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ABSTRACT

In this study, numerical simulations of the pinching-off phenomena displayed by the dispersed phase in a con-
tinuous phase have been conducted using COMSOL Multiphysics (level-set method). Four flow patterns, namely
“drop flow”, “jet flow”, “squeeze flow”, and “co-flow”, have been obtained for different flow velocity ratios, chan-
nel diameter ratios, density ratios, viscosity ratios, and surface tension. The flow pattern map of two-phase flow in
coaxial microchannels has been obtained accordingly, and the associated droplet generation process has been cri-
tically discussed considering the related frequency, diameter, and pinch-off length. In particular, it is shown that
the larger the flow velocity ratio, the smaller the diameter of generated droplets and the shorter the pinch-off
length. The pinch-off length of a droplet is influenced by the channel diameter ratio and density ratio. The
changes in viscosity ratio have a negligible influence on the droplet generation pinching frequency. With an
increase in surface tension, the frequency of generation and pinch-off length of droplets decrease, but for small
surface tension the generation diameter of droplet increases.
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Nomenclature
Cac Capillary number Cac = μcuc/σ
D Diameter of droplet generation
Dc Diameter of continuous phase inlet
dd Diameter of dispersed phase inlet
Fst Surface force
Fθ Boundary force
F Frequency of droplet generation
g Gravitational acceleration
I Identity matrix
K Viscous stress tensor
Knt Tangential stress
L Pinch-off length of droplet generation
Lc Length of continuous phase channel
Ld Length of dispersed phase channel
nint Normal direction of interface
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t Time
uslip Slip velocity
nwall Normal unit vector of the wall
p Pressure of the mixed fluid
β Slip length
γ Reinitializing parameter
δ Viscosity ratio δ = μd/μc
δd Dirac function
εls Thickness controlling parameter
η Flow velocity ratio η = ud/uc
θw Contact angle
λ Channel diameter ratio λ = dc/dd
μ Density of the mixed fluid
μc Density of the continuous phase
μd Density of the dispersed phase
ρ Density of the mixed fluid
qc Density of the continuous phase
qd Density of the dispersed phase
σ Surface tension coefficient
f(x,t) Level set function
�x Density ratio �x = qc=qd

1 Introduction

Microfluidic chips can achieve environmental detection, drug screening, and real-time disease diagnosis
on a tiny chip by manipulating a tiny amount of liquid [1,2]. Microfluidic chips have such advantages as low
sample consumption, high analysis speed, high throughput, miniaturization, and portability [3,4]. The
increasing maturity and abundance of droplet microfluidic applications have led to new requirements for
droplet preparation technology, mainly including the preparation of mono-disperse droplets with high
throughput [5] and the complexity of droplet composition structure [6].

Microfluidics can be divided into passive microfluidics and active microfluidics [7]. Passive microfluidic
control can be used to complete various reactions through the capillary action of the liquid itself without any
external force. Active microfluidics uses external driving forces (including electrical wetting, surface waves,
and magnetic forces) for microfluidic manipulation. Passive microfluidics include the multiphase flow
method [8], and the concentration gradient method [9]. The multiphase flow method utilizes shear force,
viscosity, and surface tension to generate velocity differences by designing microchannels and controlling
fluid flow rates, thereby splitting the liquid flow into microdroplets. The concentration gradient method
obtains a complex series of concentration gradients by forming precise concentration gradients and
changing the configuration design of the network channels. Active microfluidics include the centrifugal
method [10], the thermal capillary method [11], the electrowetting-on-dielectric (EWOD) method [12],
the pneumatic method [13], the electric wetting method [14] and the magnetic method [15]. The
centrifugal method utilizes centrifugal force to generate a velocity difference, dispersing the fluid into
different channels for reactions. The thermal capillary method operates on the fluid by locally heating the
fluid to create a thermal gradient and changing the local surface energy of the fluid. The EWOD method
applies voltage at both ends of the channel to make the liquid flow in the channel generate electroosmotic
force. The pneumatic method uses gas pressure (positive or negative pressure) as the shear and driving
force to drive the liquid flow movement. The electrical wetting method alters the wetting characteristics
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of the liquid through an array of microelectrodes under the surface of the chip, creating a pressure difference
within the droplet, which allows for precise droplet manipulation. The magnetic method applies a magnetic
field locally to the chip to generate magnetic propulsion, which pushes magnetic beads, or a suspension
containing magnetic beads to squeeze the microchannel space and cause the fluid to move.

