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Abstract: This study uses a T-junction to examine the effects of different parameters (velocity ratio, viscosity, contact angle, and channel size ratio) on the generation of microdroplets, related rate, and size. More specifically, numerical simulations are exploited to investigate situations with a velocity varying from 0.004 to 1.6 m/s for the continuous phase and from 0.004 to 0.8 m/s for the dispersed phase, viscosity ratios (0.668, 1, 6.689, 10, 66.899), contact angle 80° < θ < 270° and four different canal size ratios (1, 1.5, 2 and 4). The results show that canal size influences droplet size and the generation rate. The contact angle has an impact on the form and the quality of generated droplets. Moreover, the relationship between velocity and viscosity ratios, droplet size, and generation rate is non-monotonic.
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1  Introduction

The manipulation of small droplets from two non-homogeneous fluids, such as water and oil [1], is known as digital microfluidics. Drug administration to target organs is one of the direct uses, which can be quite comforting during chemotherapy [2], as well as many other biomedical applications [3]. One of the fundamental unit processes in droplet-based microfluidics is droplet formation [4,5]. Several structures have been proposed and studied in the literature to address the microdroplet formation issue. These structures include different generation techniques, such as T-junction [6–9], flow focusing [10–12], step emulsification [13,14], and liquid di-electrophoresis [15], which have recently been developed for the quick and precise generation of microdroplets. The utilization of the T-junction is shown and demonstrated in this study.

Several researchers contributed to the study of droplet behavior under various conditions to develop a complete understanding of droplet generation in T-junction. Venkateshwarlu et al. [16] used the level set method (LSM) and finite element approach (FEM) in computational analysis. The two-phase flow and droplet production behavior has been examined for a wide variety of conditions, as a function of contact angle, Reynolds number, and the capillary number of the continuous phase in a T-shaped cross-flow microfluidic system. The results show, when the surface is hydrophilic, the droplet is unable to retain a correct form for the contact angle (<90 deg). The higher the contact angle (>90 deg), the more exact and distinct the droplet. When the surface is superhydrophobic, the size of the droplet is found to be proportional to the contact angle. It is also noted that increasing the capillary number of the continuous phase as a function of Reynolds number reduces droplet length. The main focus of Samadder et al. [17] study’s is to investigate the effect of phase velocity on different flow regimes, droplet size, and droplet detachment time. The results were investigated by changing the Reynolds number for the two phases, and the interfacial surface tension varies from 5 to 10 mN/m. It has been discovered that a large value of Rec produces a smaller droplet and increases droplet detachment time. Furthermore, with a fixed low capillary number, changes in surface tension have a less substantial effect on droplet size. Using a typical T-junction microfluidic droplet generator design, Yao et al. [18] studied the influence of multiple carrier oil viscosities on water-in-oil emulsification, especially how droplet size and generation rate are affected. The results showed that when the oil viscosity increased, the droplet size dropped regardless of the flow pressure levels; a similar pattern was observed in the droplet generation rate. Loizou et al. [19] focused their work to examine the effect of flow rate (Qd/Qc) on a regime transition from squeezing to dripping at constant capillary numbers and discuss the effect of the flow rate ratio on the volume of droplets generated in a microfluidic T-junction, as well as a new scaling law is proposed to estimate their volume. The effects of injection angle, flow rate ratio, density ratio, viscosity ratio, contact angle, and slip length on the generation of uniform droplets in microfluidic T-junctions are investigated by Jamalabadi et al. [20], the findings demonstrate that contact angle, slip length, and injection angles near perpendicular and parallel conditions increase the diameter of formed droplets, however, flow rate, density, viscosity ratios, and other injection angles decrease it. Chakraborty et al. [14] have investigated numerically and experimentally the impact of the capillary number and channel cross-section aspect ratio and the flow rate ratio on the dynamics of droplet formation using the quasi-2D Hele-Shaw approximation based on coupled Level-Set and Volume-of-Fluid approaches. The numerical predictions based on the Hele-Shaw flow approximation are in excellent agreement with our in-house experimental results. Wehking et al. [21] experimented with a wide variety of interfacial tension between the two immiscible fluids, viscosity ratios, channel geometries, and droplet formation using a T-junction microfluidic device. According to the experiments, as the channel aspect ratio (h/wc) is increased, the droplet volume drops, and the production frequency increases. For a given capillary number, larger viscosity ratios (µd/µc) and interfacial tension values also tend to lower the transition flow rate ratio. In general, the surface tension coefficient σ, the dynamic viscosities of the dispersed (µd) and continuous phases (µc), and the flow rates of the two phases Qd and Qc are the commonly used parameters of two immiscible fluid flow that affect the droplet size. The formulas for these variables are Q = Qd/Qc, λ = µd/µc, Ca = µcQc/hwσ, where Q is the flow rate ratio, λ is the viscosity ratio, Ca is the capillary number, and w and h are the width and height of the main channel.

