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Abstract. We present a numerical investigation of droplet formation in a T-junction microfluidic
system with a semi-NACA-shaped squeezer. A two-dimensional numerical model is employed to
simulate the droplet formation process using the Volume of Fluid method. The integration of this
semi-NACA squeezer positively affects the droplet formation dynamics under identical operating
conditions. By varying the squeezer size, an inverse correlation is observed between squeezer
size and droplet size. Additionally, the droplet formation process in the microfluidic T-junction
device is highly dependent on the viscosity ratio, with droplet size decreasing as the viscosity
ratio increases. These findings contribute to a better understanding of the droplet dynamics in
T-junction devices, paving the way for new applications in microfluidic technology.

Keywords: microdroplet; T-junction microfluidic system; semi-NACA-shaped squeezer; volume
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1. Introduction

Droplet-based microfluidics has increasingly attracted the attention of researchers due to
the immiscible nature of the two fluids and their scalability benefits. Various applications have
been explored, including drug delivery [1], chemical synthesis [2], and food technology [3]. In
these applications, precise control of microdroplets is crucial, drawing interest from both exper-
imental and simulation researchers [4, 5]. Baroud et al. [6] investigated the influence of flow
fields on droplet formation in different microfluidic systems, including co-flow injection devices,
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T-junctions, and flow-focusing devices. Loo et al. [7] experimentally demonstrated that droplet
volume depends on both the capillary number and flow rate ratio in a cross-junction microchannel,
with and without the addition of surfactants to the continuous phase. Different regimes, including
slug, dripping, and jetting, have been observed in T-junction microfluidic systems [8,9]. Ngo et
al. [10] conducted numerical studies on a microfluidic cross-junction device and found that the
viscosity ratio and the junction angle strongly influence droplet formation and size. Many re-
searchers have also performed simulation studies on different flow regimes within T-junction mi-
crofluidic systems [11, 12]. Due to its simple fabrication and the ability to produce synchronized
monodispersed droplets, the T-junction is one of the most widely employed passive techniques in
droplet-based microfluidics.

The T-junction microfluidic design, one of the most commonly used structures, was first
introduced by Thorsen in 2001 [13], where water droplets were generated via pressure-driven
laminar flow in microchannels. Nisisako et al. [14] conducted experiments by adjusting the flow
rates of the continuous and dispersed phases, demonstrating that the droplet size and production
rate could be controlled by independently modifying these flow rates. In 2006, Garstecki et al. [11]
experimentally identified three droplet formation regimes - squeezing, dripping, and jetting in T-
junction devices. In 2008, Christopher et al. [15] focused on the transition between squeezing
and dripping by altering viscous forces. To investigate droplet formation further, some researchers
introduced obstacles into the channel. Wang et al. [16] showed that droplet formation is signifi-
cantly affected when a venturi-shaped obstacle is placed on the upper wall of the T-junction. Nath
and colleagues [17] used semicircular obstacles to study changes in droplet formation based on
obstacle size and position.

Computational fluid dynamics (CFD) is widely used to study multiphase flows in mi-
crofluidic devices. Numerous numerical models and techniques have been developed in previ-
ous research. Liu and Zhang [18] used the Lattice Boltzmann method (LBM) to simulate multi-
phase flows in a cross-junction channel under low capillary number conditions. Similarly, Han et
al. [19] applied the level set method (LSM) to investigate droplet formation in microfluidic flow-
focusing devices (MFFDs), considering various influencing parameters. Sang et al. [20] utilized
the volume-of-fluid (VOF) method to analyze the effects of viscosity on droplet formation. Each
method has its own advantages and disadvantages depending on the research purpose. LBM of-
fers a simple algorithm but requires a square or cubic grid. LSM represents a smooth interface
but is prone to volume loss during calculations. VOF ensures no volume loss in the simulations
but requires advanced algorithms, such as Piecewise Linear Interface Calculation, to maintain a
sharp interface. Among these methods, VOF remains particularly popular for studying flows in
microfluidic systems due to its simplicity and ease of implementation.

