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Abstract
We present numerical investigations on generating droplets in both single and double T-junction microfluidic devices using 
the Volume of Fluid (VOF) method. We validate our 2D simulation results with an experimental data reported in the past. 
The average pressure in the channel increases by 6% and capillary number by 16% for an increase in the width of side-channel 
from 50 μm to 100 μm in a single T-junction device. Similar increase in average pressure and capillary number is seen, for 
the increase in the width of one of the side channel in double T-junction device. The temporal variation of pressure in both 
the side channels shows that the pressure is lesser in the wider side channel. The average pressure in the channel decreases by 
75% and capillary number by 15% for an increase in width of the main channel from 50 μm to 100 μm in a single T-junction 
device. Similar decrease in average pressure and capillary number is seen for the increase in the width of the main channel 
in double T-junction device. A gradual increase in the width of the main channel shows that, droplets generated in alternate 
regime when the width of the main channel is 1.4 times the width of side channel. In this regime, the temporal variation in 
pressure show a periodic change in both the side channel. Finally, in double T-junction device, the addition of surfactant has 
no significant effect on droplet generation in merging regime but it is seen in alternate regime.
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Introduction

Droplet Microfluidics has advanced in the last two decades 
to a stage wherein programmed generation of monodispersed 
droplets, of nano-litre to pico-litre volumes, at the desired 
rate has become possible. The interest in this field is driven 
by a variety of novel applications such as protein crystal-
lization (Zheng et al. 2004b), measurement of blood clot-
ting time using anticoagulant drugs (Song et al. 2006), drug 
discovery (Brouzes et al. 2009), single-cell analysis (Kemna 
et al. 2012), encapsulation of microfibers in microdroplets 
for food processing, cosmetics, and pharmaceutical products 
(Nunes et al. 2013), synthesis of microcapsules(Kong et al. 
2013; Datta et al. 2014; Lee et al. 2016), polymer chain 
reactions methods for DNA amplification(Zhang and Jiang 

2016), encapsulating multicell organism(Beneyton et al. 
2016). Droplet generation has been achieved using Microflu-
idic devices of mainly three types, viz. T-junctions(Li et al. 
2012), Cross Junction(Seo et al. 2007), and Co-flow(Hong 
and Wang 2007; Li et al. 2020). In all these devices, droplet 
generation involves the flow of two immiscible liquids. The 
primary liquid is called the continuous phase liquid whose 
viscosity is µc and it flows with flowrate Qc. The second 
liquid is called the dispersed phase liquid whose viscosity is 
µd. It flows with a flowrate Qd. Interactions of the two immis-
cible liquids in the flow channel led to droplet formation by 
either Squeezing, Dripping, or Jetting mechanism. Some-
times droplets can also be generated in transition state such 
as Squeezing to dripping transition regime (Arias and Mont-
laur 2020). The mechanism that will dominate in any experi-
ment will depend on parameters such as flow rates of the two 
liquids (Garstecki et al. 2006; Yan et al. 2012), the viscosity 
ratio (λ = μd/μc) (Nekouei and Vanapalli 2017), the aspect 
ratio of the channels (Yan et al. 2012; Gupta et al. 2014), 
and interfacial tension between the two fluids (Peng et al. 
2011). For practical applications, it is important to generate 
droplets of the same volume. In the present investigation, 
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we have investigated droplet generation in single and double 
T-junction device.

The ratio of viscous shear force to the interfacial tension 
determines the capillary number (Ca) of the system. Ca is 
dependent on viscosity, flowrate of the two liquids and inter-
facial tension between them. In the single T-junction device 
(Fig. 1a), dispersed phase liquid is passed from the side 
channel whereas, in the double T-junction device (Fig. 1b), 
it is passed from the two side channels inlets (SC1 and 
SC2) and the oil is passed through the main channel inlet. 
In the double T-junction device, the dispersed phase liquid 
in both the side channel meets at the junction and merge. 
The merged portion is pinched off due to the viscous shear 
force of oil. This droplet generation mechanism, in double 
T-junction device is termed as a “merging regime”. This is 
seen for Ca < 0.024 (Ngo et al. 2015; Surya et al. 2015). For 
Ca ≥ 0.024, the dispersed phase liquid in the two side chan-
nels do not merge. Instead, they are generated well separated 
at the junction. This is termed as alternate droplet formation 
(ADF) regime or alternate regime. The droplet generation 
in alternate regime is seen to happen as follows: when the 
dispersed phase liquid from one of the side channels enters 
the main channel, it blocks the continuous phase liquid as 
it grows at the junction. Due to this, there is an increase in 
pressure upstream. A small volume of dispersed phase liquid 
breaks off to form the droplet. The dispersed phase liquid 
recoils back into the side channel and in the process, the 
dispersed phase liquid from another side-channel enters the 
main channel to form the droplet and this cycle continues 
(Yesiloz et al. 2015).

