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Abstract
In this paper, we present simulation studies on the formation of water microdroplets in mineral oil in a T-junction Micro-
fluidics device. We have studied the droplet generation in two different regimes, viz., squeezing and squeezing to drip-
ping transition regime. The effect of fluid flow rates, and surfactant concentration on the droplet generation has been 
investigated. It is seen that a rise in the concentration of surfactant by 4%, increases the frequency of droplet generation 
by 16% at the higher capillary number  (Ca = 0.02), whereas, there is only a marginal or no change in the case of squeezing 
regime  (Ca = 0.0028–0.008). We have also studied the trapping of the generated microdroplets in microwells. It is observed 
that the trapping of the droplet is highly influenced by the viscous drag force, droplet length, the surface energy of 
the droplet, droplet speed, depth of the Well for trapping and alignment of the two plates constituting the device. Our 
studies reveal that the droplets travelling faster than a critical trapping velocity do not get trapped in the Well. Addition 
of a surfactant to the mineral oil is seen to lead to a significant reduction in the critical velocity for the droplet trapping. 
Trapping of droplets travelling at velocities close to the critical velocity for trapping depends strongly on the alignment 
of the two plats of the Slip-Chip device.
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1 Introduction

Droplet microfluidics has been intensively investigated 
over the last two decades due to its applications such as 
glucose estimation in blood [1], synthesis of micro-sized 
materials in monodispersed droplets [2] food quality and 
physiological health monitoring, polymerised chain reac-
tions (PCR) [3], molecular-level detection [4], drug delivery 
[5], diagnostics in health care [6], single-cell analysis [7–9], 
single cell genome sequencing [10] and separation of  Ca2+ 
ions from aqueous phase [11]. Droplets of picolitre volume 
have been of interest for single-cell analysis [12]. Multiple 
chemical reactions can be investigated simultaneously in 

a single microfluidic device by collecting microdroplets 
in an assay wherein very small quantities of chemicals are 
utilized. In all such applications, precise control of droplet 
size is important to produce monodisperse droplets. The 
three main types of devices generating droplets that are 
employed for experiments are Cross Junction [13], Co-flow 
[14] and T-junctions [15], devices. In such devices, droplet 
generation involves the flow of two immiscible liquids, 
one of which constitutes the main liquid component and 
is called the continuous phase, having viscosity µc. Much 
smaller quantity of the second liquid having viscosity µd 
and called the dispersed phase is injected into the main 
channel in which the continuous phase liquid flows. The 
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viscous shear force exerted by the continuous phase liquid 
on the dispersed phase liquid leads to microdroplet gen-
eration. T-junctions have been widely studied because of 
their simple structure and ease of analysis of droplet gen-
eration [16]. In such devices, it has been noticed that the 
size of the droplet and rate of its generation depends on 
the channel size, viscosity ratio (λ = µd/µc), flow rate ratio 
and interfacial tension between the two liquids [17]. We 
have investigated the generation and trapping of droplets 
in a T-junction type microfluidic device.

The droplets are generated in various regimes such 
as squeezing, transition, dripping and jetting. Capillary 
number  (Ca) determines the regime of droplet formation. 
The change in capillary number was identified for differ-
ent geometric aspect ratio (ratio of dispersed phase liquid 
to continuous phase liquid channel widths) of the device 
[18]. The role of fluid pressure on micro-droplet generation 
was revealed by pressure profiles plotted for droplet gen-
eration in squeezing, dripping and jetting regimes [19]. 
The details of droplet formation in squeezing to dripping-
transition regime was studied to predict the droplet size 
and frequency of its generation and distance between the 
droplets [20]. This was analysed by splitting the droplet 
generation mechanism into three stages, viz filling stage, 
necking stage and lag stage. A theoretical model was pro-
posed for the estimation of the size of droplets produced 
in different regimes and it was in close agreement with 
their experimental results. Experiments were also con-
ducted to generate oil droplets in water using a T-junction 
device [21]. The droplet generation was studied for λ = 0.1, 
0.03, 0.05 to understand the flow pattern, to predict the 
droplet size and to identify the range of  Ca values at which 
the droplets are generated in different regimes [22]. At 
much higher flow rates of the dispersed phase liquid, the 
influence of viscous shear force gets minimised and the 
dispersed phase liquid flows as a separate stream parallel 
to the continuous phase liquid in the main channel. Hence, 
for droplet generation fluid flow ratio is restricted to  Qd/
Qc < 0.3–0.5. A novel geometry with a spiral microchan-
nel was used to demonstrate extraction of calcium metal 
ions from aqueous phase [23]. These studies on T-junction, 
have revealed the role of the capillary number, viscosity 
ratio, flowrate of the two fluids and the ratio of width of 
the two channels on droplet generation.

