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Droplet microfluidics finds its application in medical, chemical and biological research as well as in the field of medical
device manufacturing. This paper studies the T-junction microfluidics and its parameters, such as droplet length and
breakup time, as they vary with the channel width and phase velocities. The study reveals that droplet length rises
with an increase in either of the channel width and time taken for breakup reduces and attains a steady value when
dispersed phase width is increased. The droplets are smaller in size and form very quickly when the velocity of
continuous phase is increased and vice versa. The study can be utilized as a part of a larger study of droplets and
their particle encapsulations, and its utilization to generate more efficient and economical medical devices.
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HIGHLIGHTS

— COMSOL study reveals the impact of channel width on droplet size and formation time.
— Phase velocity shifts droplet breakup characteristics.

— Flow velocity strongly governs droplet length and formation time.

— Level-set simulations accurately capture droplet and interface evolution in T-junctions.

1 Introduction

Droplet formation and propagation have wide applications in the medical and engineering fields. These include the
preparation of a biomedical drug [1], targeted drug delivery [2] like targeting the cancer cells [3], food science [4],
pesticide deposition [5], RT-PCR test for COVID-19 and DNA analysis [6]. The Microfluidics devices are the system
designed for the generation, propagation and control of droplets of various sizes, ranging from micrometers to
nanometers [7]. These system helps to control the droplet size more precise compared to macro systems [8].
Microfluidics, often referred to as "Lab-on-a-Chip," is valued for its ability to conduct experiments on a microscale
using smaller quantities of raw materials and shorter reaction times [9]. The characteristics of droplets formed in
microfluidic systems vary depending on flow properties (e.g., flow rate, velocity), geometry (e.g., channel width and
thickness), and fluid properties (e.g., viscosity, surface tension) [10].

Droplets in microfluidics are formed using active and passive methods. External sources such as temperature,
electric field and magnetic fields are used in the active method [11], while passive methods rely on geometrical
variations to produce droplets. Co-flow, flow focusing, and crossflow [12] are the common passive methods widely
employed in the studies. This paper focuses on the T-junction (a type of cross-flow), which is among the most used
configurations due to its wide range of applications and ease of use.

The reduction in pressure across the emerging droplet triggers the droplet breakage at a T-junction. When a
continuous phase fluid obstructs the flow of dispersed phase fluid flow the droplet breaks [13]. The size of the droplet
formed decreases as continuous phase flow rate increases [14]. Depending on the change of regime the droplets
can take on any shapes and regimes from spherical to plug shaped and from squeezing to the dripping regime.

Researchers have extensively studied the dynamics of droplet production, including the production rate's
dependency on viscosity [15], the effects of inlet and outlet sizes on T-junction performance [16], and the dependency
of droplet length on the flow rate ratio [17], among others. Studies have reported that increasing the channel size
ratio decreases droplet production rates but increases droplet size, while higher viscosity ratios reduce droplet
diameters [18]. Additionally, increasing the channel aspect ratio reduces droplet volume and increases droplet
frequency [19]. Experimental methods for generating and studying droplet microfluidics are often expensive and time-
consuming. This has driven researchers to use Computational Fluid Dynamics (CFD) to extend their work within
shorter timeframes. Commercial software, such as ANSYS FLUENT and COMSOL, as well as open-source tools like
OpenFOAM, are extensively used for such purposes [16].

An extensive literature study suggests the requirement to use the computational framework to find and optimize the
droplet size and breakup time pattern. This framework can assist future researchers in advancing studies related to
droplet coalescence, stability, and the ability of droplet propagation without breaking. This study utilizes
Computational Fluid Dynamics (CFD) which significantly reducing the effort and time required for experimentation. It
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focuses on investigating droplet breakups and stable propagation, as well as the dependency of droplet size on
geometry and flow parameters.

Recent studies have demonstrated continued progress in numerical and hybrid modeling of droplet formation in T-
junction microfluidic devices. A recent work which performed on microfluidics numerically at low Weber and capillary
numbers highlighted the sensitivity of droplet length to flow conditions and channel geometry which reinforced the
importance of validated computational frameworks to predict parameters for microfluidic design [20]. There are
emerging hybrid approaches in the recent studies that have combined simulations with machine learning models for
quick and accurate prediction of droplet dynamics at low computational time. In a study of finite element method
coupled with deep learning algorithms the computational cost was significantly reduced to determine the droplet
length and formation regimes [21]. Moreover, data-driven models have shown strong potential to capture droplet
dynamics such as droplet spreading behavior based on flow parameters and wettability effects for a wide range of
parameters using supervised machine learning techniques [5].