Several applications have been reported in the past using 
double T-junction devices. Droplets can be merged at the junc-
tion or away from it. It was demonstrated that with the addi-
tion of surfactant such as Span 80 at 0.5% (wt / wt) in mineral 
oil, the merging efficiency of water droplets were good (Um 
et al. 2008). During this process, the Q (Qd/Qc) was maintained 
between 0.1 to 0.6. Merging of droplets away from the junc-
tion is seen in double T-junction and Y-junction devices (side-
channel is at 45° to the main channel) (Jin and Yoo 2012). In a 
similar device, water droplets were generated in mineral oil with 
different concentrations (0% to 5%) of Span 80 (Liu and Qin 
2013). In this investigation, the merging efficiency was reduced 
with an increase in surfactant concentration up to 3% to 5% 
of surfactant concentration. It was demonstrated that droplets 
can also be merged with two T-junctions (two side channels 
are parallel to each other on the same side) for synthesizing 
inorganic–organic block copolymer (Hoang and Dien 2014). 
Using simulation, it was shown that the droplet generation in 
the merging regime in a double T-junction device can be under-
stood by plotting pressure versus time (Han and Chen 2019a). 
In this study, pressure change with time shows that blocking 
time and breaking time of dispersed phase liquid increases 
with interfacial tension. Further, it was shown that the average 
pressure increases with the viscosity of continuous phase liquid 
and the frequency of droplet generation and average pressure 
increases with an increase in the flowrate of continuous phase 
liquid. They continued and presented the study on droplet merg-
ing by varying the angle between the side channel and the main 
channel between 30° to 150o (Han and Chen 2019b). The study 
showed that, smaller diameter of droplets were found when the 

Fig. 1   Schematic of the droplet generating microfluidic devices. a 
Droplet formation in a single T-junction device, b Droplet formation 
in double T-junction device, c Representation of pressure determining 

point Pc and Pd in single T-junction device, d Representation of pres-
sure determining point Pc, P1, and P2 in a double T-junction device
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angle between the side and main channel is at 60° and when the 
channel height to width ratio is high.

The first study on the double T-junction device model 
was realised to produce droplets in different regimes namely 
merging, alternating, alternate-jetting, and jetting (Zheng 
et al. 2004a, b). A modified geometry was proposed and dem-
onstrated producing alternate droplet generation, in various 
regimes to synthesise CdS nanoparticles (Hung et al. 2006). 
In this device, droplets of different volumes were produced 
from each side channel by controlling the flow rate of the 
dispersed phase liquid independently in the two side chan-
nels. Picolitre aqueous droplets were generated in a double 
T-junction device in an alternate regime (Fidalgo et al. 2007). 
In this device, a portion of the microchannel wall was made 
hydrophilic. Pair of droplets generated were merged when 
they reach the hydrophilic region in the microchannel and 
finally get trapped. A device with two T-junctions in tandem 
was developed to synthesis poly (lactide-co-glycolide) com-
monly known as PLGA (Hung et al. 2010). In this device, 
silicone oil was used as a continuous phase liquid and a 
side channel carried water and another side-channel car-
ried PLGA. In applications involving cell encapsulation, the 
encapsulated cell may slip to continuous phase liquid. To 
avoid this, droplets of water and air bubbles were generated in 
a double T-junction device to locate the cell which is encap-
sulated (O’Brien et al. 2012). Monodispersed water-in-oil-in-
water emulsion droplets were generated in Decane. Various 
surfactants such as Span 80, Span 85, SY Glyster CRC-75 
were used as a surfactant at 1% concentration (wt/wt) were 
added to continuous phase liquid (Hirama and Torii 2015). 
One device contained both, a double T-junction and a Y-junc-
tion. In this device, initially the droplets were generated in 
an alternate regime. During this process, fluorescence micro-
beads were mixed in water (DMEM/ Cell culture solution) 
and passed through one of the side channels. This generated 
droplet pair (one droplet from each side channel constitutes 
droplet pair). The inclination of the side-channel at 45° to the 
main channel can also produce droplets in an alternate regime 
(Jin and Yoo 2012). Surya et al. further showed that the drop-
lets were generated in the merging regime for Ca < 0.024 and 
alternate regime for Ca ranging between 0.028 to 0.13. The 
droplet generation mechanism was understood through simu-
lations and the results were found to match within less than 
15% of the error margin. A numerical study using double 
T-junction device shows, for different ratios of widths of 
side-channel to the main channel (Λ) (in the range 0.5, to 
1.5) (Ngo et al. 2015). It was found that in merging regime, 
the pressure at point P1 and P2 are equal. The temporal vari-
ation of pressure in both side channel in alternate regime was 
demonstrated by an experiment with matching simulation 
results using a double T-junction device which has symmetric 
tapered side channels (Saqib et al. 2018).