The interfacial tension between the two immiscible 
liquids and the contact angle of the droplet with the sur-
face of the flow channel are two important factors that 
contribute to droplet generation. In practical applications, 
the droplets generated are collected in a vial for further 
investigations. Further, the droplets of interest are pipet-
ted out manually. To prevent droplets from coalescing 
in the vial, surfactants are added to one of the two liq-
uids based on their solubility. This reduces the interfacial 

tension [24]. This in turn, reduces the pressure difference 
ΔP [Pressure in dispersed phase liquid—Pressure in the 
continuous phase liquid]. Besides, the rate of droplet gen-
eration will also increase to maintain the mass flow to be 
constant. Consequently, there is a reduction in droplet size 
and an increase in the frequency of droplet generation 
[25]. Bashir et al. [27] showed that the role of contact angle 
and interfacial tension on the droplet is more significant 
for the viscosity ratio of 0.8 than for 0.1. The length of the 
droplet is higher for λ = 0.8 than for λ = 0.1 for a fixed flow-
rate ratio and interfacial tension. The pinch-off time of the 
droplet decreases as there is an increase in contact angle 
from 120° to 180°. The interfacial tension was evaluated for 
silicone oil having four different viscosities (10 cSt, 20 cSt, 
50 cSt, 100 cSt) with two different dispersed phase media 
(Deionised water and FC43) [28]. In the experiments per-
formed, it was observed that the droplet length remained 
almost the same over a range of capillary number from 
0.0028 to 0.008. Using the traditional volume of fluid 
method, the change in interfacial tension by addition 
of nanoparticles of sizes varying from 10 nm to 100 nm 
and its effect on droplet generation was studied [29]. The 
droplet size was seen to get reduced with increase in the 
concentration of nanoparticles. The effect of concentra-
tion of surfactants like SDS (sodium dodecyl sulphate) or 
Tween 20 added to silicone oil has been experimentally 
studied wherein the interfacial tension was evaluated 
by recording the droplet generation using a high-speed 
camera [30]. Further based on their study an analytical 
model was formulated to determine the interfacial ten-
sion due to increased surfactant concentration. Most of 
these experimental studies consider uniform distribution 
of surfactant molecules at the droplet interface and focus 
on the influence of surfactant and its increasing concentra-
tion on both size and frequency of droplet generation in 
various regimes. Numerical simulations can help identify 
the influence of surfactant concentration at the droplet/
bubble interface [31]. The influence of surfactant (Span 
80 mixed with octane) on droplet generation was numeri-
cally investigated using Lattice Boltzmann Method [32]. 
This study uses two computational models to present 
uniform and non-uniform distribution of surfactant at the 
interface. The model adopted for non-uniform distribu-
tion of surfactant explains the droplet generation mecha-
nism which was experimentally demonstrated [33]. The 
surfactant adsorption first appears at the front end of the 
droplet as it expands into the main channel and gradu-
ally covers the entire droplet before it is released. The 
velocity vectors profile inside the droplet indicates liquid 
circulation which vanishes as the droplet is about to be 
released. It is also observed that the frequency of droplet 
generation increases for capillary number ranging from 
0.01 to 0.1. Recently such increase in frequency was also 
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demonstrated using numerical simulation [26]. In our 2D 
simulation, we study how the surfactant (Span 80) concen-
tration influences droplet generation for  Ca ranging from 
0.0028–0.02. For low values of  Ca the droplet generation 
occurs due to squeezing process and for  Ca values close to 
0.01 the transition to dripping regime begins. We have also 
investigated the influence of surfactant on the frequency 
of droplet generation and its size in squeezing regime and 
the transition regime, which were not reported by Bashir 
et al. [45].

To capture individual microdroplets for further analysis, 
trapping of generated droplets in an array of microwells is 
convenient. We have investigated droplet generation and 
trapping in Slip-Chip type device in the T-junction geome-
try. This device consists of two separate plates, one having 
cylindrical Well and the second plate having a shallow Pit 
with circular opening along the main channel. The second 
plate is placed on the plate containing the Wells such that 
the Pit lies over the Well. Different mechanisms exploited 
for trapping involve manipulation of surface energy [34], 
hydrodynamic based trapping [35] and Laplace pressure 
[36]. Surface energy-based trapping is achieved by proper 
choice of the geometry of the device and the micro-wells 
[34, 37]. In these studies, the volume of the Well was taken 
to be smaller than the droplet volume and hence, the 
entire droplet cannot get into the Well. A droplet mov-
ing towards the Well experiences a force proportional to 
the gradient of surface energy which arises due to the 
deformation of the droplet as it enters the Well. When the 
hydrodynamic drag force is less than the force due to sur-
face energy gradient, the droplet gets anchored to the Well 
and partially enters the Well. The effect of surface energy 
change leading to trapping was numerically studied [38]. 
Further, the change in Laplace pressure of droplet entering 
the Well was also determined. It was seen that an increase 
in the flow rate of the continuous phase liquid, resulted in 
non-trapping of the droplet or if the droplet is anchored, 
it detaches leaving a small fragment, called the daughter 
droplet, trapped inside the Well. The critical capillary num-
ber at which droplet anchoring happens was determined 
for different viscous media [39]. The anchoring of droplet 
to microwell was studied using Lattice Boltzmann Method 
[40]. This study demonstrates that the anchoring efficiency 
increases with increase in the diameter of the well.

