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Abstract 

 

Droplet breakup and merging in a microfluidic channel, which are applied to lab-on-a-chip devices for biomedical testing and synthe-

sis, are simulated numerically by solving the conservation equations of mass and momentum. The droplet surface is computed using the 

volume-of-fluid method of the commercial code FLUENT. The numerical simulation demonstrates that the variation of obstacle geome-

try in a microchannel determines the droplet breakup pattern and the volume fraction of split droplets. The computation also shows that 

droplet merging depends on the channel-chamber width ratio. The effect of microchannel and obstacle configuration on the droplet mo-

tion is investigated to find the optimal conditions for droplet breakup and merging.  
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1. Introduction 

Droplet breakup and merging in a microchannel are integral 

processes occurring in lab-on-a-chip (LOC) applications [1]. 

The droplet breakup into two or more pieces is required for 

parallel operations in bio experiments [2]. The droplet-droplet 

merging process is employed for chemical reaction and 

biomolecular synthesis [3, 4]. The present study focuses on 

accurate prediction and precise control of the droplet motions, 

which are very important for efficient LOC applications. 

Droplet breakup was achieved by Song et al. [5] using a T-

junction channel. The variation of the flow rates in the 

branching channels was observed to precisely control the size 

of the split droplets. Link et al. [6] proposed another method 

placing a single obstacle in a microfluidic channel. This 

method could significantly reduce the device space compared 

with the T-junction method. However, the use of an obstacle 

required the addition of a surfactant to prevent the coalescence 

of split droplets and was less reliable for precise control of the 

size of the split droplets than the T-junction method. 

Droplet merging in a microchannel was obtained by Liu 

et al. [7] and Tan et al. [8] adding a chamber larger than the 

droplet diameter, which delayed the leading droplet to be 

merged with the following droplet. The widened channel 

geometry provided sufficient time to merge two droplets. 

Kohler et al. [9] added a widening channel to stop and trap 

the leading droplet in a droplet merging experiment. 

Chokkalingam et al. [10] proposed a different type of 

technique using a narrow channel part to delay the leading 

droplet. Droplet merging was usually achieved using a 

chamber or widening channel. However, these droplet 

merging methods also had a large space. 

Recently, numerical analysis was performed to figure out 

the droplet breakup process and optimize the geometry 

configuration for the process. Droplet breakup in a T-junction 

channel was computed by De Menech [11] using a phase-field 

method, in which the droplet surface was determined by the 

molar fraction of a particular phase that was coupled to the 

free energy function. Carlson et al. [12] extended the phase-

field method to simulation of droplet motion in a Y-junction 

channel. Their results showed that the tip of the junction 

affected the droplet deformation, and the droplet breakup or 

non-breakup regime depended on the capillary number and 

droplet size. The droplet breakup by a circular cylinder in a 

microchannel was computed by Chung et al. [13] using a front 

tracking method, in which the droplet shape was represented 

by the moving front elements. Their numerical results showed 

that the split droplets merged in the rear side of the obstacle 

when the capillary number was not large. 

Few computations were made for droplet merging in a 

microchannel. Kadoura [14] applied the volume-of-fluid 

(VOF) method of the commercial code FLUENT to the 

droplet merging process using the electrowetting technique, 

which changed the contact angle. However, the variation of 

the channel geometry, which was a popular technique for 

droplet merging, was not investigated numerically. 
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In this study, numerical simulations of droplet breakup by 

the use of an obstacle and droplet merging by the use of a 

chamber in a microchannel are performed. Various obstacle 

and chamber configurations are tested to find the optimal 

conditions for droplet breakup and merging in a microchannel.  

 

2. Numerical analysis 

The present numerical method is based on the VOF method 

of the commercial code FLUENT. Fig. 1 shows the 

computational domain used for simulation of droplet breakup 

and merging in a microchannel. The flows are taken to be 

two-dimensional and laminar. The fluid density and viscosity 

are assumed to be constant in each phase. 

The VOF method tracks the droplet surface using the 

volume fraction of each fluid throughout the domain. The 

subscript 1 is chosen for the continuous liquid (primary) phase, 

while the subscript 2 for the discrete liquid (droplet) phase. 