Although some previous studies have explored the effect of inserting obstacles into the
microfluidic T-junction device (MFTD), none have investigated obstacles with the National Ad-
visory Committee for Aeronautics (NACA) shape. This study investigates a semi-NACA-shaped
squeezer using a two-dimensional numerical model based on the VOF method. We examine the
effects of squeezer size, capillary number, and water fraction, and viscosity ratio on flow charac-
teristics within the microfluidic system.
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Fig. 1. Numerical model.

2. Numerical Methodology

A numerical model of the fabricated MFTD is illustrated in Fig. 1. In this figure, W, represents
the main channel width, which is used as the characteristic length. The other dimensions of the
numerical model are also provided in Fig. 1. The novel design incorporates a semi-NACA-shaped
squeezer into the main channel of the T-junction. This innovative approach aims to enhance our
understanding of droplet dynamics within microfluidic systems. The precise placement of the
squeezer is denoted by a distance L;, measured along the x-direction from the origin O to the head
of the squeezer. And W; represents the thickness of the squeezer. H is the measurement point of
pressure, which lies in the dispersed phase.

Due to the low Reynolds number, the flow in the channel remains laminar in most cur-
rent microfluidic devices. Therefore, three fundamental equations are used to describe the fluid
flow: the continuity equation, the Navier—Stokes equation, and the volume fraction equation, cor-
responding to Equations (1), (2) and (3) [21], respectively.

N x u =0 (D
p (u+u-Vu) =V {—pl—i— u {Vqu (Vu)TJ } +oKdn, 2)
&+ u- Vo =0, 3)

In these equations, the values represent: p-pressure, u-velocity, p-bulk viscosity, p-bulk
density. The subscript ¢ represents the derivative with respect to time, while I denote the iden-
tity tensor. The final term of Eq. (2) represents the volumetric surface tension force, which acts
exclusively at the interfaces between the fluid of the dispersed phase and the continuous phase.
In this context, o- the surface tension coefficient, k- curvature, and #- unit normal vector of the
interface are the corresponding quantities. d (the Dirac delta function) is nonzero only at the inter-
face and zero elsewhere. This force is computed using the Continuum Surface Force (CSF) model
introduced by Brackbill ef al. [22].
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The model is non-dimensionalized, utilizing the primary channel width W, as the charac-
teristic length scale and the average velocity of the continuous phase U, as the velocity scale. Con-
sequently, the Reynolds number (Re) and the capillary number (Ca) are defined in Eq. (??) [21]:

Re = LUCWC; Ca= HUc “4)
He o
The density and the viscosity ratio are given in Eq. (5) [21]:
—Pd g B (5)
pC ,LLC

A wall adhesion boundary condition is applied to modify the interface normal in cells ad-
jacent to the wall, as described by Eq. (6) [21]:

Ai = Ay cos By, + 7, sin By, (6)

The unit vectors ny, and t,, correspond to the normal tangential directions, respectively.
In this work, a fully non-wetting boundary condition is applied with 0,,=180°, ensuring that the
dispersed flow does not adhere to the walls, resulting in well-shaped spherical droplets and pre-
dictable breakup behavior. A laminar, fully developed Poiseuille flow velocity profile, correspond-
ing to the average inlet velocity, is applied to both inlets using a User-Defined Function (UDF).
Water fraction (wf) represents the ratio of the dispersed phase flow rate to the total flow rate of
the continuous and dispersed phases. In the dimensionless numerical model, the average velocity
of dispersed flows was specified as U; = wf/[A(1 —wf)] while U, remains unity in all cases and
A=WyW,.. An atmospheric pressure condition is specified at the outlet to serve as the reference
pressure for the system. To minimize the influence of the outlet boundary, it is positioned suf-
ficiently far from the main junction. Within the investigated parameter ranges, this condition is
satisfied by extending the channel length to fifteen times the width of the main branch. A no-slip
condition is imposed on the channel walls.
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Fig. 2. Comparison between present result and the result obtained by Bashir’s study [23].
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To validate the accuracy of the numerical model, we compared the two-dimensional (2D)
numerical simulation results for droplet length with the three-dimensional (3D) simulation results
reported by Bashir et al. [23], shown in Fig. 2. Both cases show almost identical behavior of
droplet length with respect to increasing capillary number [21]. While 3D effects significantly
influence droplet formation and breakup in microfluidic T-junctions [24, 25], the 2D simulations
conducted in this study still provide reliable qualitative insights into the flow behavior. Previous
research has shown that when the aspect ratio of the channel (defined as the height over the main
channel width, //W,) falls below 0.05 [23], the impact of 3D phenomena becomes negligible,
making 2D modeling a valid approximation under such geometric constraints. Thus, it can be
demonstrated that the numerical model is well-suited for analyzing the droplet formation process
and can be used for further studies.