In this paper, we have studied the formation of micro-
droplets of water in mineral oil (density ρ = 840 Kg/m3 and 
viscosity µ = 24.1 mPa-s). We have studied the dependence 
of microdroplet length on the surfactant concentration 
(Span 80). We have also investigated the impact of sur-
factant on the frequency of droplet generation and its 
size in squeezing and transition regimes by examining 
the pressure versus time plots at point  Pc and  Pd shown 
in Fig. 2. These graphs reveal that the pressure within the 

two immiscible liquids reduces with an increase in sur-
factant concentration. It is also seen that the frequency 
of droplet generation increases for increased surfactant 
concentration in the transition regime but not in the 
squeezing regime. We demonstrate that elongated drop-
lets (confined due to the geometry of the channel) can be 
trapped inside the well due to surface energy change. We 
show that the trapping of droplet occurs at the velocity 
 (Uc) which is less than the critical velocity  (Ucr) depending 
on its size and Well depth.

2  Microfluidic device model

The T-junction device in the model Slip-Chip configura-
tion is schematically shown in Fig. 1a. The channels for 
liquid flow have rectangular cross-section of width of 
100 μm and depth of 50 μm. In this device, the channel 
plate is on top and the Well plate is at the bottom with the 
channel and the well facing each other. The continuous 
phase liquid used is mineral oil and it flows into the device 
through the “main channel” inlet. The dispersed phase 
liquid is water, which flows into the junction through the 
“side channel” inlet. The droplets of water, generated at the 
junction, move down-stream along with the oil (Fig. 1b). 
The shear force of the viscous oil medium on water and the 
interfacial tension between them govern the release of the 
droplet of water at the junction. Simulations were done 
using ANSYS Fluent software v18.1. A numerical method 
combining the Level Set method (LSM) and Volume of fluid 
model (VOF) has advantages over just VOF for analysing 
the model [41]. We have adopted this combined model in 
our simulation study.

Simulation of both, the droplet generation and its trap-
ping together require large computation time. Hence, we 
study the trapping mechanism separately by employ-
ing a 3D model. We observe that the droplet moves in the 
channel along with the continuous phase liquid. A typical 
microfluidic device comprises of two plates, one with the 
channel and the other having the Wells. The two plates are 
bonded one over the other to create the device. In the case 
of a SlipChip [42] device, the two plates are sealed with a 
temporary sealing. The lower plate, called Well Plate, has a 
cylindrical Well of diameter 200 µm and depth 200 µm for 
most of our simulations. The upper plate, called Channel 
Plate, has the T-shaped channel, for liquid flow, and a shal-
low Pit, with circular opening, located well away from the 
T-junction. The Pit has a diameter of 200 µm and depth of 
50 µm. The broadside and top view of the device is shown 
in Fig. 1a, b, respectively. It is observed that the Pit in the 
Channel plate influences trapping of droplets in the Well 
in the Well plate as explained below in Sect. 4.
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The basic equations used in the simulation are listed 
below. The continuity equation for an incompressible fluid 
is given by [43]

And the Navier–Stokes equation of motion for the 
fluid is given by,

where ���⃗U′ , P, ρavg and �  are velocity, pressure, density (aver-
aged), and stress tensor respectively for the fluid. For New-
tonian liquids which are incompressible, the shear stress 
is relative and proportional to the rate of strain tensor γ 
which is represented as,

(1)∇.

(
𝜌avg

���⃗U�
)
= 0

(2)
𝜕
(
𝜌avg

���⃗U�

)

𝜕t
+ ∇ ⋅

(
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)
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(3)𝜏 = 𝛾𝜂avg = 𝜂avg(∇
���⃗U� + ∇���⃗U�∗)

where ηavg is the averaged viscosity. For the two-compo-
nent fluid being considered, we define the density and vis-
cosity of the volume (averaged) in-terms of the fractional 
volume of the two immiscible fluids such as oil  (Vo) and 
water  (Vw) as follows [43].

The fractional volume 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 spe-
cific mesh element is said to be empty of the 5th phase 
and Vf = 1 indicating that the element (cell) is loaded 
with the 5th phase. Thus, the two-phase interface is 
demarcated by the value of the fractional volume.

We adopt the model of continuum surface force (CSF) 
and accordingly define the interfacial tension force ( ��⃗F′  ) 
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
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where n̂ is the component normal to the droplet surface. 
Considering the formulation VOF the surface normal ||n⃗|| 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 [43, 44]. The change 
in the interfacial tension in our study is due to increased 
surfactant concentration. Hence the convection–diffusion 
equation is considered, which is given by [31],

where α is the surfactant concentration in the bulk fluid 
and  Dc is the diffusion coefficient of surfactant in bulk 
liquid.

The effects of wall adhesion are considered by provid-
ing 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.