The movement of the interface is described from the 

distribution of α1 and α2 in a computational cell. The primary-

secondary phase interface exists in the cells where α1 lies 

between 0 and 1. In the VOF method, the conservation 

equation of mass and momentum for the two phases can be 

written as a single set of the following equations: 
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Here, the surface tension force Fsur in the momentum equation 

is expressed as a body force term which is localized near the 

fluid-fluid interface. The interface curvature κ is computed as  

 

1 1 1( / | |)κ α α=−∇⋅ ∇ ∇ .

 

 (6) 

 

The surface tension term reflects the interfacial force between 

the discrete liquid (droplet) and the continuous liquid. The 

interaction (attraction or repulsion) between droplets results 

from the continuous liquid flow which is affected by the 

interfacial forces existing at each droplet surface. 

The droplet surface is tracked by solving the advection 

equation for the volume fraction of the secondary phase, 

which is written as 
 

( )2 2 0u
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The primary-phase volume fraction is computed by 
 

1 21α α= − .

 

 (8) 

 

The boundary conditions used in this study are as follows 

(refer to Fig. 1). 

At the inlet ( 0x= ), 

 

inu u= ,   0v= .

 

 (9) 

 

At the outlet ( chx L= ), 
 

atmP P= .

 

 (10) 

 

At the walls ( 0, chy W= ), 

  

inu u= ,   0v= ,   175θ = � .

 

 (11) 

 

The second-order upwind scheme is used for discretization 

of the momentum equation. The PISO scheme is taken as the 

pressure-velocity coupling scheme, while the PRESTO! is 

taken as the pressure discretization scheme. The geometric 

reconstruction scheme is used for interpolation of the interface 

geometry. 

 

3. Results and discussion 

Numerical simulations of droplet breakup and merging are 

performed using the hexadecane properties for the droplet and 

the water properties for the continuous phase: 
 

31.0 10c Pasµ −= × ,  3 31.0 10 /c kg mρ = × ,

 

  

38.0 10d Pasµ −= × ,  2 37.69 10 /d kg mρ = × ,

 

  

23.5 10 /N mσ −= × .

 

  
 

The computational domain is chosen as a rectangular chan-

nel, including an obstacle in the droplet breakup case and an 

(a) 
 

 

(b) 
 

Fig. 1. Configuration used for simulation of droplet deformation in a 

microchannel: (a) droplet breakup; (b) droplet merging. 
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enlarged chamber in the droplet merging case, as depicted 

in Fig. 1.  

A convergence test for grid resolutions is first conducted 

for droplet breakup by the use of a quadrate obstacle. When 

three different grid spacings of h = 2 µm, h = 1 µm and h = 

0.5 µm are used, the computed fractional volumes of the 

broken primary droplets are 81%, 87%, and 88%, respec-

tively. The relative difference of droplet volumes and inter-

face shapes between successive mesh sizes is observed to 

be small as the mesh size decreases. Therefore, most the 

computations in this study are done with h = 1 µm to save 

computing time without losing the accuracy of the numeri-

cal results. 

 

3.1 Droplet breakup 

We varied the geometric configuration while keeping the 

channel width as chW = 0.1 mm, the inlet velocity as inu = 0.1 

m/s, and the initial droplet diameter as 1.1 chW . Due to the 

existence of obstacle, two sub-channels (or obstacle-channel 

gaps) are formed: sub-channel 1 near y = chW  and sub-

channel 2 near y = 0. Initially, a droplet is placed at x = chW  

from the channel inlet. 

Fig. 2 shows the droplet breakup by a quadrate obstacle of 

0.63ob ob chW L W= = , which is located at 1 0.2 chW W= and 

2 0.17 chW W= . When the droplet collides with the obstacle, it 

splits into the obstacle-wall gaps. As the droplet ends leave out 

of the gap, the droplet breakup occurs at a corner of the 

obstacle. The elongated droplet breaks off near the front and 

the rear corners of the quadrate obstacle. A broken small 

portion moves through the wider gap but does not merge with 

the main droplet. The broken small portion of droplet is not 

desirable for precise control of droplet. Since the size of the 

broken portion is related to the obstacle width, we introduce a 

diamond-shaped obstacle depicted in Fig. 1(a). When a 

diamond-shaped obstacle of 0.5ob chW W=  and 2ob chL W= , 

whose center is located at 3 chx W=  and 0.5 chy W= , is 

used, the droplet breakup occurs as Fig. 3, without any broken 

portion. In this case ( 0.5p chW W= ), the split droplets re-

merge. The droplet breakup pattern depends on the obstacle 

configuration. We vary pW to find the obstacle configuration 

for droplet breakup without re-merging. 