T-channel, flow focusing, and coaxial flow focusing are three simple forms of the multiphase flow
method [16,17]. In recent years, many scholars have conducted research on droplet preparation using
various channel structures based on the multiphase flow method. In the T-channel form, two immiscible
fluids meet at the intersection of a vertical T-shaped pipeline, and under the action of pressure and shear
force, the continuous phase truncates the dispersed phase, forming droplets. In the flow focusing form,
three flow paths are focused in a pipeline, where the dispersed phase and the continuous phase converge
at the cross pipe. The dispersed phase is squeezed to break, forming droplets. In the coaxial flow focusing
form, the dispersed phase and continuous phase flow in parallel in the pipeline. When the dispersed phase
enters the continuous phase pipeline, it is squeezed and fractured to form droplets under the shear force
of the continuous phase fluid. Tang et al. [18] observed the diffusion rate and size of dielectric droplets
under distinct driving voltages and conductive microchannels. Majnis et al. [19] prepared
polydimethylsiloxane (PDMS) microchannels using photolithography, and observed squeeze and drop
flow patterns. Hirama et al. [20] prepared various aqueous and organic droplets using glass
microchannels. Pang et al. [21] found that the deformation of the soft wall was able to reduce the
dispersion of droplet size. Yan et al. [22] studied the kinetic properties of water droplets and considered
the effect of microchannel size behavior parameters. Zhang et al. [23] found that necked microchannels
can produce droplets with smaller diameters and faster frequencies than other double-T microchannels.
Jing et al. [24] observed droplet flow and plug flow in a reverse flow T-shaped microchannel. Hsiung
et al. [25] made a new controllable microfluidic chip producing uniform emulsion droplets. Marculescu
et al. [26] studied the variation of the inlet flow ratio for different capillary numbers. Yan et al. [27]
observed different flow patterns, including long segment plug flow, small spherical flow, steady flow, and
parallel flow, and found that the pressure amplitudes of droplet, squeeze, jet, and parallel flow types
decreased sequentially at different flow rates. Sivasamy et al. [28] increased the residence time of droplets
in the T-tube, enhancing the droplet coalescence. Li et al. [29] verified that the accumulation of upstream
pressure favors the formation of long-segmented plugs. Han et al. [30] investigated the effect of
geometric configuration on droplet merging in double T-shaped structured microchannels. Chen et al. [31]
investigated the serpentine microchannel, involving square wave, multi-wave, and zigzag. Yang et al. [32]
studied the fluid dynamics and mixing processes of droplets in T-shaped microchannels and sinusoidal
microchannels. Gidde et al. [33] performed numerical simulations of the micro-mixer and investigated the
effect of Reynolds number Re. Zhu et al. [34] explored the occurrence of droplet breakup in the cross-
flow, co-flow, flow focusing, and step emulsion structure.

However, the mechanisms regulating the generation and evolution of droplet flow patterns with respect
to the two-phase physical parameters in coaxial microchannels are still unclear, and the quantitative influence
laws on droplet generation still need to be further elucidated. In this paper, four flow patterns of oil droplets in
coaxial microchannels were simulated by COMSOL Multiphysics software, namely drop flow, jet flow,
squeeze flow, and co-flow, and the pinch-off mechanisms of drop flow and jet flow were interpreted. The
effects of flow velocity ratio, channel diameter ratio, density ratio, viscosity ratio, and surface tension on
droplet generation characteristics are also analyzed.

2 Computation Model

2.1 Governing Equation
The Level Set method was first proposed by mathematicians Osher et al., and subsequently, it has been

applied to fluid mechanics, material science, and other fields [35]. Because the Level Set method applies a
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smooth distance function f(x,t) to track the interface of two phases, the physical quantities, including density
and viscosity, can be transitioned smoothly and continuously at the interface. The evolution of the phase
interface during droplet generation can be described by utilizing the Level Set equation:

@f
@t

þ u � rf ¼ cr � elsrf� f 1� fð Þ rf
rfj j

� �
; (1)

where u denotes the velocity field of the flow field, γ expresses the reinitializing parameter, εls is the interface
thickness controlling parameter. The Level Set method does not require reconstructing the interface, but
treats the phase interface as an iso-surface of the smooth and continuous Level Set function f(x,t):

fðx; tÞ. 0:5; continuous phase
fðx; tÞ ¼ 0:5; phase interface
fðx; tÞ, 0:5; dispersed phase

8<
: : (2)

In the dynamic process of droplet generation, the oil/water two phases are incompressible Newtonian
fluids, the flow of dispersed phase and continuous phase are considered as laminar flow, and the whole
system is adiabatic. Therefore, the governing equations for viscous incompressible fluids are as follows:

qr � uð Þ ¼ 0; (3)

q
@u
@t

þ q u � rð Þu ¼ r � �pIþl ruþ ruð ÞT
� �h i

þ Fstþqg; (4)

where, ρ, μ, and p are the density, viscosity, and pressure of the mixed fluid; I denotes the identity matrix; Fst

is the surface force; and g is the gravitational acceleration. The density and viscosity of the mixed fluid in the
flow field are calculated as follows:

q ¼ qd þ qc � qdð Þf; (5)

l ¼ ld þ lc � ldð Þf; (6)

where, qd and μd represent the density and viscosity of the dispersed phase, while qc and μc denote the
parameters of the continuous phase.

Surface tension is the force acting on the interface of two phases along the surface of a droplet due to the
imbalanced molecular attraction. The level set method introduces surface tension into the source term of the
N-S equation:

Fst ¼ rdjnint þ ddrsr; (7)

where,

j ¼ �r � nint; (8)

rs ¼ I� nintn
T
int

� �r; (9)

in which, σ represents the surface tension coefficient, nint denotes the normal direction of the liquid-liquid
interface, δd is the Dirac function.

On the boundary of a solid wall, the velocity of the fluid is different from that of the solid wall, resulting
in slip velocity. Therefore, the wall meets the condition of no permeability:

u � nwall¼ 0; (10)
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where, nwall is the normal unit vector of the wall. The tangential stress Knt and slip velocity uslip of fluid at the
wall are:

Knt ¼ � l
b
uslip; (11)

uslip ¼ u� u � nwallð Þnwall; (12)

where, Knt = Kn − ( Kn ⋅ nwall) nwall, Kn = Knwall, K = (∇u + ∇uT), K is the viscous stress tensor, and β is the
slip length. For walls in contact with the fluid-fluid interface, a boundary force Fθ is also applied to enforce
the contact angle θw:

Fh ¼ rd nwall � nwall � coshwð Þnwall: (13)

The boundary conditions for f(x,t) on the open boundary (including inlet and outlet) and wall are:

f ¼ f0; (14)

nwall � elsrf� f 1� fð Þ rf
rfj j

� �
¼ 0; (15)

where, f0 is the initial defined value. The value of f0 equals to 0 for the dispersed phase, and f0 equals to
1 for the continuous phase. Numerical discretization were solved in COMSOLMultiphysics software version
6.0.

2.2 Solution of Finite Element Method
COMSOL Multiphysics is a computing platform that converts mathematical models into computer

simulations. By Discretization, the continuous geometric modeling is divided into several grid elements,
thus a matrix problem can be obtained, and various partial differential equations can be solved based on
finite element method. In the COMSOL Multiphysics, partial differential equations are transformed into
weak forms, and boundary conditions are also transformed into corresponding weak constraints. The
integral form is known to be particularly suitable for finite element methods because it circumvents the
discontinuity of the integral variables. The weak form is an integral form, but it requires less continuity of
the integration variables and is well suited for solving nonlinear multi-physics field problems. When
performing finite element calculations in COMSOL Multiphysics, the software always automatically
transforms the control equations into their weak form first, and then constructs a set of finite element
equations for calculation. By grid partitioning, a set of algebraic equations is obtained by the Galerkin
method [36]. Finally, the approximate solutions of these equations at the grid vertices are obtained by
solving the algebraic equations, and then the solutions at any point inside the grid element can be
obtained by the interpolation method.