3  Simulation sequence

3.1  Model for simulation using VOF solver

We have used ANSYS Fluent solver “Pressure Implicit 
with Splitting of Operators (PISO)”, for simulating the 
droplet generation taking account of the coupling 
between pressure and velocity in the momentum 
equation. Any false currents which may arise because 
of mismatch between the pressure and interfacial ten-
sion forces are removed using the Pressure stagger-
ing option (PRESTO). We adopt the implicit method 
of the first order for the discretization of derivatives 
with time. The convergence criterion for solution of the 
continuity equation, the equations for X-momentum 
and Y-momentum, and the computation of the Level 
Set function was set as a residual of 0.001. Thus, if the 
residual in any computation drops below 0.001, then 
the solution is treated as having converged. Accord-
ingly, we set the flow time to be 0.5 sec with a step 
size of 10 μSec. The global Courant number, which is 
a dimensionless quantity is maintained less than 0.2; 
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1
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)

(11)n̂ = n̂w cos 𝜃w + m̂w sin 𝜃w

it varied between 0.08 to 0.17 throughout the simula-
tion. This relates the time step increment and its dura-
tion in the transport equations to the distinctive time 
of transportation of the fluid element across a control 
volume. The flow rate of the two liquids is prescribed at 
the respective inlets and normal outflow condition is 
prescribed at the common outlet. The resultant droplet 
length is noted. Simulation is performed assuming that 
the inner surface of the channel is oleophilic and hence 
is completely wetted by the continuous phase liquid. 
We consider no-slip boundary condition for the con-
tinuous phase liquid. We take into account the effects 
due to the addition of surfactant in the simulation study 
by varying both interfacial tension and contact angle in 
the range 7 mN/m to 4 mN/m and 152° to 172° respec-
tively [45]. Hexahedral mesh with an element size of 
2 µm is adopted for all the 2D simulation. The mesh con-
vergence analysis was done to achieve a residual level 
less than 0.001 as mentioned above. We carried out 
simulations to determine droplet length taking mesh 
elements of size 4 µm, 2 µm and 1 µm. It was seen that 
the difference in droplet length for a mesh size of 2 µm 
as against 1 µm was less than 0.001. Hence, all the simu-
lations were carried out for mesh elements of size 2 µm 
which corresponded totally to about 130,000 elements. 
The main channel length is kept sufficiently long for the 
flow to become fully developed.

3.2  Analysis of droplet generation by 2D simulation

2D simulations were performed to understand the influ-
ence of surfactant concentration in generating drop-
lets. In a T-junction device (Fig.  1c), the continuous 
phase liquid (Mineral oil – density ρ = 840  Kg/m3 and 
viscosity η = 24.1 mPa-s) and the dispersed phase liquid, 
(Water–density ρ = 998 Kg/m3 and viscosity η = 1 mPa-s) 
are let in through two different inlets. The dispersed phase 
liquid, shown in red color enters through the side channel 
and creates an interface with the continuous phase liquid, 
which is shown in blue color, at the junction. Span 80 was 
chosen as the surfactant for our investigations.

The surfactant concentration, in terms of the ratio of 
the weight of Span-80 to that of Mineral Oil, was kept at 
0.2%, 0.4%, 0.8%, 1%, 2%, 3% and 4%. Droplet generation 
is studied for various flow rate  Qc of oil, the continuous 
phase liquid. We have taken contact angle data for our 
simulations from past experimental data [45]. The pres-
sure profiles at points  Pc and  Pd (Fig. 2) are computed for 
various surfactant concentrations to correlate it with the 
droplet length and droplet release time.
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3.3  Analysis of droplet trapping by 3D simulation

3D Simulations were performed to analyse microdroplet 
trapping as shown in Fig. 1d. Once the water droplet is 
released, it is under the influence of the continuous phase 
liquid and moves downstream along with the oil. During 
the trapping process the droplet shape changes but its 
volume remains constant. Change in the droplet shape 
implies change in surface energy of the droplet. The 
trapped droplet assumes a shape corresponding to mini-
mum surface energy. In the simulation we have monitored 
the dynamic change in the droplet shape to get a better 
understanding of the trapping conditions [34].

The droplet length depends on the flow rate ratio of the 
two liquids. In our studies, the droplet length ranged from 
70 µm to 200 µm. This compares well with previous experi-
mental data [45]. Hence, for trapping studies, we consider 
droplets of length 200 µm, 100 µm, and 50 µm (A-A’) in 
shown in Fig. 1d. It is seen that beyond a certain veloc-
ity the droplets do not get trapped. We define the maxi-
mum droplet velocity at which the trapping happens as 
the critical trapping velocity. In addition to droplet length, 
we have also investigated the dependence of trapping on 
the Well depth (200 µm, 150 µm, and 50 µm) and the align-
ment of the two plates of the Slip-Chip device.