Few investigations in the past on single T-junction device 
map the flow parameters like pressure and capillary number 
for varying width of the side and main channel. We adopt 
similar study to compare and emphasise related variations 
in double T-junction device. We investigate droplet genera-
tion mechanism in both symmetric and asymmetric dou-
ble T-junction device. The addition of surfactant reduces 
the interfacial tension between the two fluids (Glawdel and 
Ren 2012; Tadros 2013) and alters the wetting conditions 
of dispersed phase liquid with the channel wall (Dreyfus 
et al. 2003; Bashir et al. 2014). Hence, we further investi-
gate, droplet generation mechanism in merging and alternate 
regime in double T-junction device for increase in the sur-
factant concentration (Span 80) in mineral oil.

3D simulations may provide more accurate results, but 
they are computationally expensive. However, 2D simu-
lations are no less, they also provide relevant information 
about droplet generation in microfluidic devices with good 
qualitative agreement with experimental data (Belousov 
et al. 2021). Recently, the advantages in adopting 2D simula-
tions have been emphasized (Soroor et al. 2021). In any case, 
if 3D simulation were performed, the lateral wall effects 
would slightly be weakened. But this wouldn’t affect the 
result significantly and would not make the results unreli-
able. The droplet break-up mechanism in 2D simulations 
resemble with that of 3D simulation (Leshansky and Pismen 
2009) and in relevance to this, many studies in the past (Liu 
and Zhang 2009; Amaya-Bower and Lee 2011) and recently 
(Wojnicki et al. 2018; Nasser et al. 2019) have validated their 
2D simulations with an experiment. The results are in good 
agreement. Considering these facts, we adopt 2D simula-
tions in our study.

This paper reports the simulation performed on both sin-
gle and double T-junction devices. Using the parameters 
such as, frequency of droplets generated, their length, the 
pressure at both the side and main channel inlets, and capil-
lary number are noted for varying channel width in both 
single and double T-junction devices, a comparative study 
between single and double T-junction devices is investigated 
and results are presented. Further, we understand the droplet 
generation mechanism in double T-junction in merging and 
alternate regime for an increase in the concentration of sur-
factant (Span 80) in mineral oil. The results are presented by 
plotting pressure difference plots with time between the two 
side-channel inlets with time in double T-junction devices in 
merging and alternate regimes.

Numerical Model and Simulation

The single T-junction and double T-junction devices are 
schematically shown in Fig. 1a and b, respectively. Mineral 
oil is the continuous phase liquid (density ρ = 840 kg/m3 
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and viscosity η = 24.1 mPa-s) which flows through the main 
channel inlet and water is the dispersed phase liquid (den-
sity ρ = 998 kg/m3 and viscosity η = 1 mPa-s), which flows 
through the side channel. The fluid properties mentioned 
are at room temperature. The width of the side channel of 
the single T-junction device is Wd (Fig. 1a). Similarly, the 
width of the side channels of a double T-junction device is 
SC1 and SC2 (Fig. 1b).

The basic equations used in the simulation are listed 
below. The continuity equation for an incompressible fluid 
is given by (Vivek Ranade 2019)

And for the of motion for the fluid is given by,

where �����⃗U′′ , P, ρavg,  �  and  �⃗FSF are velocity, pressure, density 
(averaged), stress tensor and surface tension force respec-
tively for the fluid. For Newtonian liquids which are incom-
pressible, the shear stress is relative and proportional to the 
rate of strain tensor 𝛾̇ which is represented as,

where ηavg is the averaged viscosity. For the two-component 
fluid being considered, we define the density and viscosity 
of the volume (averaged) in-terms of the fractional volume 
of the two immiscible fluids such as oil (Vo) and water (Vw) 
as follows (Vivek Ranade 2019).

where �w , �o , are the density and �w and �o are the viscosity 
of water and oil, respectively. The fractional volume (Vf) 
of the individual fluid phase is computed by resolving the 
following equation.

“f” is the subscript that describes any of the two fluids. In 
each mesh element, the fractional volume of the two phases 
is conserved implying Σ Vf = 1. If Vf = 0, the specific mesh 
element is said to be empty of the fth phase and Vf = 1 indi-
cating that the element (cell) is loaded with the fth phase. 
Thus, the two-phase interface is demarcated by the value of 
the fractional volume.

(1)
(
𝜌avg

�����⃗U��
)
= 0

(2)
𝜕
(
𝜌avg

�����⃗U��

)

𝜕t
+ ∇ ∙

(
𝜌avg

�����⃗U�������⃗U��
)
= −∇P + ∇∙𝜏 + �����⃗FSF

(3)𝜏 = 𝛾̇𝜂avg = 𝜂avg(∇
�����⃗U�� + ∇�����⃗U��)

(4)�avg = V
0
�o + (1 − Vw)�w

(5)�avg = V
0
�o + (1 − Vw)�w

(6)
𝜕Vf

𝜕t
+ ������⃗U��∙∇Vf = 0

We adopt the model of continuum surface force (CSF) 
and accordingly define the interfacial tension force ( �����⃗FSF  ) 
which is volumetric and is represented as

where “σ” is the coefficient of interfacial tension among 
two liquids and Rn the radius of curvature of the droplet is 
expressed in terms as

where n̂ is the component normal to the droplet surface. 
Considering the VOF formulation the surface normal || �⃗n|| is 
expressed as the gradient of fractional volume phase at the 
interface which can be written as

The force due to interfacial tension is implemented by 
piecewise linear interface calculation (Brackbill et al. 1992). 
The effects of wall adhesion are considered by providing the 
necessary value for the contact angle with the channel wall 
(ϴw). Therefore, the surface normal at the reference cell next 
to the wall is given by,

where n̂ w and m̂w are the unit vectors which are normal and 
tangential to the wall, respectively.