The weak forms of Eqs. (1), (3), and (4) can be written in the following forms [37]:Z
Ω

@f
@t

þ u � rf
� �

� ~f þ c elsrf� f 1� fð Þ rf
rfj j

� �
� r~f

� 	
dV�

Z
Γ

c elsrf� f 1� fð Þ rf
rfj j

� �
� n

� 	
� ~fdΓ ¼ 0;

(16)

Z
Ω

�quð Þ � r~pdV �
Z
Γ

�quð Þ � n½ � � ~pdΓ ¼ 0; (17)
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Z
Ω

q
@u
@t

þ q u � rð Þu� Fst � qg

� �
� u~þ �pIþl ruþ ruð ÞT

� �� �
:ru~

� 	
dV�

Z
Γ

�pIþl ruþ ruð ÞT
� �� �

� n
� �

� u~
h i

dΓ ¼ 0;

(18)

where, V is the bulk of computational domain, Γ means the boundary of computational domain, ðu~; p~;f~Þ are
the test functions in the Galerkin method. Eqs. (16) and (17), can be uniformly written in the following
form:Z
Ω

krU � rwdΩþ
Z
Γ

ð�krUÞ � n � wdΓ¼
Z
Ω

gwdΩ; (19)

where, k and g are known coefficient parameters, ψ is a test function, U is the dependent solution variable
(i.e., velocity u, Level Set function f, pressure p, etc.). The numerical equation is constructed by the
weak form, which means that the solution of the numerical equation is the approximate solution of the
corresponding control equation.

Assuming that the approximate solution can be represented as a linear combination of a set of basis
functions ψi, the variable U can be expressed in the following form:

U ¼
X
i

Uiwi; (20)

where, Ui is is the value of U at grid node i. Thus, the discretization form of Eq. (19) becomes:

X
i

Ui

Z
Ω

krwi � rwjdΩþ
X
i

Z
@Γ

�kUirwið Þ� nwjdΓ ¼
Z
Ω

g
X
i

Uiwi

 !
wjdΩ: (21)

Once boundary conditions are applied, Eq. (14) can be further represented in the following form:

� � @U

@t

� �nþ1

þ� Unþ1
� �¼b; (22)

where U = ( u, p, f) is the solution vector, Λ is the stiffness matrix, and Π is the matrix containing all other
force terms, b is the nonlinear term associating with source terms and boundary conditions. The three-point
backward difference scheme is employed for temporal discretization [38]. The velocity u, pressure p and
Level Set function f are handled by using a segregated solution approach. The parallel sparse direct
solver (PARDISO) is selected to iteratively solve the algebraic equations [39].

2.3 Physical Model
The process of generation of oil droplets in coaxial microchannels is a transient process. As shown in

Fig. 1, the coaxial microchannel includes a main channel with a diameter of dc = 0.12−0.36 mm
(continuous phase inlet) and a branch channel with a diameter of dd = 0.03–0.06 mm (dispersed phase
inlet). The length of the continuous phase channel is Lc = 3 mm, and the length of the dispersed phase
channel is Ld = 0.5 mm. The inlet of the continuous phase and the dispersed phase are both velocity inlet
boundary conditions, and the outlet is pressure outlet boundary condition. The wall of the channel has a
non-slip boundary condition. At the initial moment, the two-phase fluids remain stationary at a pressure
of 1 atm.
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The generation of droplets on microfluidic chips involves the separation of two immiscible liquids, one
as a continuous phase and the other as a dispersed phase. The dispersed phase is dispersed in the form of
small volume units in the continuous phase, forming droplets. According to the difference between
dispersed and continuous phases, droplets can be divided into two types: water-in-oil (W/O) type droplets
and oil-in-water (O/W) type droplets. Specifically, the W/O type droplets consider water phase as the
dispersed phase and oil phase as the continuous phase, while the O/W type is the opposite. Our study
only refers to the O/W fluid droplets, where the water phase refers to various aqueous solutions in
general and the oil phase is an organic solvent that is insoluble in water. The water phase and oil phase
simultaneously flow into the microchannels from the different entrances. The walls of the channels are
oleophobic, while the water phase can infiltrate the channels and encapsulate the oil phase, forming O/W-
type droplets. Table 1 provides the range of values for the two-phase physical parameters.