In the 3D simulation, the velocity  Uc of the continu-
ous phase liquid was initially set to 1 mm/s. The droplet 
is transported by the continuous phase liquid and thus 
has the same velocity  Uc. Simulations were repeated for 
increasing values of  Uc until the critical trapping velocity is 
reached. Normal outflow boundary conditions were set at 
the outlet. The simulations were repeated for different Well 
alignments (100%, 75%, 50%, 25%, 0%) with the channel 
plate as shown in Fig. 6a–e.

4  Results and discussion

4.1  Effect of surfactant on droplet generation

The droplet formation process is illustrated in Fig. 3. When 
the dispersed phase liquid (water) enters the main chan-
nel, it progressively blocks the flow of the continuous 
phase liquid (Oil) leading to an increase in the pressure 
at point  Pc (Fig. 2). It reaches a peak value and decreases 
sharply to a very low value which indicates the release 
of one droplet (Fig. 3d–f ). This process repeats periodi-
cally leading to generation of multiple droplets at a defi-
nite frequency. It has been shown that at low liquid flow 
rates, the droplet generation occurs due to the Squeezing 
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mechanism and at somewhat higher flowrates the gen-
eration occurs due to Dripping mechanism [46]. There is 
a gradual transition from Squeezing regime to Dripping 
regime as the flow rates are increased. We have investi-
gated droplet generation in the transition regime also by 
simulation. Each simulation is carried out for a total fluid 
flow duration of 0.5 s.

The interfacial tension between mineral oil and water is 
taken to be 24.5 mN/m [47] in the absence of surfactant. 
Droplets of lengths 296 µm, 228 µm and 192 µm are gener-
ated in the squeezing regime as shown in Fig. 3a–c, for a 
fixed  Qd = 0.2 μL/min and  Qc = 0.25 µl/min, 0.5 µl/min and 
1 µL/min, respectively. At these flow rates, the time vari-
ation of pressure at point  Pc is shown in Fig. 3d–f and it is 
seen to reach a peak value of 526 Pa, 573 Pa and 690 Pa for 
the different  Qc values. The rise time  TR of the pressure pro-
file is estimated to be 0.115 sec, 0.072 sec, and 0.067 sec 
for the flowrate values  Qc = 0.25 µL/min, 0.5 µL/min and 
1 µL/min, respectively. The corresponding fall time  TF for 
all flowrates was found to be about 0.003 sec. The long rise 
time indicates a slow initial growth of the droplet and the 
much smaller fall time implies a very quick pinch-off lead-
ing to the release of the droplet. Figure 3c shows that at 
higher flow rates of  Qc, the droplet generation frequency 
increases. The pressure at point  Pc attains a peak value just 
prior to the release of the droplet. In general, the pressure 
at point  Pc increases with increase in the flowrate  Qc [48, 
49]

The addition of a surfactant has been shown to alter the 
droplet size and the droplet frequency [50]. Figure 4 shows 
the droplet generation using oil (continuous phase liquid) 
containing surfactant with concentrations varying from 
0.2% to 4% by weight for different values of  Qc, keeping 
 Qd fixed at 0.2 μl/min. Figure 4a shows droplet for flowrate 
 Qc = 1 µl/min for different surfactant concentrations.

At this flowrate, the addition of a surfactant results 
in a reduction of the maximum pressure at point  Pc 
from 690 Pa to 352 Pa for a surfactant concentration of 
0.2%, which further reduces to 329 Pa when concentra-
tion is increased to 4% (Fig. 4d). Similar trend is seen for 
 Qc = 0.5 μl/min and 0.25 μl/min as evident from 4(f&h). The 
pressure at point  Pd also shows similar reduction as the 
concentration increases from 0.2% to 4% (Fig. 4g and i). 
We may also conclude from Fig. 4 that with increasing sur-
factant concentration the droplet length decreases mono-
tonically and the droplet generation frequency increases. 
Figure 4d–I also indicate that the droplet generation fre-
quency increases as the flowrate of  Qc increases. Further, it 
is seen that the rise time of the pressure profile at point  Pd 
is much shorter than that for the pressure profile at point 
 Pc, whereas the fall time is practically the same for both 
cases. This indicates that the dispersed phase liquid relaxes 
to its initial state very fast after the droplet is released. The 

plateau in the pressure profiles is longer for the pressure 
plots at point  Pd compared to that for the plots at point  Pc. 
The duration corresponding to the plateau in the pressure 
plots at point  Pd may be taken to be the duration required 
for the formation of the droplet as shown in Table 1 below. 
The results of the pressure change are summarised in 
Table 2. 

The droplets were generated for a fixed value of 
 Qd = 0.2 μL/min and varying Qc = 0.2 μL/min to 2 μL/min. 
This study was repeated for surfactant concentration rang-
ing from 0% to 4%. The droplet length reduces signifi-
cantly for low  Qc values and acquires a minimum value as 
 Qc increases to higher values as shown in Fig. 5a. The vari-
ation of L/w, the dimensionless droplet length, with the 
flowrate ratio  Qd/Qc is shown in Fig. 5b. The linear scaling 
of L/w with flowrate ratio is specific to the range 0.01 < Qd/
Qc < 0.1 [46].