The Sequence of Simulation Settings

Computational Model and VOF Simulation Settings

Simulations were performed using ANSYS Fluent software 
in which the Level Set method (LSM), and the Volume of 
fluid model (VOF) are used in combination. In practical 
applications, there are two ways to flow the liquid into in 
the device, i) using pressurised tanks in which the flowrate 
can be controlled and, ii) using syringe pumps. Both these 
methods can provide a constant flowrate for the two liq-
uids in the microchannel. Many literatures in the past set 
velocity at its inlet. We continue to use velocity inlets in our 
computational model. The computational model for single 
and double T-junction devices is shown in Fig. 1a and b, 
respectively. In a single T-junction device, the continuous 
phase and dispersed phase liquids are passed through the 
main and side channels, respectively. In the case of a double 

(7)�����⃗FSF = 𝜎

(
𝜌Rn∇V0

0.5
(
𝜌
0
+ 𝜌w

)

)

(8)Rn = −∇ ⋅ �n =
1

|
| �⃗n
|
|

[(
�⃗n
|
| �⃗n
|
|
⋅ ∇

)
|
| �⃗n|| −

(
∇ ⋅ �⃗n

)
]

(9)�⃗n = ∇ ∙ Vf

(10)n̂ = n̂w����w + m̂w����w
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T-junction device, the dispersed and continuous phase liq-
uids are passed through the two side and main channels, 
respectively. The velocity of the continuous phase (Vc) 
and dispersed phase (Vd) liquids are fixed to 0.02 m/s and 
0.01 m/s, respectively in our study (except in Sect. 4.3.1 to 
study the droplet generation in merging regime). Both the 
devices have a normal outflow boundary condition set at 
the outlet.

To compute the coupling effect between the pressure 
and fluid velocity in the momentum equation, the “Pres-
sure Implicit with Splitting of Operators (PISO)” scheme in 
ANSYS fluent simulation software is used. False currents 
arising due to the mismatch between pressure and interfacial 
tension forces were removed using the Pressure staggering 
option (PRESTO). The implicit method of the first order 
has been adopted for the discretization of time derivatives. 
The criterion for the convergence of continuity equation, 
the equations for X-momentum and Y-momentum, and the 
computation of the Level set function were set as attain-
ing a minimum residual of 0.001. This implies that, during 
the computation of any residual falls below 0.001, then the 
solution is taken to have converged. The flowtime for the 
computation is set to be 0.1 s with a step size of 5 μsec to 
maintain the global Courant number below 0.2. This ensures 
that the time step increment and its duration in the transport 
equations lead to accurate tracking of transportation of the 
fluid element across a control volume. The flow rate of the 
two liquids is specified at the respective inlets and the nor-
mal outflow condition is specified at the common outlet. 
Simulations are performed considering the inner surface of 
the channel wall to be completely wetted by the continu-
ous phase liquid. Hence, the no-slip boundary condition is 
employed for the continuous phase liquid. The change in the 
interfacial tension and contact angle due to the addition of 
surfactant at various concentration is considered during the 
simulation from experimental measurements (Bashir et al. 
2014). Hexahedral mesh elements are adopted. To determine 
the appropriate size of the mesh element, we computed the 
droplet length for mesh sizes of 4 μm, 2 μm, and 1 μm. The 
droplet length changed by less than 1% for mesh size of 
2 μm as compared to that for 1 μm. Hence, all the simula-
tions were performed with a mesh element size of 2 μm. The 
length kept for the microchannel was seen to be adequate for 
the droplet to be fully developed.

Analysis

Influence of Width of Side‑Channel on Droplet Generation

The droplet generation in a single T-junction device is ana-
lysed by varying the width of the side channel from 50 µm 
to 100 µm (Fig. 1a) while the width of the main channel is 
fixed to 100 µm. The average pressure at point Pc and Pd 

(Fig. 1c), the droplet length, its generating frequency, and 
capillary number are reported. The study is repeated on a 
double T-junction device. The width of only one of the side 
channels (SC2) (Fig. 1b) is varied and droplet generation 
is analysed. The change in average pressure at points P1, 
P2, and Pc (Fig. 1d) are plotted for changing the width of 
the side-channel (SC2). Finally, the difference of pressure 
(ΔP = P1 – P2) is analysed with flow time which provides 
more clarity on the pressure in each side channel during 
alternate regime in double T-junction device.

