
 
Abstract—Among different droplet manipulations, controlled 

droplet-splitting is of great significance due to its ability to increase 
throughput and operational capability. Furthermore, unequal droplet-
splitting can provide greater flexibility and a wider range of dilution 
factors. In this study, we developed two-dimensional, time-dependent 
complex fluid dynamics simulations to model droplet formation in a 
flow focusing device, followed by splitting in a Y-shaped junction with 
sub-channels of unequal widths. From the results obtained from the 
numerical study, we correlated the diameters of the droplets in the sub-
channels to the Weber number, thereby demarcating the droplet 
splitting and non-splitting regimes. 

 
Keywords—Microfluidics, unequal droplet splitting, two phase 

flow, flow focusing device. 

I. INTRODUCTION 

HE past two decades has seen a phenomenal growth in the 
field of microfluidics, ranging from particle separation, 

mixing of biological reagents and cell encapsulation by droplet-
based microfluidics devices [1], [2]. Precise droplet 
manipulation after their generation is crucial in enhancing their 
utility, especially in microfluidic chips. The ability to divide 
droplets into smaller daughter droplets of desired volumes plays 
an important role in diluting, concentrating or separating 
particles in a droplet and can therefore be extremely beneficial 
in various droplet-based microfluidic platforms. Furthermore, 
droplet fission can scale-up the experimental capacity of each 
droplet since each mother droplet is essentially a reaction or 
storage vessel. Various studies have been reported for active 
droplet splitting that make use of electric fields [3], pneumatic 
valves [4] and acoustic forces [5]. While these methods are 
effective, the application of external fields is complicated and 
limits their practical application. Passive schemes, mediated by 
microchannel geometries and resulting hydraulic resistances 
that make use of microchannel bifurcation have been employed 
for droplet splitting with great success [6]. Moreover, most 
experiments reported till date focus on equal droplet splitting. 
There are only few studies that discuss unequal splitting of 
droplets, that is, splitting in 1:x ratio. Unequal droplet splitting 
can accelerate sample dilution process and expand the range of 
achievable dilution factors.  

II. MATERIAL AND METHODS 

Governing Equations 

The governing equations consist of those for the conservation 
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of mass and momentum: 
 

𝜌𝛻 ∙ ሺ𝑢ሻ ൌ 0    (1) 
 

𝜌
డ௨

డ௧
൅ 𝜌ሺ𝑢 ∙ 𝛻ሻ𝑢 ൌ 𝛻 ∙ ሾെ𝜌𝐼 ൅ 𝜅ሿ ൅ 𝐹௦௧   (2) 

 
where; 
 

𝜅 ൌ 𝜇ሺ𝛻𝑢 ൅ ሺ𝛻𝑢ሻ்ሻ   (3) 
 
in which ρ, μ, u, p, indicate density, dynamic viscosity, velocity, 
and pressure, respectively. Fst is the surface tension force acting 
at the interface of immiscible fluids. The interface location is 
traced by solving an additional transport equation of the phase-
field method. The dimensionless phase field function, φ, is 
defined to describe the multiphase flow. The phase field 
variable range is between -1 and 1, where the lower bond 
defines the phase 1 and upper bond refers to second phase. The 
transport of the fluid interface, separating the two phases, is 
provided by the Cahn-Hilliard equation [6]: 

 
డథ

డ௧
൅ 𝑢 ∙ 𝛻𝜙 ൌ 𝛻 ∙ ఊఒ

ఢమ 𝛻𝜓   (4) 

 
where ψ is referred to the phase field help variable, 
 

𝜓 ൌ െ𝛻 ∙ 𝜖ଶ𝛻𝜙 ൅ ሺ𝜙ଶ െ 1ሻ𝜙   (5) 
 
and u is the velocity (m/s), γ is the mobility parameter (m3

ꞏs/kg), 
λ is the mixing energy density (N), and 𝜖 (m) denotes the 
interface thickness parameter. The mixing energy density can 
be computed using (6) relating λ to 𝜖 and the surface tension 
coefficient, σ: 
 

𝜆 ൌ ଷఢఙ

√଼
     (6) 

 
The interface thickness parameter is set to 𝜖 ൌ ℎ௖/2, where 

hc is the characteristic mesh size in the region swept by the 
interface. The mobility parameter, γ, which designates the time 
scale of the Cahn-Hilliard diffusion, is equal to the square of the 
interface thickness parameter, 

 
𝛾 ൌ 𝜖ଶ    (7) 

 
In the phase-field model, volume fractions of phases are 

measured using phase filed variable, 
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𝑉௙భ ൌ
ଵିథ

ଶ
 , 𝑉௙మ ൌ

ଵାథ

ଶ
    (8) 

 
Here, subscribes 1 and 2 refer to the dispersed and continuous 

phases, respectively. Moreover, the density and the viscosity of 
the mixture are set to vary smoothly over the interface by 
letting: 