We have computed the surfactant concentration pro-
file at the droplet interface. The surface density of the sur-
factant is higher at the two poles of the droplet than at the 
flat parts adjacent to the channel walls. It is a little higher 
at the front pole of the droplet as compared to that at the 
rear which is in confirmation with the results of Riaud et al. 
[32]. The variation of the surfactant concentration at the 
front pole of the droplet is shown in Fig. 5c–f, for bulk sur-
factant concentration of 0.2%, 1% and 4%.

Clearly, the entire droplet surface is covered by a thin 
layer of surfactant molecules since the adsorption of these 
molecules is much faster than the droplet formation time. 
Once the droplet is released, it is seen to conserve its vol-
ume and shape till it reaches the Well where it may be 
trapped. The presence of surfactant is seen to influence 
the trapping of the droplet.

4.2  Droplet trapping

After its release at the T-junction, a droplet acquires an 
elongated pancake shape due to the rectangular cross-
section of the main channel in our device; we shall call 
such a droplet as a “Plug”. The surface energy of the drop-
let is given by E = γA, where γ is the interfacial tension 
and A is the surface area of the droplet. Since the Plug is 
not spherical in shape, its surface energy is larger. As the 
droplet enters the Well, meant for trapping it, the droplet 
encounters the Well as well as the Pit in the two plates 
of the device. Here the droplet spreads into the circular 
Well and the Pit and acquires a shape such that its sur-
face energy reduces. This change in surface energy over 
the spatial region of the Well leads to an attractive force 
on the droplet proportional to the gradient of the surface 
energy. This mechanism is shown to be responsible for the 
trapping of the droplet [34]. We have studied the trapping 
of microdroplet into the well for different flow rates  Qc in 
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the presence of surfactants. The droplets experience lower 
shear stress in the region where the Well is located [51]. 
We have studied trapping of droplets of different lengths 
(200 µm and 100 µm) in the Well under the influence of the 
pit. To understand the trapping mechanism better we have 
varied the diameter of the pit, its alignment with the Well 
and the depth of the Well in the simulations.

Figure 6a–e shows the alignment of the Well and the Pit. 
Figure 6f, g illustrates the top view and the side view of the 
device geometry adopted for the simulations.

Figure 7 shows the change in the shape of the droplet 
(plugs) of different lengths due to the Pit as they get close 
to the Well. For the different extent of alignment between 
the Well and the Pit, as shown in Fig. 6a–e, the change 
in the shape of the droplets is more for larger alignment. 
This change in shape is such that the surface energy of 
the droplet gets reduced and this contributes to the trap-
ping of the droplet in the Well. In these simulations the 
diameters of the Well and the Pit are both taken as 200 μm.

In the case of droplet length 200 μm, we have inves-
tigated the trapping of droplets for different Pit diame-
ter keeping the Well diameter as 200 μm, Well depth as 
200 µm and for perfect alignment of the Pit with the Well. 
We varied the diameter of the Pit from 200 μm to 20 μm, 
the flow velocity  Uc of oil from 3 mm/s to 10 mm/s and 
the bulk surfactant concentration in oil was kept 4%. Our 
simulations reveal that the droplet is trapped in the Well 
only if the flow velocity  Uc is less than a critical value  Ucr. 
The droplet becomes spheroidal in shape as it gets into 
the Well and its surface energy is also lowered. Thus, we 
conclude that when the flow velocity exceeds  Ucr the vis-
cous drag force on the droplet overcomes the force due 
to surface energy gradient, which anchors it to the Well. 
Consequently, the droplet gets out of the Well and moves 
downstream with the oil. The value of  Ucr is seen to depend 
on the bulk surfactant concentration. For a Pit diameter in 
the range 20 μm to 100 μm and surfactant concentration 
of 4%, the droplet is seen to get trapped in the Well for 
oil flow velocity  Uc < Ucr ~ 4.5 mm/s and at a higher flow 

velocity it escapes from the Well. The simulations also 
reveal that, before the droplet moves out of the Well, a few 
tiny water droplets break away from it and move down-
stream. When the Pit diameter is increased beyond 100 μm 
(the width of the channel) the critical velocity increases 
to ~ 7.3 mm/s. This may be ascribed to the change in the 
geometry of the Well-Pit combination in the device for Pit 
diameter > 100 µm. Without surfactant the critical velocity 
is seen to be > 15 mm/s. Thus, surfactants cause a signifi-
cant reduction in the critical velocity for trapping.