Influence of Width of the Main Channel on Droplet 
Generation

The droplet generation in a single T-junction device was ana-
lysed by varying the width of the main channel from 50 µm 
to 100 µm while the width of the side channel is fixed to 
50 µm. The average pressure at points Pc and Pd, the droplet 
size, droplet generation frequency, and capillary number are 
noted for varying channel width. The simulation is repeated 
on a double T-junction device to identify the critical value 
of “Λ” at which droplet generation transits from merging to 
the alternate regime at the operating flow rates. The pressure 
difference (ΔP) is analysed with time in a double T-junction 
device in an alternate regime. The pressure at points Pc, P1, 
and P2 are plotted for various widths of the main channel.

Influence of Surfactant on Alternate Droplet Generation

We study the alternate droplet generation using a double 
T-junction device whose Λ is set to be at 0.5 (width of both 
side channels are at 50 µm and that of the main channel is 
100 µm). The changes due to the addition of surfactant (Span 
80) (reducing interfacial tension and increasing contact 
angle) as mentioned previously are considered on a double 
T-junction device. The effect of adding surfactant (Span 80) 
ranging from 0.2% to 4% on droplet generation on a double 
T-junction device is studied. The simulation study is carried 
out for both merging and alternate regimes. The pressure 
difference ΔP (P1 – P2) is analysed with time and for various 
surfactant concentrations.

Validation of Simulation Results

The VOF model (single T-junction device) used in the pre-
sent study is validated with an experimental study (Bashir 
et al. 2014). The droplet length reduces with an increase 
in the flowrate of mineral oil. The associated power law to 
the fitting lines agrees well with each other. Although 3D 
simulations are important to understand the breakup dynam-
ics of droplets in T-junction devices, the comparative study 
presented in Fig. 2a with 2D simulation demonstrates a 
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qualitative prediction on droplet length at 4% surfactant 
concentration.

Further, our simulations on alternate droplet generation 
on a double T-junction device are validated with the experi-
ments done in the past. Figure 2b shows the alternate droplet 
generation in a double T-junction device by experiment for 
three different capillary numbers (Zheng et al. 2004a). The 
simulation results are in close comparison with the experi-
mental data (Fig. 2c). When simulations are validated with 
experimental data as shown, there can be minor discrep-
ancies associated between the experimental procedures 
reported and 2D simulations. However, our simulations on 
alternate droplet generation are reproduced with some con-
sistent geometric scale. This shows that our numerical model 
is acceptable to study droplet generation in single and double 
T-junction devices.

Results and Discussion

Effect of Increase in Width of Side‑Channel 
on Droplet Generation

In the case of a single T-junction device, the width of the 
side channel plays a significant role in droplet generation 
as it determines the interface area between the two liquid 
phases (Fig. 1a). The dispersed phase liquid experiences 
viscous shear force induced by continuous phase liquid 
at the junction. In our single T-junction device, droplet 

generation shifts from dripping to the jetting regime, for the 
increase in the width of side-channel (Wd) from 50 μm to 
100 μm while the width of the main channel (Wc) is fixed 
to 100 μm (Fig. 3a-f). The length of the droplet produced 
is proportional to the width of the side channel while the 
droplet generation frequency does not show any significant 
change as shown in Fig. 3g. The change in droplet length 
and frequency, for the increase in width of side-channel, are 
in good agreement with an earlier study using the Lattice 
Boltzmann method (Shi et al. 2014). The average pressure at 
point Pc and Pd increases from 1670 to 1775 Pa and 1750 Pa 
to 1900 Pa, respectively which is approximately 6% to 8% 
as the width of the side channel increases from 50 μm to 
100 μm (Fig. 3h). Similarly, the capillary number increases 
from 0.225 to 0.267 (Fig. 3i) which is approximately 16%.

In the case of a double T-junction device, the width 
of one of the side channels (SC1) is fixed to 100 μm and 
the width of another side channel (SC2) is increased from 
50 μm to 100 μm (Fig. 1b). In comparison to a single 
T-junction device, a double T-junction device, contains 
an additional side-channel. The dispersed phase liquid 
which flows from this additional side-channel adds to the 
capillary number and average pressure. The capillary num-
ber increases from 0.3 to 0.353 which is approximately 
16% and average pressure from 2130 to 2270 Pa which is 
approximately 7% as the width of the side channel (SC2) 
increases from 50 μm to 100 μm (Fig. 3i). When Λ = 1 
(SC1 = SC2 = 100 μm), the droplet generation is seen to 
be in the merging regime (Fig. 3a) until the flow time of 