Recent work has developed and experimentally validated a models for pressure-driven, on-demand droplet
formation, highlighting the importance of linking interfacial forces, channel geometry, and operating conditions for
robust microfluidic design [22]. A predictive model incorporating side-arm length and outlet-to-inlet width ratios to
accurately determine critical capillary numbers for droplet breakup in T-junction microchannels was developed,
highlighting the strong coupling between geometry and breakup behavior [23]. Present study adopts physics based
validated numerical approach which can be used for integration with hybrid and machine learning models.

While classical studies have primarily focused on droplet size scaling and breakup regimes in T-junction microfluidics,
the present work extends the analysis by systematically examining both droplet length and breakup time using a
validated numerical framework with realistic fluid properties [13], [19]. There are many work based on droplet size
study based on varying flow rate ratios but only few are based on geometrical variations and breakup time. The
current study aims to understand the phenomenon of droplet size and its dependence on the width of the inlets. The
influence of channel width and phase velocities on breakup dynamics is explicitly quantified, and simple predictive
correlations relating droplet length to geometric ratios are proposed. These contributions improve the practical
applicability of numerical modeling for microfluidic device design and provide a foundation for future studies on
droplet-based particle encapsulation.

2 Materials and methods
2.1 Geometry

The computational domain used in the study is a two-dimensional T-junction as depicted schematically in Fig. 1.

Dispersed Phase
Inlet

L 4

Continuous Qutlet
Phase Inlet

Fig. 1: An illustration of a droplet formed in a T-junction microfluidic device

The geometry consists of a side channel that introduces the dispersed phase fluid orthogonally into the main channel,
while the main channel carries continuous phase fluid. Both channels are assumed to have rectangular cross-
sections, which is consistent with commonly planned microfluidic devices. The width of the continuous phase channel
is denoted as wec. In general, wc is represented as w in this work, since the main channel width is the same as the
continuous phase channel width, while the width of the side (dispersed phase) channel is denoted as wq. The droplet
length (L) is the distance between the two extreme ends of the droplet formed (Fig. 1). The lengths of the inlet and
outlet channels are selected to be long enough to prevent backflow effects at the outlet and to maintain fully
developed flow conditions upstream of the junction [24].

2.2 Boundary condition

Computer simulations were carried out using COMSOL Multiphysics 6.2. A two-phase model and the Level Set
method were used for simulations. The geometry and its dimensions are as shown in the Fig. 2a.
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Fig. 2a: Geometry & Boundary conditions for validation and mesh independence  Fig. 2b: Contact angle on a
test microfluidic surface

The working fluids used in the study are silicone oil as the continuous phase and aqueous glycerine solution as the
dispersed phase. The parameters used in the study are as mentioned in Table 1 for both fluids. Uniform velocity inlet
boundary conditions are applied at both the continuous and dispersed phase inlets, with inlet velocities varied to
study their effect on droplet length and breakup time. A pressure outlet with zero-gauge pressure is imposed at the
outlet. No-slip conditions are enforced at all channel walls. Wettability effects are incorporated by prescribing a
constant static contact angle i.e., angle formed by the droplet (<90° hydrophilic, >90° hydrophobic, >150°
superhydrophobic) on the microfluidic surface as shown in Fig. 2b at the walls through the Level Set formulation.
Present wall lies in a hydrophobic condition with contact angle of 150°. Surface tension is included using a constant
interfacial tension coefficient. The simulations assume incompressible, isothermal and laminar flow, with gravitational
effects neglected due to their insignificance at the microscale.

Table 1. Parameters of fluids for the mesh independence test [25]

Description Values

Viscosity of the Silicone Oil (Continuous phase) y, 68.6 mPa-s
Density of Silicone Qil p,. 0.984 g/cm3
Silicone oil velocity v, 0.00347m/s
Viscosity of aqueous glycerine solution (Dispersed phase) u, 10.58 mPa-s
Density of aqueous glycerine solution p, 1.162 g/cm?
Aqueous glycerine solution velocity, vqg 0.00028 m/s
Interfacial Tension y 12.5 mN/m
Contact Angle 6 1500

2.3 Numerical method

The two-phase flow, which uses the Finite Element Method (FEM) in the T-junction microfluidic device, is modeled
using the incompressible Navier—Stokes equations coupled with the Level Set method to capture the interface
between the continuous and dispersed phases. In this formulation, a scalar level-set function is used to represent
the fluid—fluid interface, which is advected by the local velocity field while being periodically reinitialized to maintain
a smooth and well-defined interface. Viscosity and density values are considered to be constant throughout the
experiment. The study uses the following numerical governing equations.