The purpose of this study is to find out more about the droplets generation process in oil-in-water emulsification by studying the influence of velocity ratios (υ = υc/υd), viscosity ratio (λ = µd/µc), contact angle θ, and canal size ratio (w = wc/wd) on the generation rate and the size of microdroplets in a microfluidic T-junction. Using Fluent’s Volume-Of-Fraction method (VOF) to track the droplet generation steps.

2  Geometry and Method

The geometry used in this study is presented below in Fig. 1. Two inlets and one outlet make up the T-junction channel. While Fluid 1 (Liquid water) flows through the main channel as the continuous phase, Fluid 2 (Oil) enters by injection through the lateral channel as the dispersed phase. At the end of the T-junction, a micro container is used to store all the created droplets for further assessment of droplet size and generation rate.
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Figure 1: A schematic illustration of the T-junction droplet generator with a microcontainer

As shown in Table 1 and Fig. 2, the channel length is selected to offer both computational efficiency and the effect of droplet formation.
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Figure 2: A schematic of the T-junction droplet generator and a microcontainer for droplet storage. (A) w = 1, (B) w = 1.5, (C) w = 2, (D) w = 4

Based on the volume fraction within each grid cell, the VOF approach is used in our simulations to track the boundary between the continuous phase and the dispersed phase. To define the flow field throughout, a single set of continuity and Navier-Stokes (N-S) equations are solved.


∇.v→ = 0
(1)


∂ρv→∂t+∇(ρv→.v→)=−∇p+∇.μ(∇v→+v→T)+σ→
(2)


∂α∂t+v→.∇α=0.
(3)

where 
v→
, p, 
α
, and 
σ→
are the fluid velocity, local pressure, volume fraction, and surface tension force, respectively. the liquid density 
ρ
and the liquid viscosity μ are defined as:


ρ=α1ρ1+α2ρ2
(4)


μ=α1μ1+α2μ2
(5)

where the primary and secondary phases, respectively, are represented by the subscripts 1 and 2, with α2 = α and α1 = 1 – α. The Continuum Surface Force (CSF) model [22] is used to define 
σ→
.


σ=2σρk∇α(ρ1+ρ2)
(6)

where k is the interface curvature determined by the formula 
k=∇.n→|n|
with 
n→=∇α
, and 
σ
is the surface tension coefficient.

ANSYS Fluent is used to implement every simulation. For a solution method, the Coupled Scheme with Coupled with Volume Fractions is used for pressure-velocity coupling, the least squares cell based is used for gradient developing, the pressure staggering option scheme is handled for pressure interpolation, and the second order upwind difference method is adopted for the momentum equation. A physically controlled meshing approach is employed to adopt a collocated grid design. Squared cells were used to mesh the simulation domain. We employed inflation with five (05) layers to create a more accurate resolution for the mesh around the walls. Because one of the primary goals of this study is to determine the size of the droplets, the mesh grid size (β = wc/g) becomes significant. We conducted numerical simulations on a T-junction design to determine the effect of the mesh grid size on droplet size. Simulations were conducted using a constant velocity and viscosity ratio (υ = 10, λ = 6.689) and four (04) different channel size ratio (w = 1, w = 1.5, w = 2, and w = 4). The results are shown in Fig. 3. We found that for β ≥ 10, the variation in the droplet size is about 2%, while for β < 10 it is bigger than 5%. Therefore, a mesh element size of 10 μm is used in this study (we did not use β > 10 to optimize computing time).
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Figure 3: Effect of mesh size on the generated droplet diameter in a T-junction geometry with different channel size ratio (w = 1, w = 1.5, w = 2, and w = 4) for λ = 6.689, 
θ
= 140 deg, and υ = 10

The velocity inlets are assigned to the inlets of the side and main channels as the boundary conditions, and fixed atmospheric pressure is set to the outlet. The walls are configured as fixed and non-slip surfaces. The initial time step is fixed at 10−5 s. The flow conditions and values of parameters are listed in Table 2 with the variation of one parameter at a time, the contact angles used in these simulations are tabled in Table 3. In Table 4, we listed the fixed parameters used in this study.
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3  Results and Discussion