The trapping of droplets is seen to depend on the depth 
of the Well. To study this aspect we carried out simulations 
on droplet trapping for Well depth ranging from 200 μm to 
50 µm keeping the flow velocity  Uc constant at 4 mm/s 
and Well and Pit diameter at 200 µm. The alignment of the 
Well and the Pit was kept at 100% and 50%. Droplet trap-
ping occurred only if the Well depth was above 100 µm 
irrespective of the Well-Pit alignment. We also studied the 
role of the alignment of the Well with the Pit, keeping the 
Well and Pit diameter and the Well depth at 200 µm. For 
flow velocities  Uc < Ucr the droplets are invariably trapped, 
but for higher flow velocities the droplets do not get 
trapped irrespective of the extent of alignment. For flow 
velocity of oil  Uc = 7 mm/s which is close to  Ucr ~ 7.3 mm/s, 
the simulations reveal that the droplet gets trapped if the 
Well-Pit alignment is < 50% and does not get trapped for 
alignment > 80%. For alignment between 50 and 80%, the 
droplet is just trapped and several small daughter droplets 
break off from the main droplet and travel downstream. 
This confirms the conclusion that, close to the critical 
velocity for droplet trapping, the escape of the droplet 
from the Well is preceded by generation of several tiny 
daughter droplets.

In the case of droplet length of 100 μm,  Uc is varied 
between 1 mm/sec to 12 mm/s. The droplet experience 
lesser drag force (as compared to droplet length 200 μm) 
due to the reduced surface area for different Pit-Well align-
ment. The change in the surface area is shown in Fig. 7i–m. 
The reduced surface energy shows that the droplet is 
trapped if  Uc is less than 1.3 mm/s, 5 mm/s, 6 mm/s and 
10 mm/s for Pit-well alignment of 100%, 75%, 50% and 
25% respectively when the Well depth is 200 μm. This 
reduces to 3 mm/s, 5 mm/s, and 6 mm/s for alignment 
of 75%, 50% and 25% respectively when the well depth 
reduces to 150 μm.

4.3  Comparison of simulation results 
with past experiments

Our simulation study is validated with an experimental 
study done by Bashir et al. [45] for a surfactant concentra-
tion at 4%. The properties of liquids, the channel dimen-
sions, and the flowrates of the two liquids are maintained 

Fig. 4  Droplet generation sequence and pressure versus time plots 
for various surfactant concentration (weight %) at a fixed value 
of  Qd at 0.2  µl/min and changing  Qc a  Qc = 1µL/min. b  Qc = 0.5µL/
min c  Qc = 0.25µL/min, for a total flow time of 0.5 Sec.; Pressure ver-
sus time  at point  Pc and  Pd respectively  for  d,  e  Qc = 1µL/min; f, g 
 Qc = 0.5µL/min  and h, i  Qc = 0.25µL/min

◂

Table 1  Droplet release time based on flowrate of oil  (Qc) at fixed 
Qd = 0.2μL/min

Flow rate  Qc 0.2 μL/min 0.5 μL/min 1 μL/min

Droplet formation time 0.35 s 0.17 s 0.08 s
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Table 2  Effect of surfactant concentration on droplet length and maximum pressure at point  Pd and  Pc

Flowrate ratio Qc No surfactant Surfactant concentration 0.2% Surfactant concentration 4%

Droplet 
Length in 
µm

Pressure at 
 Pc in [Pa]

Pressure at 
 Pd in [Pa]

Droplet 
Length in 
[µm]

Pressure at 
 Pc in [Pa]

Pressure at 
 Pd in [Pa]

Droplet 
Length in 
[µm]

Pressure at 
 Pc in [Pa]

Pressure 
at  Pd in 
[Pa]

1 μl/min 192 690 820 160 352 393 148 329 322
0.5 μl/min 228 573 690 200 237 282 196 218 220
0.25 μl/min 296 526 610 268 199 208 268 155 166

100

150

200

250

300

350

400

450

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Le
ng

th
 o

f D
ro

pl
et

 in
 μ
m

Flowrate of Oil in μl/min

4% conc @ Qd = 0.2μl/min
0.2% conc @ Qd = 0.2μl/min
0% conc @ Qd = 0.2μl/min

a
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

L/
w

Qd/Qc

Size of Droplet @ 4% conc
Size of Droplet @ 0.2% conc
Size of Droplet @ 0% conc

b

Bulk Surfactant 
Concentra�on in 

M
oles/L

Bulk Surfactant 
Concentra�on in 

M
oles/L

c

d

e

f

Bulk Surfactant 
Concentra�on in 

M
oles/L

Schema�c of Droplet

0.2%

1%

4%

Fig. 5  a Droplet length versus flowrate of oil (for fixed  Qd = 0.2 μl/
min). b Dimensionless droplet length (L/w) versus flowrate ratio. c 
Surfactant concentration profile (in moles/litre) at the front pole of 

the droplet (oil is shown in red and water is shown in Blue colour). 
d–f interface of the droplet for concentration 0.2%, 1% and 4% 
respectively
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Fig. 6  a Top view of the microchannel geometry with the Well 
shown as a full circle and the Pit with the channel. The different 
extents of alignment of the Well and the Pit are a 100% alignment 

b 75% alignment c 50% alignment d 25% alignment and e total 
mis-alignment; f Top view of the droplet in the channel; g Broad-
side view of the droplet in the channel