Fig. 2   Droplet generation in 
single and double T-junction 
device. a Droplet length 
versus flowrate of oil at a fixed 
flowrate of water (0.2 μl/min) 
in single T-junction device: 
Comparative study with the 
experimental results reported 
by Bashir et al. 2014 at 4% sur-
factant concentration, b Double 
T-junction device, experimental 
results from the work of Zheng 
et al. 2004a, c Computational 
results of the present study. 
(Q = Wf = water fraction). Λ = 1 
and λd = λc = 16 mPa.s
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Fig. 3   Effects of increase in the width of side-channel in single 
T-junction device a-f Droplet generation showing the transition from 
dripping to the jetting regime (“x” represents the droplet length), g 
Droplet length and frequency in single T-junction device, h) Pressure 
at point Pc and Pd in a single T-junction device, i Capillary number in 

both single and double T-junction devices, j Pressure at point P1, P2, 
and Pc in double T-junction device. [Wd is the width of side-channel 
in the case of single T-junction and SC1 and SC2 in the case of dou-
ble T-junction as it contains two side channels: Ref Fig. 1b]
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0.05 s, in merging regime, the average pressure in both the 
side channels are same. With flowtime (> 0.05 s) the pres-
sure starts to vary in both the side channel. This results in 
the generation of droplets in the alternate regime. In addi-
tion, Fig. 3j also shows that during the merging regime, 
the average pressure in both side channels are the same. 
Figure 4a shows the droplet generation in the merging 
regime (flowtime between 0 s to 0.05 s). When the width 
of SC2 ≤ 90 μm droplets are generated in the alternate 
regime (4b-f). In this case, droplets of different sizes are 
generated alternatively and the pressure P2 > P1 (Fig. 1d). 

The transition from merging to the alternate regime hap-
pens due to the periodic change of pressure between the 
points P1 and P2. It may be noticed that the average pres-
sure in both the main and side channels in both devices 
(single and double T-junction) changes and is comparable 
with the change in the width of the side channel (Fig. 3h 
and j). Similarly, the increase in capillary number is also 
comparable in both single and double T-junction devices 
as shown in Fig. 3i. The distance between the two alternate 
generating droplets increases with a reduction in the width 
of one of the side channels (Fig. 4h and i).

Fig. 4   a-f Droplet generation in double T-junction device for change 
in the width of SC2 from 100 µm to 50 µm while SC1 is at 100 µm. 
g Representation of double T-junction device into two sections and 
deformation of dispersed phase liquid during alternate droplet gen-

eration. h-i The sequence of droplet formation in alternate regime, 
j-l) The pressure difference (ΔP) Vs time at point P1 and P2 for 
SC2 = 90 µm, 70 µm, 50 µm, respectively
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To describe alternate droplet generation, we mark out 
two regions in the double T-junction device as section A 
and section B as shown in Fig. 4g. We know that viscous 
shear force and pressure surrounding the dispersed phase 
liquid are the two major parameters contributing to droplet 
generation. When droplets are generated from Section A, 
the pressure at point P2 in section B increases, and once the 
droplet is released in Section A, the dispersed phase liquid in 
section A pulls back itself into the side channel. This creates 
a dip in pressure and allows the dispersed phase liquid from 
Section B to enter the main channel and a droplet is gener-
ated. This cycle repeats. But in our case, when the width of 
side-channel SC2 < SC1, the average pressure is always high 

in the reducing side channel (SC2) (irrespective of droplet 
generating side channel), during alternate droplet genera-
tion. Thus, it is seen that in the case of asymmetric double 
T-junction devices, the shear force dominates at the junction 
with the side-channel having larger width during the droplet 
generation (Section A in our device) due to the larger fluid 
interface. This is witnessed by plotting ΔP = P1-P2 with time. 
When SC2 is 90 µm, 70 µm and 50 µm the peak to peak of 
ΔP varies between 70 Pa and -90 Pa (Fig. 4j), 60 Pa and 
-110 Pa (Fig. 4k), and -10 Pa and -140 Pa (Fig. 4l), respec-
tively from its centre reference line with an initial stabili-
sation time. The time taken by the device to produce sus-
tained droplets in alternate regime is the stabilisation time. 
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This indicates the dominance of pressure of P2 during the 
alternate regime when SC2 < SC1. In addition, concerning 
Fig. 4g, the rate of deformation in Section A is higher than 
in Section B, due to the shearing force in the direction A to B 
at the larger interface. When dispersed phase liquid deforms 
in Section A (viscous shear force in C to D), the dispersed 
phase liquid in section B enters the main channel (E to F) 
and does not see any deformation until there is a pinch-off 
in Section A.

Effect of Increase in Width of the Main Channel 
on Droplet Generation

In contrast to the previous case on a single T-junction 
device, we study droplet generation by varying the width of 
the main channel from 50 μm to 100 μm while the width of 
the side-channel is held constant at 50 μm. The droplet gen-
eration remains in the dripping regime as shown in Fig. 5a-f. 
With the gradual increase in Wc, the droplet length increases 
and frequency decreases and scales as l = be0.006Wd and 
f = ae−0.02Wd , respectively as shown in Fig. 5g, where “a” 
and “b” are the parameter specific to device geometry. These 
results are in good agreement with an earlier study using the 
Lattice Boltzmann method (Gupta and Kumar 2010). The 
average pressure at point Pc and Pd approximately decreases 
from 7870 to 1750 Pa and 7250 Pa to 1750 Pa, respectively 
as the width of the main channel increases from 50 μm to 
100 μm (Fig. 5h) which is approximately 75%. Similarly, 
the capillary number decreases from 0.267 to 0.225 (Fig. 5i) 
which is approximately 15%.