Continuity Equation
V-u=0 (1)
where u= velocity vector.
Momentum Equation (Navier—Stokes with Surface Tension)
du
p (E +u- Vu) =—Vp+ V- [u(Vu+ (Vu)")] + Fy (2)

Where p is the pressure, p is the density, u is the dynamic viscosity and Fy; is the surface tension force (defined
below).

Surface Tension Force (Continuum Surface Force Model)
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where ¢ is interfacial tension, k= interface curvature and 6§ (¢)= delta function localized at the interface
The capillary number (Ca) is defined as
_ HcUc

Ca= (5)
o

where . is the dynamic viscosity of the continuous phase, U, is the characteristic velocity of the continuous phase
and o is the interfacial tension between the two phases. The capillary number represents the ratio of viscous forces
to interfacial tension forces that act on the droplet. In this microfluidics, Ca governs the droplet formation and breakup
dynamics. This parameter is kept constant throughout the experiment to study the effect of width variation.

The droplet length ratio (L/w) is defined as

L/w (6)

where L is the droplet length measured along the main channel and w is the width of the main (continuous phase)
channel as shown in the Fig. 1 & Fig. 3d. This non-dimensional parameter characterizes the degree of geometric
confinement experienced by the droplet within the microchannel. It reflects the balance between deformation and
confinement effects, and it is used along with the Capillary number in scaling laws and validation studies.

bL
‘Wa
d)
L

Fig. 3. Schematic illustration of Droplet formation in T-junction microfluidics
The interaction between parameters such as interfacial tension which prevents dispersed phase from deforming and
viscous shear force imposed by continuous phase results in droplet formation in T junction. As the fluid enters the
channel (Figs. 3a & 3b), the channel fills and blocks the cross-section causing the pressure to build upstream. In
addition, interfacial tension occurs only at fluid-fluid interface and works to reduce the interfacial area which prevents
the droplet deformation and neck thinning near the junction. As shown in Fig. 3c, the dispersed phase is
simultaneously dragged downstream by viscous shear from the continuous phase, resulting in interface curvature
and localized necking close to the junction. Droplet breakup occurs when the viscous stresses overcome the

stabilizing interfacial tension forces, leading to pinch-off as shown in Fig. 3d. The numerical droplet formation is as
shown in Fig. 4 for velocities of Vc=3.47mm/s and V4=0.28mm/s for a constant capillary number (Ca~0.02).
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Fig. 4. Numerical droplet formation in a T junction
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2.4 Mesh independence test and validation of the model

A mesh independence test was conducted to select an appropriate mesh size for the numerical study. The change
in droplet length with mesh size was studied, where mesh sizes varied in the range of 5 ym to 1 um. Droplet length
was measured using ImageJ software and the results showed a gradual decrease in droplet length with an increasing
mesh element size. It was observed that for mesh sizes of 1 ym and 2 ym, there was no appreciable change in
droplet length. For further analysis, a mesh size of 2 ym was chosen to reduce computational time. A plot of these
results is shown in the graph (Fig. 5).

150.51
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149.5
149.0+
148.5+
148.0
147.5+
147.0+
10 15 20 25 30 35 40 45 50

Mesh Element Length (um)

Fig. 5. Mesh Independence Test

Droplet Length (um)

As part of validating the model, the present study uses dimensionless parameters like the capillary number and
length-to-width ratio (L/w). From the analysis, it is evident that the dimensionless parameter L/w, as a function of the
capillary number, decreases with the increase in the capillary number. The observed pattern aligns with the findings
of a previous experimental study [25] as shown in Fig. 6, further showing improvement in accuracy as the capillary
number rises. The slight deviation in numerical and experimental values may have occurred from the variations in
the physical properties of the experiment (variations of temperature, flow, channel roughness) [26]. The numerical
2D results are significant as they reduce the computational time and effort, with good numerical agreement with the
experimental study. Therefore, it can be concluded that the suggested model can accurately predict droplet length
over a range of parameters.

3.5
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3.01 —e— Current Simulation
2.54
2.0
2
-
1.5
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Ca

Fig. 6. Validation of the model with experimental work [25]

3 Results and discussion

The following section discusses the variation in droplet length and droplet formation time for different geometries and
phase velocities.

