Hence, the Stokes-like force is presumably
positively correlated with the droplet radius. In a
microfluidic flow at low Reynolds numbers (0.001-
0.5), the inertial force is 10*-107 times smaller than
other microfluidic forces; therefore, we can ignore
the inertial force.

The process of droplet forming is shown in Fig. 3. In
the initial state, we fill the inner- and middle-phase
channels with the corresponding fluid and the
remainder of the microchip with the outer phase, as

0;

Out flow

Fig. 2. Force analysis.

111
ffit

Fig. 3. Droplet forming process.
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shown in the T, state. The middle phase wraps
around the inner phase, and the interfacial tension,
which is the dominant force, maintains the elongated
droplet (Utada et al. 2007). The excess middle phase
is in the shape of a pendant droplet, as shown in the
T, state. The separation forces, such as linear
momentum forces and Stokes-like forces, become
more important. When the separation force gradually
exceeds the retaining force, the pendant droplet of
the middle phase separates and gradually tends to a
spherical shape under the action of interfacial
tension, as shown in the 7, and T, states. Similar to
the pendant droplet in the middle phase, the first
double emulsion droplet is formed, as shown in the
T, and T states. The droplets continue to form, as
shown in the T, and 7}, states. Microfluidic chips
using this new form of fluid flow to prepare double
emulsion droplets can reduce the chip area, save cost
and improve the droplet production efficiency.

3.3 Numerical Simulation Setup

The software used for numerical simulations in this
paper is ANSYS Fluent, and the meshing of the
numerical simulation model is performed in the
ANSYS Workbench Mesh module. The mesh shape
is a quadrilateral, as shown in Fig. 4.

Fig. 4. Model meshing.

In this paper, the laminar flow model is selected for
numerical simulations; the VOF model is selected for
the multiphase flow model; the pressure-velocity
coupling solution algorithm is SIMPLE; the spatial
discretization is Least Squares Cell Based gradient
difference; the pressure difference is PRESTO; the
momentum equation is Second-Order Upwind; the
reconstruction between phases interfaces is Geo-
Reconstruct (Gueyffier et al. 1999). The time step
length issetto 2 x 107, and the maximum number of
iterations per time step is 120.

3.4 Mesh Independence Analysis

Usually, a larger number of meshes corresponds to
more accurate numerical simulation results, but a
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longer required computation duration. Therefore, it
is especially essential to perform mesh independence
analysis to balance the computational error and
computation duration. The physical properties and
boundary conditions are the interfacial tension
072 =0.005 N/m, viscosity x, =0.001 Pa-s, inner
phase flow rate O, = 48 ml/min, interfacial tension
ratio o;,:0,3=1:1 , three-phase viscosity ratio
Uy =115, and  flow  rate  ratio
0,:0,:0, = 40:27:250. When the mesh size is 2.5-5
pum, the droplet formation is shown in Fig. 5. The
droplet forming results are better and similar when
the mesh size is 2.5-3 pm.

Sum 4um 3.5um 3um 2.5um

LN

Fig. 5. Droplet formation with different mesh
sizes.

When calculating 6000 time steps (120 ms), the
relationship between model mesh and calculation
duration of numerical simulations is shown in Fig. 6.
When the mesh size decreases from 5 pm to 2.5 pm,
the number of meshes increases from 27283 to
107831, which is a 3.95-fold increase, and the
computation duration increases from 107 minutes to
231 minutes, which is a 2.16-fold increase.
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1240
& 100000 - R L 220 o2
9] —— Number of meshes e =
% 4 1200 =
14} s . h =}
I - -=- Calculated duration =
E 80000 lis0 B
) =
=
L |
2 o000 160 =
S 1140 2
z B
40000 1 1120 5:
1100
20000 — L L . . _
50 45 40 3.5 30 2.5

Mesh size (um)
Fig. 6. Relationship between mesh and
calculation duration.

To reduce the computational errors and save
computational resources, the mesh size of the model
numerical simulations is selected as 3 pm.

3.5 Numerical Simulation Feasibility

Verification

The initial structure of the microchannels in this
paper is similar to that of Deshpande et al. (2016).
Deshpande S et al. investigated the relationship
between the outer- to inner-phase flow velocity ratio
and droplet size, where they used water as the inner
and outer phases and 1-octanol as the middle phase.
In this paper, the structure is modelled and
numerically simulated. As shown in Fig. 7, the
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Fig. 7. Comparison of numerical simulation results with experimental results.
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Fig. 8. Volume distribution of forming phases of droplets.

numerical simulation results are similar to the
experimental results of Deshpande S et al., which
proves the feasibility of the method and setup of the
numerical simulation in this paper.