2.4 Definition of Parameters
The formation of liquid droplets is due to the combined action of the surface tension and shear force of

the water/oil two phases. The flow pattern of droplet generation is strongly influenced by the flow velocity
ratio between the two phases η = ud/uc (ud and uc are the flow velocities of the dispersed and continuous
phases), and the capillary number of the dispersed phase Cac = μcuc/σ (μc is the viscosity of the
continuous phase, σ is the interfacial tension coefficient between the two phases). Changing the flow
velocity ratio of the oil and water phases can change the relative magnitude of the surface tension and
shear force, resulting in different flow patterns.

The dynamic characteristics of droplet formation can be described using the frequency f, diameter d, and
the pinch-off length L of droplet generation. As shown in Fig. 2a, the pinch-off length L is defined as the
distance from the head of the droplet to the tail of the liquid bridge when a complete droplet is just
generated. Fig. 2b shows the variation of flow streamline l with time t in a drop flow pattern, in which
the frequency f and the pinch-off length L of droplet generation can be identified.

2.5 Verification of Grid Independence
The quantity and quality of grids are crucial for simulating the flow state of oil droplets. The purpose of

grid independence verification is to eliminate the effect of grid on the calculation results in the balance
between numerical accuracy and computational cost.

Figure 1: Structure of the coaxial microchannels

Table 1: Physical parameters of the two phases

Material Property

Density (q/kg/m3) Viscosity (μ/Pa⋅s) Interfacial tension (σ/N/m)

Oil phase 640–1320 0.025–0.5 0.025–0.125

Water phase 800–1100 0.0005–0.002
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As shown in Fig. 3a, the structured grid was used to disperse the flow field considering the regular
geometric characteristics of the flow field. Due to the jump in physical variables of the two-phase flow,
boundary layer grids were used to refine solid boundaries and phase interfaces. The grid-independence of
the oil droplet generation process was verified by using five different grid quantities for the dispersed
phase flow velocity ud = 0.294 m/s and flow velocity ratio η = 2.1. In addition, the channel width
dd = 0.03 mm, channel width ratio λ = dc/dd = 6, continuous phase viscosity μd = 0.001 Pa⋅s, viscosity
ratio δ = μd/μc = 100, continuous phase density qd = 1000 kg/m3, density ratio �x ¼ qc=qd = 1, surface
tension σ = 0.05 N/m.

As depicted in Fig. 3b, there is a spurious flow when the quantity of grid elements is Γ = 15752, 19256,
and 22481. The spurious flow refers to the phenomenon of velocity anomalies caused by velocity calculation
errors in the numerical solution process of two-phase flow. The accuracy of the calculation depends on the
quality of the grid, and the finer the grid, the higher the accuracy. When the quantity of grids is Γ = 35619 and
89596, the position of the oil droplets tends to be more precise in fluid flow. To eliminate the sensitivity of
calculation results caused by grid variation, the grid quantity Γ = 35619 is applied to generate computational
nodes for the flow field.

(a) (b)

Figure 2: Definition of parameters; (a) geometric configuration; (b) the evolution of flow streamline l over
time t for case η = 2.4 and Cac = 0.28

(a) (b)

Figure 3: Verification of grid independence; (a) grid partition when the quantity of grid elements is
Γ = 35619; (b) comparison of calculation results at t = 0.02 for five different grids (i) Γ = 15752, (ii)
19256, (iii) 22481, (iv) 35619, and (v) 89596
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2.6 Comparison with Experiments
Lan et al. [40] experimentally investigated the liquid-liquid two-phase flow in a coaxial microchannel.

Wang et al. [41] studied the breakup-mechanism of nanowires, which provide an alternative insight for the
generation of droplets. Wang et al. [42] argued for a breakup transition from a continuous phase via dispersed
particles towards a uniform-radius cylinder and described Plateau-Rayleigh’s criterion. To further verify the
accuracy of the simulation algorithm, the Level Set simulations were compared with Lan’s work on droplet
generation characteristics in coaxial microchannels.

As shown in Fig. 4a, in the drop flow regime, a concave neck (t = 141 ms) appeared at the interface
between the continuous and dispersed phases downstream of the channel intersection. As the fluid in the
dispersed phase continuously flowed into the continuous phase, the neck was continuously stretched.
After the neck fracture, the ellipsoidal droplets rapidly became spherical under the action of interfacial
tension (t = 163 ms). As shown in Fig. 4b, in the jet flow regime, a small rim (t = 45 ms) was maintained
at the top of the jet line. As the dispersed phase was continuously injected, the jet line gradually
elongated (t = 55 ms) and the rim also increased. The jet extended further downstream of the channel
intersection (t = 59 ms), and the slender jet was not enough to drag the rim, causing the jet line to break
and droplets to form. Fig. 4 shows good consistency between the calculated results and the experimental
results. The simulation results remarkably reflected the experimental results, and also verified the
reliability of the Level Set method in interface capture.