3.1 Effect of Channel Width

Table 2. tabulates the effects of channel width on droplet length and droplet formation time, with all other parameters
held constant. Droplet length was measured when the droplet became stable during flow through the channel,
whereas breakup time was measured when the droplet broke away from the dispersed phase. The capillary number
is held constant along with the viscosity of fluids, contact angle and their interfacial tension.
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Table 2. Variation of droplet length and droplet formation time for varying channel width at constant Capillary

number
Continuous phase width (wc) =100um Dispersed phase width (wd) =100pum
Disr\);rdstﬁd(vt’dh)ase Droplet Length Time taken Cont\j\;}g%u(sWF:; ase Droplet Length Time taken

[um] [bm] [s] [um] [um] [s]
50 113.00 0.6000 50 113.93 0.1500
60 120.90 0.4910 60 130.95 0.1935
70 129.74 0.4460 70 145.29 0.2250
80 136.25 0.4090 80 155.72 0.2645
90 143.46 0.3830 90 137.35 0.3210
100 147.50 0.3685 100 147.50 0.3685
120 155.59 0.3570 120 170.87 0.4900
140 17712 0.3130 140 197.08 0.6300
160 195.34 0.3300 160 197.50 0.7900
180 219.23 0.3300 180 225.42 0.9740
200 240.25 0.3240 200 228.26 1.2000

The results are plotted in Fig. 7 and Fig. 8 for better understanding. The results showed that an increase in the width
of either channel resulted in an increase in droplet length. Except for a few errors, it was observed that the rate of
increase in droplet length remained almost linear and was similar for both cases of channel width increase. This was
verified by plotting a least-squares fitting of the graph, as shown in Fig. 7. The observation of dispersed phase width
increase can be attributed to the more amount of fluid filling the channel before breakup, making the droplet size
larger, which is consistent with classic studies [13].

The droplet formation time decreased with an increase in the dispersed phase channel width as a large volume of
fluid entered the narrow channel, making it larger in size and breaking up soon. Interestingly, when the continuous
phase channel width was increased, the droplet took more time to break away from the bulk of fluid (dispersed
phase). A sharp increase in formation time was observed as the continuous channel width increased. As the
continuous phase channel width increases the pressure exerted on dispersed phase also increases which will make
the dispersed phase liquid take longer time to build up sufficient pressure before the breakup which will make the
droplet longer. This behavior causes the droplet to take a long time to breakup making it larger in size, and this
observation is consistent with the study done in the literature [27]. However, the increase in the dispersed channel
width had a moderate effect on the formation time, as the time of breakup remained constant after the channel width
increase went beyond 100um. This implies that droplet dynamics are more sensitive to the continuous channel width,
highlighting the importance of proper control of this parameter.
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Fig. 7. Variation of droplet length with channel width Fig. 8. Effect of channel width on droplet formation time

Under constant capillary number (Ca~0.02) conditions, the effect of channel geometry on droplet length was
examined by independently varying the dispersed-phase and continuous-phase channel widths as given in the
previous section. Although both plots are presented in terms of the channel width ratio, the two cases correspond to
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distinct physical variations, i.e., increasing dispersed-phase width at fixed continuous-phase width and increasing
continuous-phase width at fixed dispersed-phase width. A empirical relation was derived to determine the relation
between the channel width and L/w ratio and the resulted values were compared with the numerical results in the
Fig. 9a and Fig. 9b.

For a fixed continuous-phase width (wc =100um), the droplet length increased monotonically with dispersed-phase
width, and the normalized droplet length followed the empirical correlation, indicating a near-linear dependence on
the channel width ratio as shown in Fig. 9a.
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Fig. 9. Comparison between numerical results and empirical correlations for normalized droplet length as a
function of channel width ratio: (a) increasing continuous-phase channel width at fixed dispersed-phase width,
and (b) increasing dispersed-phase channel width at fixed continuous-phase width

Conversely, for a fixed dispersed-phase width (we=100um), increasing the continuous-phase channel width reduced
the normalized droplet length due to weakened geometric confinement, yielding the correlation as shown in the Fig.
9b. These results demonstrate that, under fixed flow conditions, droplet elongation is primarily governed by geometric
confinement, with the dispersed-phase width controlling droplet growth and the continuous-phase width regulating
the effectiveness of viscous squeezing at the junction.
L—075+076<Wd) 8
w0 : (8)

WC
3.2 Effect of Phase Velocity

This section examines the impact of phase velocity. To concentrate on phase velocity, the geometry (100pum) and all
the other parameters (viscosity, density, contact angle and interfacial tension) were kept constant. The simulation
results examining the impact of dispersed phase velocity on droplet dynamics are shown in Table 3. The dispersed
phase velocity gradually increased from 0.05 mm/s to 1mm/s, keeping the continuous phase velocity constant at
3.47mm/s. The results are also plotted in Fig. 10. These results show that when dispersed phase velocity increases
droplet length also increases. A tenfold increase in dispersed phase velocity was found to result in a 37% increase
in droplet length. Overall, it was discovered that the dispersed phase velocity and droplet length had a nearly linear
relationship. Fig. 11 illustrates the effect of dispersed phase velocity on the time taken for droplet breakup. As evident
from the graph (Fig. 10), higher dispersed phase velocities result in shorter droplet formation times. This decrease in
time is initially drastic in nature, but this curve flattens as the dispersed phase velocity increases further. Beyond the
velocity of 0.6mm/s, there is no significant reduction in droplet formation time is observed.