4. RESULTS AND DISCUSSION

4.1 Effect of the Angles Between Inlet
Channels on the Droplet Formation

The change in angle between the inlet channels of the
three phases changes the force between the
continuous and dispersed phases, which affects the
droplet formation.

4.1.1 Effect of the Angle Between Inner- and
Middle-Phase Channels on the Droplet
Formation

This section changes angle a; between inner- and
middle-phase  channels. When the physical

properties and boundary conditions are the
interfacial tension o¢;,=0.005N/m , viscosity
u,;=001Pas , inner phase flow rate
Q,=48ml/min , interfacial tension ratio
015:053=1:1 | three-phase  viscosity ratio
Uity =1:1:5 . and  flow  rate  ratio

0,:0,:0, = 40:27:250, the double emulsion droplet
forming pattern is under the drip flow pattern. The
volume distribution of forming phases of the droplets
at different «; under the drip flow pattern is shown
in Fig. 8. A small fluid column similar to a jet section
appears inside the microchip. There are breaking
positions of the double emulsion droplets at a certain
distance from the intersection of the three-phase
channels. And the droplet is formed with a similar
shape and regularity, but the breaking positions have
changed. Assuming that the distance between a
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double emulsion droplet breaking point and the
microchip intersection is L;, Fig. 9 shows the
variation of L, at different ;. The increase in a;
makes the action point of the middle relative inner-
phase force move upstream, the linear momentum
force generated by the fluid decreases, and the
breaking point distance increases from 242 mm to
288 mm. In practice, the microchip length can be
adjusted according to different Z; to reduce the chip
area and save cost.

300
285F
g 270
I
2505
2401
10 20 30 40 50 60 70 80
o (%)
Fig. 9. Variation in L; at different a;.

When a; = 45°, the microchip produces the first
double emulsion droplet at the 0.0434th second.
Figure 10 shows the changes in the capillary number
and Weber number at the moments before and after
the double emulsion droplet breaks. Both capillary
number and Weber number increase, which indicates
that the dominant role of interfacial tension has
decreased and the role of viscous forces has been
strengthened.
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Fig. 10. Variation in the capillary number and
Weber number with time.
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Figure 11 shows the volume distribution of phases
and variation contours of pressure in the moments
before and after the double emulsion droplet
breakage, respectively. The pressure at the microchip
intersection and droplet formation gradually increase
before the droplet breakage, and the separation force
represented by pressure to promote the droplet
separation is strengthened at this time. The pressure
is released after the droplet breakage.

Figures 12. (a) and (b) show the distribution curves
of velocity and pressure on the symmetry axis of the
microchip when the droplet is about to break
respectively. Local high velocity and high pressure
appear near the droplet breaking point. Therefore, the
geometry must be improved during the manufacture

0.0444 s
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Fig. 11. Volume distribution of phases and variation contours of pressure.
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Fig. 12. (a) Distribution curve of velocity. (b) Distribution curve of pressure.

of the microchip to release the internal pressure and
avoid damage to the microchip.

Figure 13 shows the volume distribution of forming
phases and variation curve of the double emulsion
droplet area at different a;. From the general trend,
the area of both outer and inner droplets S, and S;
decreases due to the increase in squeezing pressure
on the inner phase, and all area variations are within
11%; S; and S, are 2.27 and 2.37, respectively.
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As shown in Fig. 13, the area of the inner droplets
and angle a; roughly show a second-order nonlinear
relationship. We use a second-order polynomial fit to
obtain a functional expression that represents their
relationship, as shown in Eq. (9). The area of the
outer droplets and angle a; roughly show a linear
relationship. We use a linear equation fit to obtain a
functional  expression that represents their
relationship, as shown in Eq. (10).
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S; =12995.4 + 14.99a, - 0.4607 9)
S, =32016.1 - 59.630, (10)
The physical properties and boundary conditions
were changed to the interfacial tension

0,2 =0.005 N/m , viscosity u,=0.1Pa's, inner
phase flow rate Q, = 640 mm?/s, interfacial tension
ratio o;,:053=1:1, three-phase viscosity ratio
Uiy, =10:1:5 ,  and  flow rate ratio
0,:0,:0,=32:27:200 . The double emulsion
droplet forming pattern was converted to a jet flow

pattern.
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Fig. 13. Effect of different a; on the droplet
forming area and forming process under the
drip flow pattern.
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Fig. 14. Distribution curve of pressure.