Droplet Length 200µm

a 100% b 75% c 50% d 25% e 0%

Droplet Length 100µm

i 100% j 75% k 50% l 25% m 0%

f g h

n o p

Fig. 7  a–e Shape of the droplet of different length  just before 
entering the well, for different Pit-Well alignments. f–h Top View 
of droplet motion (length 200  µm) in microchannel before enter-
ing the Well, f 100% alignment, g 75% alignment h 50% alignment. 

i–m Shape of the droplet (length = 100  μm) just before entering 
the well, for different Pit-Well alignments. n, p Top View of droplet 
motion (length 100 µm) in microchannel before entering the well, 
n 100% alignment o 50% alignment p 0% alignment
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same as reported in the experiment. Our simulation results 
on the size of the droplet and the frequency of the drop-
let generation are in good agreement with earlier experi-
ments. It may be noted that the length of the droplet 
decreases with the rise in the flow rate of the continuous 
(oil) phase liquid. If the flow rate of the dispersed phase liq-
uid is fixed and for an increased flow rate of the continuous 
phase liquid, the reduction in the droplet size trend scales 
as  Ca

-1, whereas in this case, we also increase the flowrate 
of dispersed phase liquid to maintain the flowrate ratio Q = 
0.5, 0.25 and 0.125. Hence the trend in Fig. 8, the reduction 
in the droplet size scales as  Ca

1/4 as reported [52].

5  Conclusion

We have carried out numerical simulations to investigate 
the influence of surfactants on droplet generation and 
trapping in a T-Junction microfluidic device for capil-
lary number ranging from 0.0028 to 0.02 using the VOF 
method in ANSYS Fluent software. This range of the cap-
illary number corresponds to the squeezing regime and 
the Squeezing-to-Dripping transition regime for droplet 
generation.

Our simulations reveal that in the presence of sur-
factants the length of the droplet reduces from 192 
μm to 148 µm, 228 μm to 196 µm and 296 μm to 268 µm 
when the surfactant concentration is increased from 
0% to 4% for  Qd/Qc = 0.2, 0.4 and 0.8, respectively. The 
frequency of droplet generation is 4.54 Hz, 3.33 Hz and 
2.38 Hz for  (Qd/Qc) = 0.2, 0.4 and 0.8, respectively. Thus, 
as the flowrate  Qc increases the droplet generation fre-
quency increases significantly. Our simulations also indi-
cate that a rise in the concentration of surfactant by 4%, 
increases the frequency of droplet generation by 16% at 
the higher capillary number  (Ca = 0.02), whereas, there is 

only a marginal, or no change, in the squeezing regime 
 (Ca = 0.0028–0.008).

The 3D simulations on droplet trapping show that, 
to successfully trap the droplet in a Well, various fac-
tors such as droplet length, its velocity, dimensions 
of the Well and the Pit, alignment of the Well and the 
Pit, are important. It is seen that a droplet of length of 
200 µm gets trapped in the Well, of volume more than 
twice the volume of the droplet, if the droplet velocity 
in the channel exceeds a critical velocity for trapping. 
The critical velocity  Ucr depends on the geometry of the 
Well-Pit combination. For a Well having fixed dimen-
sions (200 µm diameter and 200 µm depth) the critical 
velocity for trapping remains almost constant (4.5 mm/s) 
for Pit diameter smaller than the channel width. For Pit 
diameter larger than the channel diameter, the critical 
velocity increases significantly (to ~ 7.3 mm/s). More 
significant than this is the fact that the critical velocity 
in the absence of a surfactant is ~ 18 mm/s. Clearly, the 
surfactants cause a drastic change in the droplet trap-
ping mechanism. Further, droplet trapping is seen to 
depend on the depth of the Well for fixed values of the 
other device parameters. The droplets get trapped only 
when the Well depth is more than the channel width, 
irrespective of the extent of Well alignment with the Pit. 
If only the Well alignment with the Pit is changed from 
0% to 100%, keeping all other parameters fixed, it is seen 
that, for droplet velocity  Uc lower than the critical veloc-
ity  Ucr, the droplet invariably gets trapped in the Well. 
For  Uc > Ucr, the droplet does not get trapped irrespec-
tive of the alignment. Very interestingly, if  Uc is close to 
 Ucr, it is seen that the droplet gets trapped if the Well-Pit 
alignment is less than 50% and does not get trapped for 
alignment above 75%. For alignment between 50 and 
80% the droplet gets trapped, but several tiny droplets 
emerge from the main droplet and flow downstream. 

Fig. 8  Droplet length versus 
Flow rate of the continuous 
phase liquid  (Qc)
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Thus, the escape of the droplet from the Well is often 
preceded by release of tiny daughter droplets. Our simu-
lation studies have clearly revealed that micro-droplet 
generation and trapping is a complex phenomenon 
depending on the device dimensions, fluid properties, 
surfactant properties and fluid flow parameters. For effi-
cient generation of micro-droplets for a specific applica-
tion a detailed simulation of the process is essential.
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