(a)

(b)

(c)

Figure 4: Comparison of droplet generation characteristics (our simulations are on the left, and Lan’s
experiments [36] are on the right); (a) three-dimensional model, (b) drop flow at η = 6 and Cac = 0.12,
(c) jet flow at η = 7 and Cac = 0.41
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3 Flow Evolution of Droplet Generation

3.1 Flow Patterns
The flow pattern of droplet generation is strongly influenced by the flow velocity ratio η and the capillary

number Cac. The conversion between flow patterns can be obtained by changing these two parameters (i.e., η
and Cac). As shown in Fig. 5, four different flow types, drop flow, jet flow, squeeze flow, and co-flow, can be
observed from the coaxial microchannel. If the pinch-off length L is more than triple the diameter d of the
generated droplets, this situation is not called jet flow; instead, it is called drop flow. In addition, there is a
transitional stage in the transformation between two flow patterns, for example, increasing the Cac number in
the state of drop flow results in a transitional flow pattern, which has a shorter jet streamline than jet flow, but
a longer flow streamline than drop flow.

3.2 Droplet Pinch-Off Mechanism in Drop Flow and Jet Flow Patterns
In coaxial microchannels, the droplet flow and jet flow are flow patterns that can generate liquid droplets.

As shown in Fig. 6a, in a droplet flow pattern, droplets are generated near the tail part of the microchannel.
The velocity distribution and pressure distribution showed that the pressure difference between the inside and
outside of the generated droplet becomes very prominent, and the pressure at the thinnest part of the liquid
bridge is the largest. The dispersed phase continues to move forward within the continuous phase, and the
velocity continues to increase until the liquid bridge breaks and forms droplets. This process is known as the
end-pinch mechanism. Fig. 6b shows the droplet growth process in the jet flow pattern, and the liquid bridge
of jet structure was longer compared to the drop flow pattern. At this point, the liquid bridge is about to break,
the pressure on the connecting neck reaches its peak, while the speed also continuously increases. When the
end of the jet is pinched off, the surface tension between the two phases is difficult to keep the interface of the
two-phase stable, and droplets are generated in the dispersed phase.

3.3 Flow Pattern Map
As shown in Fig. 7, the co-flow pattern is a common flow pattern in microchannels, mainly occurring in

the case of a dispersed phase with larger capillary numbers. The dispersed phase does not produce continuous
droplets in the channel but presents a stable parallel flow. The co-flow pattern is widely found in cases where
the capillary number Cac is greater than 1. The squeeze flow pattern mainly occurs in conditions where the
capillary number and flow velocity ratio are very small. In the squeeze flow, the dispersed phase blocks the
flow progression of the continuous phase, resulting in slugging of the continuous phase. The drop flow does
not form a slug structure and is a flow pattern that can stably produce liquid droplets. When Cac = 0.1–0.3, as
long as the flow velocity ratio is large enough (η > 1.5), the drop flow pattern can be generated. The jet flow
pattern can also generate droplets, and their flow process involves the growth, deformation, and pinching of

(a)

(b)

(c)

(d)

Figure 5: Flow patterns occurring in coaxial microchannels; (a) drop flow, (b) jet flow, (c) squeeze flow, (d)
co-flow
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the jet streamline. When droplets are generated, the jet streamline may have a long streamline length, so the
diameter distribution of the generated droplets is not uniform. Our study found that Cac = 0.4 was a critical
threshold for the appearance of the jet flow pattern.

4 Results and Discussion

4.1 Effect of Flow Velocity Ratio
The flow velocity ratio at the inlet had a significant influence on the generation characteristics of

droplets, and the shape of droplets varied greatly at different velocity ratios. The flow velocities of the
continuous phase were designated as uc = 0.1, 0.14, 0.18 and 0.22 m/s, and the oil droplet generation

(a) (b)

Figure 6: Droplet pinch-off mechanism (i) phase distribution, (ii) pressure distribution and (iii) velocity
distribution; (a) drop flow and (b) jet flow

Figure 7: Flow pattern map of oil/water two phase flow in coaxial microchannels
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processes were numerically simulated at five different flow velocity ratios of η = 1.8, 2.1, 2.4, 2.7 and 3 to
study the effects of different flow velocity ratios on the generation processes of oil droplets.