Figure 14 shows the distribution curve of pressure on
the symmetry axis of the microchip when a droplet is
about to break. The maximum pressure under the jet
flow pattern is smaller than that under the drip flow
pattern. The pressure under the drip flow pattern is
concentrated upstream of the chip, while the pressure
under the jet flow pattern is concentrated in the
middle and upstream. In actual production, the jet
flow pattern can be used to produce microdroplets to
facilitate the dispersion distribution of pressure.

Figure 15 shows the volume distribution of forming
phases and variation curves of the droplet area.
Similar to the case of drip flow, the droplets breaking
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positions of the jet flow pattern do not vary much
from the distance of the microchip intersection, and
the area of the inner and outer droplets decreases.
The change in droplet area under the jet flow pattern
is smaller than that of the drip flow pattern (both
within 5%). S; and S, are 2.60 and 271,
respectively. The effect of o; on the relative wall
thickness is small.
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Fig. 15. Effect of different a; on the forming area
and forming process of droplets under the jet
flow pattern.

The areas of the inner and outer droplets are
approximately linearly related to angle a; as shown
by linear equation fitting using Egs. (11) and (12),
respectively.

S, =20630.6 - 9.91a, (11)
S, = 54892.9 - 18.65a, (12)

CV; and CV, are shown in Fig. 16. CV; is 2.42-
4.41%, CV, is 2.07-3.15% under the drip flow
pattern, and C.V. satisfies the requirements of
industrial production (less than 5%). When «; is 60°,
the monodispersity of the inner and outer droplet
areas is optimal. In the jet flow pattern, CV; is 1.00-
5.79%, and CV,, is 0.64-4.94%. When «; is 60°, the
monodispersity of the inner and outer droplet areas is
optimal.

4.1.2 Effect of the Angle Between Middle-
and Outer-Phase Channels on the
Droplet Formation

The volume distribution of forming phases and
variation curve of the forming droplet area at
different o, values under the drip flow pattern are
shown in Fig. 17. (a) The physical properties and
boundary conditions are the interfacial tension
072 =0.005 N/m, viscosity u, =0.004 Pa-s, inner
phase flow rate O, = 48 ml/min, interfacial tension
ratio o;,:0,3=1:1 , three-phase viscosity ratio
Uiy =445, and  flow rate  ratio
0,:0,:0, = 40:27:250. When a, increases from 15°
to 75°, the areas of both inner and outer droplets first
increase and subsequently decrease, and the area of
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Fig. 16. (a) Effect of a; on the monodispersity of droplet areas under the drip flow pattern. (b) Effect of
a; on the monodispersity of droplet areas under the jet flow pattern.

56000 F
L ]
40000 - - lﬁ-—-n__
O .- . SR
ﬁ L ]
= ooy l = l
(]
=4
5 35000
‘_‘3
& 28000} ‘
5 -
21000 f . * 5,
l——"‘—_l_'—‘—*-*—%—_l
14000 . ‘ . . N
10 20 30 40 50 60 70 80
a5 ©®
(b)

Fig. 17. (a) Effect of different a, on the forming droplet area and forming process under the drip flow
pattern. (b) Effect of different «, on the forming droplet area and forming process under the jet flow
pattern.

the droplets is maximal when a; is 45°. The breaking
points of the droplets are near the expansion angle.
When o, increases from 15° to 45°, the position of
the inner and middle phases by the force of the outer
phase is constantly moving upstream, and the
effective force near the breaking point is decreasing.
The fluid column of parallel-like flow can
continuously stretch, and the position of the breaking
point is constantly moving downstream; the filling
time of the inner and middle phases increases.
Therefore, in this angular interval, the inner and outer
droplet areas will have some growth. When a,
increases from 15° to 45°, the velocity components
of the three phases along the symmetry axis direction
are in the same direction. When a;, increases from
45° to 75°, at the intersection of the three phases, the
direction of the velocity component of the outer
phase along the symmetry axis of the microchip is
changed, and the opposite velocity component has a
certain inhibitory effect on the extension of the fluid
column. However, this inhibitory effect is not
obvious from the change in forming droplet area.
From the general trend, during the increase in a,
from 15° to 75°, the maximum variations in the inner
and outer droplet areas are 22.26% and 21.40%,
respectively; S; and S, are 259 and 2.62,
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respectively, and the area ratios slightly change more
than a;. The change in forming area of the droplets
at different o, values under the jet flow pattern is
shown in Fig. 17. (b) For the jet flow pattern, the
interfacial tension is o;, = 0.005 N/m, the viscosity
is 4, =0.1Pas, the inner phase flow rate is
Q, =384 ml/min, the interfacial tension ratio is
015:023 = 1:1, the viscosity ratio of the three phases
is p,pyu,=10:1:5 , the flow rate ratio is
0,:0,:0,=32:27:200, and the variation in the
droplet area at different a, value is not much
different from that of the drip flow pattern