3.1 Channel Size Ratio Effect

The size of the microdroplets is heavily influenced by the channel geometry. This study investigates the effects of several geometries on droplet formation rate and droplet diameter. Due to the correlative increase or decrease in interaction between two aqueous streams, modifying the geometric parameter affects the droplet generation rate and droplet diameter. As shown in Figs. 4A and 4C, the droplet diameter increased as the channel size ratio increased. For instance, for channel size ratio of w = 1, the droplet diameter is an average of 65 μm and increased to 100 μm (35% increase), 140 μm (53.57% increase), 250 μm (74% increase) as the channel size ratio increased to w = 1.5, w = 2 and to w = 4, respectively. In Figs. 4A and 4B, the channel size ratio has a decreasing effect on the droplet generation rate due to the decreasing flow pressure of the continuous phase as the channel size ratio increases. For example, the generation rate decreased from 30 droplets/s to 25 droplets/s, 20 droplets/s, and 10 droplets/s for a channel size ratio of w = 1, w = 1.5, w = 2, and w = 4, respectively.
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Figure 4: The influence of channel size ratio (w) on generated droplets. (A) Snapshots of our simulation results show the influence of channel size (w = 1, w = 1.5, w = 2, and w = 4, respectively) on the generation rate and the size of generated droplets for λ = 6.689, 
θ
= 140 deg, and υ = 10. (B) Representation of the droplet generation rate change by different channel size ratios. (C) Droplets diameter under different channel size ratios

3.2 Contact Angle Effect

The effects of different contact angles on droplet formation rate and droplet diameter are studied and presented in this study. Figs. 5A and 5B show that the variation in contact angle has a slightly impact on the droplet formation rate and droplet diameter, for example, for a contact angle of 
θ
= 90 deg, 
θ
= 120 deg and 
θ
= 140 deg, the generation rate increased by one droplet at a time (27 droplets/s, 29 droplets/s, and 30 droplets/s), for 
140≤θ≤230
, the generation rate is constant (30 droplets/s) and after that, the generation rate drops to 25 droplets/s for 
θ 
= 260 deg. The main impact is on the quality of generated droplets, as shown in Figs. 5 (A, 1 and 7), the droplets are dissimilar or nonidentical for a contact angle of 
θ
= 90 deg and 
θ
= 260 deg. On the other hand, for a contact angle 
θ
between 120 deg and 230 deg the droplet generated are monodispersed and more stable, as illustrated in Fig. 5A.
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Figure 5: The influence of contact angle on generated droplets with λ = 6.689, 
w
= 1, and υ = 10. (A) Snapshots of our simulation results show the influence of different contact angles 
θ=
{90, 120, 140, 170, 200, 230, 260}, respectively, on the quality of the generation process. (B) Droplets diameter and generation rate against different contact angles 
θ

3.3 Velocity and Viscosity Effects

In this situation, droplet diameters were measured and compared at different oil viscosities and velocity ratios to study how oil viscosity changes affect droplet size and generation rate. As shown in Figs. 6A and 6B, the droplet size generally decreased as the velocity ratio increased. For instance, the average droplet diameter reduced from 150 to 100 μm (33.33% decrease), 75 μm (50.0% decrease), 50 μm (66.66% decrease), 45 μm (70.0% decrease), 35 μm (76.67% decrease) as the velocity ratio changed from 1 to 5, 10, 20, 25 and 30 at viscosity ratio of λ = 0.668, respectively. The declining trend of the droplet diameter displayed similar profiles over the increasing viscosity ratio, for example, the droplet diameter decreased from 150 to 140 μm (6.67% decrease), 120 μm (20.0% decrease), 117 μm (22.0% decrease), 100 μm (33.33% decrease) as the oil viscosity changed from 0.000671 Pa.s to 0.001003 Pa.s, 0.00671 Pa.s, 0.01003 Pa.s, and 0.0671 Pa.s at a velocity ratio of υ = 1, respectively.
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Figure 6: The viscosity and velocity ratio influence on the generation rate and the size of generated droplets. (A) Snapshots of our simulation results show the influence of viscosity and velocity ratio on the generation rate and the size of generated droplets for w = 1 and the contact angle is fixed at 140 deg. (B) Representation of the average droplet sizes by different viscosity and velocity ratios. (C) Analysis of the droplet generation rate change by different velocity and viscosity ratios

The increase in oil viscosity and velocity ratio at the same time has a decreasing effect on droplet diameter. For instance, the overall droplet diameter decreased from 150 to 95 μm (36.67% decrease), 65 μm (56.67% decrease), 40 μm (73.33% decrease), 25 μm (83.33% decrease) as the velocity ratio changed from 1 to 5, 10, 20 and 25, respectively, as well as the viscosity ratio changes from 0.668 to 1, 6.689, 10 and 66.899, respectively.