In the case of a double T-junction device, the width of 
the main channel (MC) is increased from 50 μm to 100 μm 
(Fig. 1b) while both the side channels are fixed at 50 μm. 
In comparison to a single T-junction device, the pres-
sure and the capillary number increase due to the addi-
tion of another side-channel like the previous case. In this 
case, the capillary number decreases from 0.354 to 0.306 
which is approximately 16% (Fig. 5i) and average pres-
sure from 8830 to 1930 Pa which is approximately 78% for 
the increase in width of the main channel from 50 μm to 
100 μm (Fig. 5j). The decrease in average pressure and cap-
illary number in a double T-junction device is in line with 
the single T-junction device as shown in Fig. 5i. With the 
gradual increase in the width of the main channel, droplet 
generation shifts from the merging regime to the alternate 
regime when the width of the main channel is approxi-
mately 1.4 times the width of the side channel (Fig. 6g). 
There will also be an increase in the distance between the 
generating droplets at the junction with an increase in the 
width of the main channel.

The dispersed phase liquid entering the main channel 
in both sections A and B experience equal viscous shear 
stress as the width of both the side channel are equal. 

The physical behaviour of droplet generation in alternate 
regimes is analysed by studying the pressure at points P1 
and P2 with time. When ΔP (P1-P2) is plotted against time, 
we see the peak-to-peak pressure switches between -150 Pa 
to 150 Pa indicating equal dominance of pressure alter-
natively from each side channel at points P1 and P2 over 
each other (Fig. 6h). These periodic pressure variations 
prevail for MC ≥ 70 μm. The periodic pressure variations 
for MC = 70 μm are shown in Fig. 6h.

Effect of Surfactant on Merging and Alternate 
droplet formation

In practical applications, the addition of surfactant leads 
to change in both interfacial tension and wetting (contact 
angle of the droplet with the channel wall) conditions as 
mentioned earlier. It was shown that the contact angle of 
water increased with surfactant concentration, in addition 
to the reduction in interfacial tension. A similar study has 
also been the case with other surfactants like SDS (Sodium 
Dodecyl Sulfate)(Xu et al. 2006), Picosurf (Totlani et al. 
2020).

The addition of Span 80 in mineral oil increases the 
contact angle and reduces the interfacial tension with the 
gradual increase in its concentration. Bashir et al. (2014) 
showed that the contact angle increases from 152° to 172° 
and interfacial tension reduces from 7 to 4 mN when the 
concentration increases from 0.2% to 4% respectively. We 
study the droplet generation in a double T-junction device 
by implementing these changes caused due to the addition 
of surfactant for the device whose Λ = 0.5 (Fig. 6f). We 
study the droplet generation in both merging and alternate 
regimes for the increasing contact angle and reducing inter-
facial tension due to the addition of surfactant and increase 
in its concentration.

Merging of Droplets

To study the effect of surfactant on droplet generation in 
the merging regime, we set the velocity of Vc and Vd to 
be 0.004 m/s and 0.002 m/s, respectively (Fig. 7a). In the 
interest of reporting the results in the merging regime, the 
velocity of the two liquids has been reduced only in this sec-
tion to maintain Ca < 0.02. The dispersed phase liquid from 
both the side channel enters the main channel and merge at 
the junction and pinches off due to the viscous shear force 
of the continuous phase liquid. The sequence of the merg-
ing of two droplets and their release is shown in Fig. 7b. In 
our case, there is no significant change seen in the drop-
let generation mechanism with the addition of surfactant 
(interfacial tension reduces from 7 mN/m to 4 mN/m and 
increases the contact angle from 152° to 172°). This could 
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be because the change in the interfacial tension is marginal 
and though the range of change in contact angle seems fairly 
good, a numerical study on droplet generation on a single 
T-junction device shows that the frequency of droplet gen-
eration sees a marginal change in generating frequency with 
increasing contact angle from 100° to 180o for λ < 1 (Bashir 
et al. 2011). In our study, we show that it holds even in dou-
ble T-junction device.