Using a second-order polynomial fitting, we obtain a
functional expression that represents the droplet area
versus angle a, under the drip flow pattern, as shown
in Egs. (13) and (14), respectively.

S; =10759.8 + 120.63a; - 1.503 (13)

S, = 27860 + 317.91a, - 3.93a3 (14)

The functional expressions that represent the
relationship between droplet area and angle o, under
the jet flow pattern are shown in Egs. (15) and (16),
respectively.
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S; = 165282 + 115.23a, - 1.1303 (15)

S, = 43376 + 279.97a; - 3.2843 (16)

CV; and CV, are shown in Fig. 18. CV; is 0.37-
3.71%, and CV, is 1.06-4.36% under the drip flow
pattern. When o, is 15°, CV; is optimal; when o is
75°, CV, is optimal. In the jet flow pattern, CV; and
CV, are worse than those in the drip flow pattern.
The CV; is 5.68-12.06%, and CV, is 1.28-8.26%.
When a; is 45°, CV; is optimal; when a, is 60°, CV,
is optimal.

4.2 Effect of the Width Ratio of the Inner- to
Middle-Phase  Channel on  Droplet
Formation

When the width ratio of the inner- to middle-phase

channel w,;/w, is relatively large, it is possible but
0.048

0.040}
0.032f
= 0,024}
A
0.016

0.0081

0. 000
10 40 50

a, (G)
(a)

more difficult to form thin-walled double emulsion
droplets; the width ratio is small and the forming
difficulty is low, but the wall thickness is large. In
this section, the effect of forming double emulsion
droplets with different width ratios is investigated by
fixing the width of the inner-phase channel and
changing the width of the middle-phase channel.

The volume distribution of forming phases and
variation curves of the forming droplet area at
different width ratios under the drip flow pattern are
shown in Fig. 19. (a). The physical properties and
boundary conditions are: interfacial tension
07> =0.002 N/m , viscosity u, =0.04 Pa-s, inner
phase flow rate O, = 38.4 ml/min, interfacial tension
ratio o¢;5:0,3=1:1 , three-phase viscosity ratio
1y = 4:4:5, and flow rate ratio

(b)

Fig. 18. (a) Effect of a, on the monodispersity of droplet areas under the drip flow pattern. (b) Effect of
a; on the monodispersity of droplet areas under the jet flow pattern.

0,:0,:0, = 32:27:200 Under this working
condition, the double emulsion droplet formation is
stricter for w,, and can only stably occur when
w;/w, € (2.7,4). In terms of the general trend, when
w;/w, increases from 2.7 to 4, the area of the outer
droplets decreases by 6.53%, while the area of the
inner droplets increases by of 20.74%. S; and S, are
2.14 and 2.68, respectively, which shows that the
width ratio has a greater effect on the area of the
inner droplets and the relative wall thickness of the
double emulsion droplets. The smaller w,
corresponds to less middle phase that can be used to
wrap the inner phase, a smaller viscous force on the
inner phase, and a delay time point of inner droplet
breakage, so the area of the inner droplet will
continue growing. The decrease in w, decreases the
middle phase, so the area of the outer droplets will
gradually decrease.