On the other hand, Figs. 6A and 6C show that the generation rate increased as the velocity ratio increased to a certain limit. For instance, for a low viscosity ratio (λ < 1), the generation rate increased from 3 droplets/s to 9 droplets/s, 12 droplets/s, and 16 droplets/s as the velocity ratio increased from υ = 1, υ = 10, υ = 20 and υ = 30, respectively. For a viscosity ratio of λ = 1, the generation rate decreased by an average of 19% when the velocity ratio surpass 25 (υ > 25), and when the viscosity ratio is superior to 1 (λ > 1) the generation rate increased as the velocity ratio increased until it reaches velocity ratio of υ = 20, after that the generation rate decreased for an average rate of 33% and 50% for υ = 25, and υ = 30, respectively. The generation rate increased as the viscosity and velocity ratios increases until they eventually attained υ = 20 and λ = 10. Following that, the generation rate dropped for a viscosity ratio of λ > 10 and a velocity ratio of υ > 20. Furthermore, the generation rate decreased as the viscosity ratio increased for the following velocity ratio υ = 1, υ = 10, υ = 25 and υ = 30.

As shown in Fig. 7, similar patterns in droplet size and generation rate behavior were observed for different geometrical settings (w = 1.5, w = 2, and w = 4), as well as discussed earlier in this paper, the generation rate decreased as the channel size ratio increased. For instance, for all three settings, zero droplets were generated in the first second forhigh-viscosityosity ratio (λ = 66.899) and low-velocity ratio (υ = 1). In the fourth setup (w = 4), the generation rate drops dramatically as demonstrated in Fig. 7 (w = 4). As shown in Figs. 6C and 7, υ = 10, and λ = 0.668 are the optimal velocity and viscosity ratios for a linear droplet generation rate in all the geometrical settings studied in this article. On the other hand, the size of the droplets shows a more stable behavior for all setups as demonstrated in Figs. 6B and 7, the droplet diameter varied from 150 to 25 µm, 190 to 40 µm, 240 to 53 µm and from 360 to 155 µm as the channel size ratio changed from 1 to 1.5, 2, and 4, respectively, the viscosity ratio varied from 0.668 to 66.899, and a velocity ratio of 1, 5, 10, 20, 25, and 30.
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Figure 7: Representation of the average droplet sizes by different viscosity and velocity ratios, and Analysis of the droplet generation rate against different velocity and viscosity ratios for different geometrical setups (w = 1.5, w = 2, and w =4) for contact angle of θ = 140 deg

4  Conclusion

Droplet formation behavior in T-junction microchannel was studied in this article. The VOF method is employed to study the multiphase flow using ANSYS Fluent. The velocity ratio is varied from 1 to 5, 10, 20, 25, and to 30, five different viscosity ratios (i.e., 0.668, 1, 6.689, 10, and 66.899) used in this study, four different canal size ratios (i.e., 1, 1.5, 2 and 4), as well as, the used contact angle in this study is 
θ
= 140 deg.

The results showed that the channel size ratio has a decreasing effect on the droplet generation rate by 33.33%, and an increasing effect on droplet size for an average rate of 48.78% as the canal size ratio varied from 1 to 2, and 4. Contact angle variation has a minor impact on droplet formation rate and diameter, but the main impact is on the quality (dissimilar or nonidentical) of formed droplets. The increase in viscosity ratio and velocity ratio at the same time has a decreasing effect on droplet diameter. For instance, the overall droplet diameter decreased from 150 to 95 μm (36.67% decrease), 65 μm (56.67% decrease), 40 μm (73.33% decrease), 25 μm (83.33% decrease) as the velocity ratio changed from 1 to 5, 10, 20 and 25, respectively, as well as the viscosity ratio changes from 0.668 to 1, 6.689, 10 and 66.899, respectively. The generation rate increased as the viscosity and velocity ratios increases until they eventually attained υ = 20 and λ = 10. Following that, the generation rate dropped for a viscosity ratio of λ > 10 and a velocity ratio of υ > 20.
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Table 1: The different geometry used in this study
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Table 3: The different contact angles applied
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Table 4: The fixed parameters used 1n this study
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Table 2: Fluid properties and flow conditions for different geometries
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