Table 3. Effect of Dispersed Phase Velocity on Droplet length and time taken for droplet formation

Continuous Phase velocity = 3.47mm/s
Dispersed Phase velocity Droplet Length Time Taken
[mm/s] [um] [s]
0.05 132.50 1.53
0.1 134.34 0.80
0.2 147.36 0.46
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Continuous Phase velocity = 3.47mm/s
Dispersed Phase velocity Droplet Length Time Taken
[mm/s] [um] [s]
0.3 151.92 0.35
0.4 158.40 0.30
0.5 154.27 0.24
0.6 153.21 0.21
0.7 169.48 0.19
0.8 169.74 0.19
0.9 181.97 0.19
1 184.03 0.18
190 -
=— Droplet Length| 1.6 . —=—Time
180 f 1.4/ \
E170. 1.21 \
£ 1.0
5160 Y \
et Eo.sf
B150 06l
o
0140 0.4
130. 0.24
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Dispersed Phase Velocity (mm/s) Dispersed Phase Velocity (mm/s)
Fig. 10. Variation of droplet length with dispersed Fig. 11. Dependence of droplet formation time on
phase velocity dispersed phase velocity

Table 4. below presents the results of the effect of continuous phase velocity on droplet dynamics. Contrary to the
previous observation, an increase in continuous phase velocity resulted in a decrease in droplet length. The
continuous phase velocity varied from 1 mm/s to 5 mm/s, which will lead to an increase in the Ca and a change in
the formation regime. Thus, the study was limited to smaller flow velocities, while the dispersed phase velocity was
kept constant. The results are also plotted in Fig. 12 and Fig. 13. The graph (Fig.12) indicates a gradual decrease in
droplet length with increased continuous phase velocity. This occurs because the continuous phase liquid overcomes
the interfacial tension, breaking the dispersed phase due to the higher velocity. Unlike the case of increased
dispersed phase velocity, where droplet formation time decreased significantly, the reduction in droplet formation
time with increased continuous phase velocity was much more gradual, as shown in Fig. 13.

Table 4. Effect of continuous Phase Velocity on Droplet length and time taken for droplet formation

Dispersed Phase Velocity = 0.28mm/s
Continuous Phase velocity Droplet Length Time
[mm/s] [um] [s]
1 230.357 0.66
2 198.925 0.49
3 157.692 0.40
4 144.348 0.34
5 127.848 0.28
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Fig. 12. Variation of droplet length with continuous Fig. 13. Dependence of droplet formation time on
phase velocity continuous phase velocity

4 Conclusions

A Computational Fluid Dynamics (CFD) simulation of two-phase flow in a T-junction microfluidic device was
conducted to identify the optimal geometry and flow rate for droplet formation dynamics. The study involved setting
up a computational flow domain with realistic boundary conditions. Flow and fluid properties were chosen to be as
realistic as possible with minimal idealization to ensure the results closely align with real-world conditions while
reducing the computational time. The results revealed a significant influence of channel dimensions and phase
velocities on droplet length and formation times which are of critical importance. The study helps to identify systems
suitable for specific applications such as high-throughput systems, where faster droplet formation is essential (e.g.,
diagnostics or emulsification), a dispersed or a continuous phase width of 50-80 um and dispersed phase velocity
of 0.05-2 mm/s or a continuous phase velocity of 3-5 mm/s are recommended, producing droplets with lengths
between approximately 110-160 um and formation times of 0.2—-0.6 s. For applications requiring larger droplets, such
as encapsulation or slow-release systems, a dispersed or continuous phase width of 160—-200 um, lower continuous
phase velocities (1-2 mm/s) or higher dispersed phase velocities (0.7—1 mm/s) are ideal, yielding droplets of 198—
230 pm with slightly longer formation times (0.5-1 s). These approximate findings emphasize the importance of
balancing droplet size, formation time, channel width and flow velocities to meet the specific demands of applications
in pharmaceuticals, food processing, and material synthesis. In summary, this study advances existing T-junction
microfluidic analyses by providing a validated numerical framework that simultaneously captures droplet length and
breakup time under realistic fluid properties and by proposing simple predictive correlations that enhance the design-
level applicability of the results.
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