Unlike the drip flow pattern, the jet flow pattern has
lower requirements for w,. However, when w; is too
large, 2-3 inner droplets wrapped in one outer droplet
can occur. In this section, only the case where a
single droplet is wrapped is discussed. Figure 19. (b)
shows the effect of different width ratios of channels
on the droplet formation under the jet flow pattern.
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The physical properties and boundary conditions are:

interfacial tension o¢;,=0.005N/m , viscosity
u,=01Pas , inner phase flow rate
Q,=384ml/min , interfacial tension ratio
0;5:0,3=1:1 , three-phase  viscosity ratio
My =10:1:5 . and  flow rate  ratio

0,:0,:0, = 32:27:200. The trend of the inner and
outer droplet areas under the jet flow pattern is
consistent with that under the drip flow pattern. In
the process of decreasing w,, the squeezing pressure
on the inner phase decreases, the necked section
formed by the inner phase widens, and the pressure
decreases. Therefore, the breakage of the inner
droplets will be continuously delayed, and their area
will be continuously increased. When w, decreases,
the flow rate of the middle phase decreases, so the
area of the outer droplets decreases. The change in
the width ratio of channels has less effect on the size
of the forming droplet area under the jet flow pattern
than under the drip flow pattern. In general, the inner
droplet area increases by 6.14% and the outer
droplets area decreases by 15.86% when w;/w,
increases from 2.7 to 4. S; and S, are 2.14 and 2.70,
respectively. In summary, changing the width ratio
of the channel is more effective in regulating the ratio
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Fig. 19. (a) Effect of different width ratios of channels on the forming droplet area and process under
the drip flow pattern. (b) Effect of different width ratios of channels on the forming droplet area and
process under the jet flow pattern.
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Fig. 20. (a) Effect of the width ratio of channels on the monodispersity of the droplet area under the
drip flow pattern. (b) Effect of the width ratio of channels on the monodispersity of the droplet area
under the jet flow pattern.

of the droplet area than changing the channel angles.
It can better adjust the relative wall thickness of the
double emulsion droplet.

Linear equation fitting is used to obtain a functional
expression of the relationship between droplet area
and width ratio of channels w;/w, under the drip
flow pattern, as shown in Egs. (17) and (18),
respectively.

S, = 8418.47 + 2058.39w,/w, a7

S, = 40634.05 - 1294.22w,/w, (18)

The functional expressions of the relationship
between droplet area and width ratio of channels
w;/w, under the jet flow pattern are shown in Egs.
(19) and (20), respectively.

S; =17347.02 + 1192.31w;/w, (19)

S, =71121.62 - 6111.71w;/w; (20)

CV; and CV, are shown in Fig. 20. CV; is 2.15-
3.57%, and CV, is 1.69-3.34% under the drip flow
pattern. When w;/w, is 4, the monodispersity of the
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inner and outer droplet areas is optimal. In the jet
flow pattern, CV; is 1.48-4.98%, and CV, is 1.85-
4.80%. When w;/w, is 4, the monodispersity of the
inner droplet area is optimal; when w;/w, is 2.7, the
monodispersity of the outer droplet area is optimal.

4.3 Effect of the Expansion Angle on the
Droplet Formation

In preparing microdroplets using cross-shaped flow-
focusing structures, the force between continuous
and dispersed phases can be enhanced by using a
focusing hole, expansion angle, or a combination of
both.

4.3.1 Effect of the Length of the Focusing
Hole on Droplet Formation

The physical properties and boundary conditions are:

interfacial tension o;,=0.0015N/m , viscosity
u,=0.004Pas , inner phase flow rate
0, =48 ml/min , interfacial ~ tension  ratio

015:023 = 1:1, three-phase viscosity ratio
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Fig. 21. Volume distribution of forming phases of droplets.
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Fig. 22. Variation of L, at different L.

Uypyp, =4:4:15 , and  flow  rate  ratio
0,:0,:0, =40:27:250. The volume distribution of
forming phases of droplets in microchips with
different lengths of the focusing hole is shown in Fig.
21. When the length of the focusing hole increases,
the length of the jet section increases and the
breaking position keeps moving downstream.
Assuming that the distance between the breaking
position of the droplets and the microchip
intersection is L,, Fig. 22 shows the variation in L,
under different lengths L of the focusing hole, which
shows that the moving distance of the breaking
position is close to the increase in length of the
focusing hole.

The volume distribution of forming phases and
variation curves of the droplet area are given in Fig.
23. In terms of the general trend, the variation in
length L of the focusing hole does not greatly
influence the forming droplet area, and its main
effect is reflected in the elongation of the jet section.
The jet section only makes the droplets pass through
a longer acceleration section, but because the
structure downstream of the focusing hole does not
change, the fluid motion in the microchip is not
fundamentally different, so there is no significant
variation in the droplet area. The maximum variation
of the area of both the inner and outer droplets do not
exceed 10%; S; and S, are 2.28 and 2.36,
respectively.