Fig. 8 shows the effect of flow rate ratio η on the frequency, diameter, and pinch-off length of droplet
generation. The flow velocity of the continuous phase flow uc remained unchanged, and the influence of flow
velocity ratio on droplet formation characteristics was reflected by adjusting the flow velocity of the
dispersed phase ud. The larger the flow velocity ratio was, the higher the droplet generation frequency
was. When the flow velocity ratio was at 2.1 and 2.4, there was a small effect of the velocity of the
continuous phase on the droplet generation frequency, but a significant effect on the generation diameter
and pinch-off length of the droplets. At the same flow velocity ratio, the continuous phase flowed at
higher velocities, which resulted in smaller droplet diameters, shorter pinch-off lengths, and higher
frequency of droplet generation.

4.2 Effect of Channel Diameter Ratio
The channel diameter ratio is defined as λ = dc/dd, where dc and dd are the channel widths of the

continuous phase and dispersed phase, respectively. The width of the channel determines whether oil
droplets can be generated in the microchannel. If the width of channel is too narrow, it can cause droplets
to generate squeezed flow inside the channel. Squeezing flow is the flow pattern with the largest droplet
size among all flow patterns. In the squeezing flow pattern, the generated droplets block the entire
channel, and the flow of the dispersed phase is subject to resistance. Jena et al. [43] studied the effect of
channel geometry on the frequency of droplet generation in the T-junction microchannels and reported
that the droplet production frequency decreases with an increase in the width of the continuous phase
channel. Ji et al. [44] reported the effects of the cross-sectional shape and height-to-width ratio of
microfluidic channels on the size and uniformity of generated droplets. Kim et al. [45] examined the
effects of the intersection angle between the inlet channels on the droplet diameter and found that the
smallest diameter droplet formed when the intersection angle was 90 degrees. Tan et al. [46] studied
the effect of inlet width of the bifurcating junction on the breakable droplet sizes. The channel widths of
the dispersed phase were set to dd = 0.03, 0.04, 0.05, and 0.06 mm. To investigate the effect of the
channel diameter ratio on the microdroplet generation characteristics, the channel widths of the
continuous phase were obtained in five multiples of λ = 4, 4.5, 5, 5.5 and 6.

Fig. 9 shows the effect of channel diameter ratio on the frequency, diameter, and pinch-off length of
droplet generation. The effect of the channel diameter ratio on the droplet generation characteristics was
determined by adjusting the channel width dc of the continuous phase. The larger the channel diameter
ratio was, the lower the droplet generation frequency was, and the larger the diameter of droplet

(a) (b) (c)

Figure 8: Effects of flow velocity ratio; (a) frequency f, (b) pinch-off length L and (c) diameter d
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generation was, the longer the droplet generation pinch-off length was. At a certain diameter ratio, the droplet
generation frequency was lower and the diameter was larger as the channel width of the dispersed phase grew
larger, and the pinch-off length of droplet generation was also larger.

4.3 Effect of Density Ratio
The difference in density between the water phase and the oil phase affects the generation of droplets in

the channel. The initial densities of the water phase were set as qc = 800, 900, 1000, and 1100 kg/m3.
Numerical simulations were conducted to study the process of oil droplet generation at five different
density ratios of �x = 0.8, 0.9, 1, 1.1, and 1.2 (�x = qc=qd, where dd is the density of the dispersed phase),
respectively.

Fig. 10 shows the effect of density ratio on droplet generation frequency, diameter distribution, and
pinch-off length. With the increase of density ratio, the droplet generation frequency remained almost
constant, while the diameter of oil droplet generation grew larger and the droplet pinch-off length became
shorter. The water phase density of qc = 900 kg/m3 was particularly prominent. At the same time, the
generation diameter of oil droplets gradually increased with the density of the dispersed phase, while the
pinching length of the droplets gradually decreased.