 
𝜌 ൌ 𝜌ଵ ൅ ሺ𝜌ଶ െ 𝜌ଵሻ𝑉௙మ    (9a) 

 
𝜇 ൌ 𝜇ଶ ൅ ሺ𝜇ଶ െ 𝜇ଵሻ𝑉௙మ    (9b) 

 
In the phase-field model, the surface tension force is 

computed based on the diffuse interface representation: 
 

𝐹௦௧ ൌ 𝐺𝛻𝜙     (10) 
 
where G is the chemical potential (j/m3), which is obtained 
exerting the following equation: 

 

𝐺 ൌ 𝜆 ቂെ𝛻ଶ𝜙 ൅
థ൫థమିଵ൯

ఢమ ቃ ൌ ఒ

ఢమ 𝜓   (11) 

 
The phase field help variable (ψ) and the gradient of the 

phase field variable (φ) are used to obtain the distribution of the 
force over two phase interface. This computation avoids 
employing the surface curvature and the surface normal, which 
can arise the problem of numerical representation. 

Numerical Method 

The geometry of the present microfluidic device consists of 
a flow focusing junction to produce monodispersed droplets, a 
contract zone for accelerating droplets, and a Y-shaped splitting 
junction, is demonstrated in Fig. 1. The size of the channel 
before and after contraction zone are respectively 100 μm and 
70 μm. Also, the length of the main channel before and after 
contraction zone are same and equal to1000 μm. Four cases are 
considered with various upper and lower arms, in which the 
total width of the sub-channels is equal to the size of the main 
channel after the contraction zone. Alginate is considered as the 
dispersed phase with the physical properties of 𝜌ௗ ൌ 998 𝑘𝑔/
𝑚^3 and 𝜇ௗ ൌ 8.90 ൈ 10ିସ 𝑃𝑎. 𝑠, and mineral oil as the 
continues phase, with the physical properties of 𝜌௖ ൌ
840 𝑘𝑔/𝑚^3 and 𝜇ௗ ൌ 0.0153 𝑃𝑎. 𝑠, where 𝜌 and 𝜇 denote 
density and viscosity, respectively. Subscribes d and c are 
respectively the representation of dispersed and continuous 
phases. Also, the interfacial tension between dispersed and 
continuous phase is constant and equal to 𝜎 ൌ 0.02 𝑁/𝑚. The 
flow rates of the dispersed and continuous phases, Qd and Qc, 
are varied between 10 μl/hr and 50 μl/hr. Here we considered 
dispersed and continuous phase velocities as the input 
parameters of the DOE study. Utilizing this method reduces the 
total number of simulations considerably using Central 
Composite Design (CCD) scheme.  
 

 

 

Fig. 1 Schematic of simulated geometries along with boundary conditions 
 

Two-dimensional, time-dependent, computational fluid 
dynamics simulations were developed to model the formation 
of droplets in a flow-focusing device followed by splitting in a 
Y-shaped junction, established in finite-element based 
commercial software COMSOL Multiphysics 5.4. All inlets 
were defined by applying average velocities, considering 

superficial velocities computed from the flow rates. The outlet 
boundary was specified as the pressure outlet considering 
ambient pressure. All other boundaries are determined as 
wetted walls with a constant contact angle of 120º. Fig. 1 shows 
the mentioned boundary conditions on the predefined 
computational region. 
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Three distinct cases with mesh resolutions of 10 μm, 5 μm, 
and 2 μm were supposed to examine the grid dependency. As 
no meaningful diversity in behavior and characteristics droplets 
was noted for the resolutions of 5 μm and 2 μm, considering 
computational cost, a fine mesh with a resolution of 5 μm was 
adopted for all simulations. 

Model Validation 

The numerical simulation presented in this study was 
validated against the experimental work done by Yang et al. [7]. 
From Fig. 2 it is evident that our study is in close confirmation 
with that reported by Yang et al. [7]. 

 

 

Fig. 2 (a) Experimental observation of droplet at splitting junction by Yang et al. [7], (b) contour of volume fraction of the numerical 
simulation, and (c) comparison between experimental and numerical data for Qc=Qd=1 μl/min 

 

 

Fig. 3 Contours of volume fraction along with streamlines for 
geometries with aspect ratios of (a) 1, (b) 3/4, (c) 5/9, and (d) 2/5. 