Using a second-order polynomial fitting, a functional
expression for the relationship between droplet area
and focusing hole length L can be obtained, as shown
in Egs. (21) and (22), respectively.

S;=13556.8 - 7.37L + 0.03L> (21)
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S, =30928.4 - 10.3L - 0.04L> (22)

CV; and CV, are shown in Fig. 24. CV; is 3.53-
6.05%, and CV, is 3.70-5.71% under the drip flow
pattern. When L is 50 um, the monodispersity of the
inner and outer droplet areas is optimal. When L
increases to 200 um, CV; and CV,, are high, and it is
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Fig. 23. Effect of microchips with different
lengths of the focusing hole on the forming
droplet area and forming process.
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Fig. 24. Effect of the length of the focusing hole
on the monodispersity of the droplet area.

difficult to satisfy the actual production
requirements. Therefore, attention must be paid to
shortening the length of the focusing hole when
designing the channel.
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4.3.2 Effect of the Expansion Angle on the
Droplet Formation

Figure 25 shows the volume distribution of forming
phases and variation curves of the droplet area under
different a;3. The physical properties and boundary
conditions are: interfacial tension ¢;, = 0.005 N/m,
viscosity u, =0.004 Pa-s, inner phase flow rate

Q,=48ml/min , interfacial tension  ratio
052:053=1:1 | three-phase  viscosity ratio
uppyp,=44:15 . and  flow rate  ratio

0,:0,:0, =40:27:250 . Changing the expansion
angle does not affect the flow pattern in this working
condition, and the flow pattern is a drip flow pattern
in all structures. When «; increases from 15° to 75°,
the general trend shows that the area of the inner
droplets decreases by 29.10% and the area of the
outer droplets decreases by 29.24%. S; and S, are
2.28 and 2.29, respectively, which show that the
change in expansion angle has a greater effect on the
adjustment of the droplet area and a smaller effect on
the adjustment of the relative wall thickness of the
droplets.

35000F .
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- |
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Fig. 25. Effect of microchips with different
expansion angles on the forming droplet area
and forming process.

Using a second-order polynomial fitting, we obtain a
functional expression that represents the relationship
between droplet area and angle a3, as shown in Egs.
(23) and (24), respectively.

S; = 15734 - 32.350; - 0.4603 (23)

S, = 35893 - 724905 - 1.0503 (24)

CV;and CV, are shown in Fig. 26. CV; is 3.15-5.4%,
and CV, is 3.41-5.43%. When a3 is 45° the
monodispersity of the inner droplet area is optimal,
when a; is 75°, the monodispersity of the outer
droplet area is optimal.

5. CONCLUSION

In this paper, a simplified double-cross-shaped
microchannel is numerically simulated using the
VOF method to investigate the forming process and
quality of double emulsion droplets under different
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Fig. 26. Effect of the expansion angle on the
monodispersity of the droplet area.

microchannel geometric parameters. The results are
summarized as follows.

(1) The increase in the angle between the inner and
middle phases decreases the area of both inner and
outer droplets of the double emulsion droplets, while
the increase in the angle between the middle and
outer phases first increases and subsequently
decreases the inner and outer droplet areas of the
double emulsion droplets.

(2) The increase in width ratio of the inner- to
middle-phase channel increases the inner droplet
area, decreases the outer droplet area of the double
emulsion droplets, and decreases the relative wall
thickness of the double emulsion droplets.

(3) The change in length of the focusing hole can
change the forming flow pattern of double emulsion
droplets. A greater focusing hole length corresponds
to a greater length of the jet section, but the change
in the area of the forming double emulsion droplet is
smaller. The increase in expansion angle can
decrease the forming area of the double emulsion
droplets and has a greater effect on the adjustment of
the droplet area.

(4) In terms of monodispersity, the coefficient of
variation of the double emulsion droplet area with
different geometries under the drip flow pattern are
within 5%, which can satisfy the actual production
requirements. Nevertheless, there are certain
fluctuations in the coefficient of variation under the
jet flow pattern, which cannot be applied to
occasions with high requirements of monodispersity
at present.

(5) The geometric parameters were curve-fitted to
the droplet area, and a functional expression of their
relationship was obtained.
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