3. Results and Discussions

3.1. Effects of squeezer in the modified MFTD

Figure 3 illustrates the difference in droplet formation in a T-junction microfluidic system
with and without a semi-NACA-shaped squeezer. In the channel without the squeezer, droplet
formation follows the dripping regime. However, in the presence of the semi-NACA-shaped
squeezer, the droplet formation transitions from the dripping to the squeezing regimes. This result
indicates that the insertion of the semi-NACA squeezer alters the shear forces inside the chan-
nel. As the cross-sectional area narrows, the continuous phase locally accelerates, increasing the
velocity within the squeezing region. The corresponding rise in the velocity increases leads to a
sharp increase in the shear rate near the walls. Consequently, the faster continuous phase exerts a
stronger pulling and pinching force on the dispersed phase, causing droplets to detach earlier and
at smaller sizes. These findings further confirm the substantial influence of the squeezer on the
flow dynamics within the channel.

With squeezer Without squeezer
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Fig. 3. T-junction microfluidic system with and without a semi-NACA shaped squeezer
at Ca=0.3, wf=0.33.
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3.2. The influence of capillary number on droplet formation regimes

To investigate the influence of capillary numbers on droplet formation regimes, three values
of capillary number were examined: 0.1, 0.2, and 0.3. As shown in Fig. 4, the droplet formation
regime transitions from squeezing to dripping as Ca increases from 0.1 to 0.2, and from dripping to
jetting when Ca reaches 0.3. Simultaneously, droplet size decreases while the number of droplets
increases with rising Ca. These findings align with previous studies, which suggest that a gradual
increase in the capillary number leads to shifts in droplet formation regimes [22,26].
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Fig. 4. Effect of Ca number on droplet formation in the channel at W;=0.2, wf=0.4.
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Fig. 5. Effect of squeezer NACA shape thickness (W) and position (L) on droplet for-
mation regime in the channel at Ca=0.3, wf=0.3.
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To study the impact of the squeezer's size and position, we considered squeezer sizes within

the range of W, = {0.2;0.3;0.4;0.5;0.6} and four positions L; ={-1.5;-0.5;0;1.0}. As shown in
Fig. 5, two droplet formation regimes are observed in the channel: the squeezing and dripping
regimes. When increasing L; in the positive direction while keeping W, constant, the droplet
formation location shifts further away from the junction. This shift becomes more evident at
higher W values. Similarly, when increasing W, while keeping L, constant, a comparable shift in
the droplet formation position is observed. Notably, only when W;=0.3 does the squeezing regime
occur, whereas the dripping regime is observed in all other cases. This suggests that the dripping
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regime predominantly forms due to high Ca conditions, where viscous forces are strong enough to
stretch the dispersed-phase fluid. As a result, droplets are formed in the downstream regions of the
junction (dripping regime) [11,27]. However, at Ly = —1.5 and W, = 0.3, the squeezing regime is
observed. The droplet is created at the cross-junction position, which helps to create a more stable
droplet with a more uniform droplet size. This configuration facilitates the generation of droplets
closer to the junction at a high Ca value. Based on these findings, the optimal configuration for
achieving the squeezing regime is a squeezer with Wy = 0.3 and L; = —1.5.

3.4. The influence of squeezer size on pressure and droplet size
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Fig. 6. (a) Qualitative and (b) Quantitative effect of W to pressure in the channel at
Ca=0.05, Ly=-0.25, wf=0.3.

The squeezer size was varied from 0.2 to 0.6 to investigate its influence on pressure and
droplet sizes. As shown in Fig. 6(a), as the squeezer size gradually increases, the pressure at both
sides of the channel inlet also rises, expanding the overall pressure range. Specifically, at W;=0.2,
the maximum pressure is P,,,,=337, whereas at W=0.6, it reaches P,,,,=715. This indicates that as
W, increases, the pressure in front of the squeezer becomes significantly higher, creating favorable
conditions for droplet detachment and size adjustment. The pressure diagram at point H (Fig.
6(b)) further confirms this trend, showing the highest pressure at W,=0.6. Thus, under low Ca
conditions, increasing the squeezer size raises the pressure at the channel entrance, facilitating
droplet detachment.