The corresponding flow rates are Qc=30 μl/hr and Qd=30 μl/hr 

III. RESULTS AND DISCUSSION 

The droplet splitting, as modeled in the numerical simulation 
at continuous phase and dispersed phase flow rates of 30 µl/hr 
each, for different sub-channel aspect ratios has been presented 
in Fig. 3. It is evident from Fig. 3 that droplet splitting does not 
occur in the case where the aspect ratio for the sub-channel is 
2/5. This necessitates further examination of only the cases 
wherein the sub-channel aspect ratios are 1, 3/4 and 5/9. The 
operating pressure of the microfluidic channel is an important 
parameter when it comes to droplet generation. The probability 
distribution function of pressure at different continuous phase 
and dispersed phase flow rates shows that the continuous phase 

flow rate has a more pronounced effect on the pressure 
compared to the dispersed phase flow rates (Fig. 4). As it could 
be seen from Fig. 4, raising the dispersed phase flow rate from 
30 μl/hr to 50 μl/hr (1.6 times increase) only results in a 4% 
increase in pressure, while for the same rise in the continuous 
phase flow rate, there would be about 70% surge in the pressure. 
Therefore, it could be concluded that the variation of dispersed 
phase flow rate should be considered as a tool for tuning the 
droplet size and frequency for applications with high sensitivity 
of imposed pressure on the sample. 

For the three cases where droplet splitting occurs, a study on 
the variation of the droplet diameter in the main channel (DM), 
in the upper sub-channel (DU), and in the lower sub-channel 
(DL) with respect to different dispersed phase flow rates (Qd) 
was performed at a fixed continuous phase flow rate of 50 µl/hr. 
The results of this study are presented in Fig. 5. For aspect ratio 
1:1, it is observed that the DU and the DL values are relatively 
close; hence, this case can be approximated as equal droplet 
splitting. For the aspect ratios 3/4 and 5/9, unequal droplet 
splitting is observed. There is a significant difference in the DU 
and the DL values for the 3/4 aspect ratio case. However, for the 
5/9 aspect ratio case, at lower dispersed phase flow rates, the 
DU and DL values are comparable but markedly different at 
higher dispersed phase flow rates. Another interesting 
observation is that for both the 3/4 and 5/9 aspect ratio cases, 
the DU values saturate after a particular value of dispersed phase 
flow rate.  
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Fig. 4 Probability density function of pressure for (a) various 
dispersed phase flow rates and (b) various continuous flow rates. The 
flow rates of continuous and dispersed phase for (a) and (b) are Qc = 

30 μl/hr and Qd = 30 μl/hr, respectively 
 

Next, the dimensionless Weber number (We), which shows 
the ratio of inertial effects to interfacial forces is used to form a 
non-dimensional space for mapping the splitting and non-
splitting flow regime as shown in Fig. 6. As could be seen from 
the figure, for the channel aspect ratio of 1:1, the splitting 
happens for all the range of Weber numbers. However, for other 
channel aspect ratios, the threshold for splitting or non-splitting 
is the We =1×10-4. If the Weber number of the droplet is less 
than the critical value, the splitting does not occur, and the 
droplet moves to the channel with lower hydrodynamic 
resistance, which is usually the channel with the bigger size. 
One exciting feature reveled in this graph is that the ratio of 
DL/DU does not remain constant by the variation of Weber 
number for the same outflow ratio. For all the aspect ratios, the 
rise in the Weber number leads to the ascent in the upper and 

lower channel droplet size but more considerable for the lower 
channel. This issue indicates the significant role of droplet 
momentum and the working fluids' material properties on the 
induced hydrodynamic resistance of droplets and, 
consequently, the droplet deformation along the channel. 
Therefore, it could be understood that besides the outflow ratio, 
the Weber number plays a critical role in defining the droplet 
size in the upper and lower channel. As Fig. 6 demonstrates, the 
effect of Weber number in equal splitting channels (1:1 aspect 
ratio) is minute. In contrast, for other outflow ratios, the Weber 
number rise is associated with the DL/DU surge. This effect 
becomes more intense for the Weber numbers higher than 
2.5×10-4.  

 

 

 

Fig. 5 Variation of the main channel, upper channel, and lower 
channel droplet equivalent diameters with respect to the dispersed 

phase flow rate for aspect ratios of (a) 1, (b) 3/4, and (c) 5/9. 
Contours of volume fraction for aspect ratios of (d) 1, (e) 3/4, and (f) 
5/9. The continuous flow rate is constant and equal to Qc=50 μl/hr in 

all cases 
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Fig. 6 Variation of (a) upper channel, (b) lower channel, and (c) ratio of lower to upper channel equivalent diameter as functions of Weber 
number and channel aspect ratios 

 
IV. CONCLUSION 

The controlled unequal splitting of droplets can enhance the 
performance of microfluidic systems. In this study, we 
successfully modelled the unequal splitting of droplets in a 
microfluidic Y-junction for four different sub-channel aspect 
ratios. The presented numerical simulation for the 1:1 aspect 
ratio was validated against the experimental work done by Yang 
et al. [7], thus, prompting further investigation for other aspect 
ratios in this study. The results obtained from this study enabled 
the effective demarcation of the droplet splitting and non-
splitting regimes by correlating the diameters of the droplets in 
the sub-channels to the Weber number, consequently 
motivating further examination of geometrical-based unequal 
droplet splitting systems. 
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