(a) (b) (c)

Figure 9: Effects of channel diameter ratio on (a) frequency f, (b) pinch-off length L, and (c) diameter d

(a) (b) (c)

Figure 10: Effects of density ratio on (a) frequency f, (b) pinch-off length L, and (c) diameter d
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4.4 Effect of Viscosity Ratio
The effect of viscosity ratio (δ = μd/μc) of the dispersed and continuous phases on oil droplet generation

was investigated. The flow velocity ratio, density ratio, and surface tension of the dispersed and continuous
phases were kept constant, and the viscosity of the continuous phase was set to μc = 0.0005, 0.001, 0.0015,
and 0.002 Pa⋅s, respectively. Numerical simulations were conducted to study the process of oil droplet
generation under five different viscosity ratios, δ = 50, 100, 150, 200, and 250, respectively.

Fig. 11 shows the effect of viscosity ratio on the generation frequency, diameter, and pinch-off length of
droplets, respectively. The effect of density ratio on droplets was determined by adjusting the viscosity of the
oil phase. Changing the viscosity ratio had little effect on the droplet generation frequency. When
the viscosity of continuous phase was held constant, the droplet generation frequency increased as the
viscosity of the dispersed phase grew larger. In addition, as the viscosity ratio increased the droplet
generation diameter became smaller and the pinch-off length grew longer, which was more obvious when
the viscosity of the water phase was μc = 0.002 Pa⋅s. It shows that as the viscosity of oil droplets
increased, the process of oil droplet formation needed to overcome the effect of larger viscous forces, so
the pinch-off length of oil droplet formation grew longer.

4.5 Effect of Surface Tension
The formation of a liquid line is mainly caused by the surface tension and pressure difference at the

interface of the oil-water phases, and the surface tension plays a significant role in the formation of oil
droplets. The oil-water density ratio and viscosity ratio were kept constant, and the surface tension
coefficient was changed. To explore the effect of surface tension on the process of oil droplet generation,
numerical simulations were conducted for five cases of surface tension coefficient of r = 0.025, 0.05,
0.075, 0.1, and 0.125 N/m.

Fig. 12 shows the variation of the generation frequency, diameter, and pinch-off length of oil droplets
under different surface tensions. With the increase of surface tension, the frequency of droplet generation
gradually decreased, the diameter of droplet generation increased, and the pinch-off length of droplets
decreased. When the surface tension was larger, the interaction between the continuous and discrete
phases was larger and the deformation of oil droplets was smaller. The degree of deformation of oil
droplets was determined by the interfacial tension between the two phases. As the interfacial tension
increased, the ability of oil droplets to resist deformation grew stronger, and the degree of deformation of
oil droplets decreased, which meant that the shape of generated droplets gradually transformed from
ellipsoidal to spherical.

(a) (b) (c)

Figure 11: Effects of viscosity ratio on (a) frequency f, (b) pinch-off length L, and (c) diameter d
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5 Conclusions

The oil droplet generation process was numerically simulated by using COMSOL software. The flow
pattern of oil droplets in the micro-channel channel was analyzed, and the effects of considering the flow
rate ratio, channel diameter ratio, density ratio, viscosity ratio, and surface tension on the oil droplet
generation process in the water/oil two-phase flow were analyzed. The main conclusions are as follows:

(1) The frequency of droplet generation tends to increase with the increase of the flow velocity ratio. The
larger the flow velocity ratio, the smaller the diameter of droplet generation and the shorter the pinch-off
length. The flow velocity ratio in the range of η = 1.8–3 can generate a stable droplet pattern.

(2) Droplet pinch-off length is influenced by the channel diameter ratio and density ratio. With the
increase of channel diameter ratio, the long-range resistance of fluid flow becomes smaller, resulting in a
longer droplet pinch-off length. As the density ratio increases, the long-range resistance of fluid flow
increases, the pinch-off length of droplets becomes shorter.

(3) The change in viscosity ratio exerts an insignificant effect on the frequency of droplet generation.
However, as the viscosity ratio increases, the diameter of droplet generation becomes smaller, and the
pinch-off length becomes longer.

(4) With the increase of surface tension, the frequency of droplet generation and pinch-off length
decrease, but the smaller the increase in the diameter of droplet generation. In addition, a higher surface
tension leads to a greater interaction between the two phases, resulting in less oil droplet deformation.
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