The temporal variation in pressure also provides us more 
information on droplet generation in the merging regime 
(Fig. 7c). The number of pressure minima’s is equal to the 
number of droplet releases (in Fig. 7c represents the release 
of 8 droplets). The pressure at point Pc increases as the 
dispersed phase liquid enters and blocks the main channel 
and it drops as the droplet is released. The maximum pres-
sure during the first droplet release was found to be 830 Pa 

and it increases to 1000 Pa with time and a stable droplet 
generation is seen when the surfactant concentration is at 
0.2%. The maximum pressure during droplet generation 
gradually reduces with an increase in surfactant concentra-
tion. The maximum pressure during the first droplet release 
was found to be 780 Pa and it continues to remain the same 
with time at a surfactant concentration of 4%. The aver-
age pressure (plateau region) during the droplet generation 
decreases with increased surfactant concentration (Fig. 7c). 
In addition, the average pressure during the droplet genera-
tion increases gradually with time as the number of droplet 
release and stabilizes to a point. When the first droplet exits 
through the outlet (in our case, in a given length of the main 
channel, 6 droplets are seen at any given time, so with the 
generation of 7th droplet, 1st droplet exits through the out-
let). This increase in pressure with time is not seen in the 

Fig. 6   a-f Droplet generation in double T-junction device for change 
in the width of the main channel between 50 µm to 100 µm. g The 
sequence of droplet formation in the alternate regime, for the width of 

the main channel at 70 µm, h) ΔP Vs time at point P1 and P2 showing 
the transition from merging regime to the alternate regime (width of 
MC = 70 µm)
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case of increase in surfactant concentration. The frequency 
of droplet generation can be calculated depending on the 
droplet release time and it was found to increases margin-
ally from 36 to 42 Hz. The increase in frequency develops 
with time.

Alternate Droplet Generation

To study droplet generation in an alternate regime, the veloc-
ity of the two liquids viz., Vc and Vd are set to 0.02 m/s and 
0.01 m/s, respectively. The alternate droplet generation is 
investigated for an increase in surfactant concentration from 
0.2% to 4%. The droplets are generated in the merging regime 
for surfactant concentration ranging between 0.2% to 0.8%. 
The pressure at points P1 and P2 are the same in the merging 
regime. Hence the temporal variation of pressure with time 
overlaps (Fig. 8a). Further increasing the surfactant concen-
tration from 1 to 2%, 3% and 4%, the droplets are generated 
in alternate regime after 0.04 s, 0.03 s, 0.03 s and 0.0075 s of 
flow, respectively. This can be seen by plotting (ΔP = P1—
P2). During merging regime, ΔP curve (ΔP = P1—P2) is flat. 
Periodic changes in the pressure between P1 and P2 develop 
with time, and it leads to alternate droplet generation. The 
flat region in Fig. (8b-d) indicates that the initial droplets are 
produced in the merging regime.

Conclusion

Numerical investigations were carried out on single and 
double T-junction microfluidic devices using the Volume 
of Fluid (VOF) method in 2D. The velocity of continu-
ous phase liquid (mineral oil) and dispersed phase liquid 
(water) was set to 0.02 m/s and 0.01 m/s, respectively. 
We initially validate our simulation results with experi-
mental data reported earlier for single T-junction device 
(Bashir et al. 2014) and double T-junction device (Zheng 
et al. 2004a). The droplet generation shifts from dripping 
to a jetting regime with the increase in the width of the 
side-channel from 50 μm to 100 μm while the width of 
the main channel was fixed to 100 μm. The frequency of 
droplet generation reduces marginally from 82 to 77 Hz, 
and droplet length increases from 80 μm to 135 μm. This 
change in channel dimensions increases the average pres-
sure in the channel increases from 1670 to 1770 Pa which 
is approximately 6% to 8% and capillary number from 
0.225 to 0.267 which is approximately 16% in the case of 
a single T-junction device. The addition of a side-channel 
to the single T-junction device and converting it to dou-
ble T-junction devices increase overall flow in the device. 
This is seen when the width of one of the side channels 
in double T-junction increases from 50 μm to 100 μm, the 
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average pressure increases from 2130 to 2270 Pa, which 
is approximately 7% and capillary number from 0.306 to 
0.353 which is approximately 16%. The pressure variation 
in both the side channel plotted with time shows that the 
pressure is higher in the smaller side channel.

The frequency of droplet generation is seen to decreases 
from 238 to 82 Hz and increase in droplet length from 
56 μm to 80 μm for the increase in the width of the main 
channel from 50 μm to 100 μm while the width of the side-
channel is fixed to 50 μm. This increase in the width of the 
main channel decreases the average pressure from 7870 to 
1750 Pa which is approximately 75% and capillary number 
from 0.267 to 0.225 which is approximately 15%. Similarly, 
with a change in the width of the main channel in a dou-
ble T-junction device, the average pressure decreases from 
8830 to 1930 Pa which is approximately 78% and the capil-
lary number from 0.354 to 0.306 which is approximately 
16%. The gradual increase in width of the main channel 
also shows that droplet generation shifts from merging 
regime to alternate droplets regime when the width of the 
main channel is 1.4 times the width of the side channel. The 
frequency of droplet generation and droplet length does not 
significantly change for the increase in the concentration of 
surfactant (Span 80) from 0.2% to 4% in the merging regime. 
However, in the case of an alternate regime, it is seen for 
concentration above 1%.
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