Figure 7 presents the qualitative results of the squeezer size on droplet size. A clear increase
in the number of droplets can be observed as W increases from 0.2 to 0.6. The increase in droplet
quantity with larger Wy is due to the rise in pressure at the front of the channel, making droplet
detachment easier (as shown in Fig. 7). At the same time, the droplet size decreased significantly
when Wy were increased. The droplet diameter shows a rapid decline as W, increases from 0.2 to
0.4, after which the reduction continues but at a slower rate.
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Fig. 7. Effect of W, on droplet formation in the channel at Ca=0.05, L;=-0.25, wf=0.3.
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Fig. 8. Variation of droplet diameter in the channel at Ca=0.05, L;=-0.25, wf=0.3.

Figure 8 presents the quantitative results of droplet diameter variation with W;. The graph
clearly shows a decrease in droplet diameter as W, increases. Specifically, the droplet diameter
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decreases rapidly when W; increases from 0.2 to 0.4. Beyond W, = 0.4, the droplet diameter
continues to decrease but at a slower rate, as indicated by the change in the slope of the graph.
These findings suggest that droplet size can be precisely controlled, enabling various applications
in biomedical fields where tailored droplet sizes are essential for specific requirements.

3.5. The influence of viscosity on droplet formation
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Fig. 9. Effect of viscosity at W;=0.2, L;=-0.25.

To investigate how the viscosity ratio between dispersed and continuous fluid flows affects
droplet formation, a broad range of viscosity ratios (0.01 to 1.0) were studied while keeping other
parameters constant. As shown in Fig. 9, transitions in flow regimes are observed, shifting from
squeezing to jetting as the viscosity ratio increases. At lower viscosity ratios, droplet formation
occurs in the squeezing regime due to the dominance of capillary forces. This phenomenon is
attributed to the interaction between surface tension and viscosity in liquids. As the viscosity ratio
decreases, the effects of surface tension become more dominant, as reported in previous studies [?].
Consequently, capillary forces play a crucial role in droplet formation when the viscosity ratio
between the two fluids is low. At high viscosity (8 = 1), no droplets are formed, and the system
remains in the jetting regime. This is because, at high 3, capillary forces are weak, and the
viscous forces dominate. This results in relatively weak interface shear stress, which facilitates
the formation of a continuous liquid jet instead of discrete droplets. When the viscosity ratio
decreases, the system transitions to the squeezing regime. In this regime, the droplet diameter size
decreases as the viscosity ratio increases. Specifically, at wf = 0.2, the droplet diameter decreases
from D* = 1.011 to D* = 0.988 as the viscosity ratio (f) increases from 0.01 to 0.03. When
transitioning from the squeezing to the squeezing-jetting regime, the droplet diameter gradually
increases in both cases, with wf=0.2 and wf=0.4. Additionally, the droplet diameter increases
when wf is raised from 0.2 to 0.4. These findings highlight the significant influence of the viscosity
ratio on droplet formation within the channel.
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4. Conclusion

In this study, a novel geometric design is proposed incorporating a semi-NACA-shaped
squeezer into the main channel of a T-junction microfluidic system. The Volume of Fluid (VOF)
method was employed to simulate droplet formation within the channel. The results indicate that
the addition of the squeezer positively influences droplet formation. The study has demonstrated
the influence of the capillary number on droplet formation: at low Ca, the squeezing regime is ob-
served, whereas at high Ca, the dripping and jetting regimes dominate. Additionally, droplet size
can be precisely controlled by adjusting the size and position of the semi-NACA-shaped squeezer.
Furthermore, droplet formation is significantly affected by the viscosity ratio, with the squeezing
regime transitioning into the jetting regime when the viscosity ratio exceeds 1. In the squeezing
regime, droplet size decreases as the viscosity ratio increases. This novel design has promising
applications in drug formulation, as it enables precise control over droplet size. Additionally, it
can be integrated with advanced technologies to develop more complex microfluidic structures for
research and industrial applications.
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