Fig. 4 shows the droplet merging for 0.6p chW W= . Based 

on the steady - state velocity field without including a droplet, 

as presented in Fig. 5, the higher velocity is in the broad 

channel (sub - channel 2) than in the narrow channel (sub - 

channel 1) and the volume flow rate 2Q in the sub-channel 2 

is 54%. When the droplet enters the sub-channel, its interfaces 

move with different velocity, as seen at t = 1.20ms . Then, the 

droplet is separated in the sub-channel, and the volume 2V of 

the droplet in the sub-channel 2 is 53%, which is close to the 

volume flow rate ratio without including droplet. However, at 

the sub-channel outlet, the split droplets re-merge, as seen at t 

= 2.61ms . 

For an increased pW  to 0.75 chW , the droplet breakup is 

shown in Fig. 6. The continuous (primary) phase flowing 

through the sub-channel 2 is faster than the case of 

0.6p chW W= , and 2V  is 59%. After the split droplet exits the 

sub-channel, the droplets remain separated, as seen at t = 

2.22 ms . However, at t = 2.76 ms , the stream of the 

t = 0.60 ms 
 

t = 1.26 ms 
 

t = 1.68 ms 
 

t = 1.98 ms 
 

t = 2.40 ms 
 

Fig. 3. Droplet breakup by a diamond-shape obstacle of pW =

0.5 chW . 

 

t = 0.42 ms 
 

t = 0.68 ms 
 

t = 1.08 ms 
 

t = 1.62 ms 
 

t = 1.76 ms 
 

t = 3.94 ms 
 

Fig. 2. Droplet breakup by a quadrate obstacle of ob obW L= =  

0.63 chW , 1 0.2 chW W=  and 2 0.17 chW W= . 
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continuous phase only moves through sub-channel 2 as 

depicted in Fig. 6(b). This result indicates that when pW  is 

large, the droplet can break up but the droplet flowing through 

the narrow sub-channel is stuck between the channel and the 

obstacle. 

Fig. 7 describes the droplet breakup for 0.69p chW W= . 

Two droplets show some distance after passing by the obsta-

cle without the stagnation of the droplet. Also, 2V  is reduced 

to 56%. Among the three cases of diamond-shaped obstacle, 

the case of 0.69p chW W=  is the most effective to split drop-

let without re-merging. 

 

3.2 Droplet merging 

The computational domain for droplet merging consists of 

three parts: inlet channel, enlarged chamber and outlet channel, 

as depicted in Fig. 1(b). As a method of droplet merging, the 

variation of channel geometry was tested with an enlarged 

chamber varying the width chamW  while keeping chamL =  

0.3 mm , 36chW mµ=  and 0.2 /inu m s= .  

Fig. 8 shows the droplet merging at 2cham chW W= . The 

velocity dropletU  of droplet is obtained as 1.1 inu  and the 

t = 0.57 ms 
 

t = 1.20 ms 
 

t = 1.86 ms 
 

t = 2.28 ms 
 

t = 2.61 ms 
 

Fig. 4. Droplet breakup by a diamond-shape obstacle of pW =  

0.6 chW . 

 

 

Fig. 5. Steady-state velocity field without including a droplet for 

0.6p chW W= . 

 

t = 0.60 ms 
 

t = 1.44 ms 
 

t = 1.98 ms 
 

t = 2.22 ms 
 

t = 2.76 ms 

(a) 

 

(b) 
 

Fig. 6. Droplet breakup by a diamond-shape obstacle of pW =  

0.75 chW : (a) droplet motion; (b) velocity field at t = 2.76 ms. 

 

 

t = 0.60 ms 
 

t = 1.26 ms 
 

t = 1.80 ms 
 

t = 2.22 ms 
 

t = 5.52 ms 
 

Fig. 7. Droplet breakup by a diamond-shape obstacle of pW =

0.69 chW . 

 

t = 0 ms 
 

t = 0.72 ms 
 

t = 1.50 ms 
 

t = 1.92 ms 
 

Fig. 8. Droplet merging by an enlarged chamber of 2cham chW W= . 
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distance dropletsD  between two droplets is 4.8 chW  in the 

inlet channel. When the droplet enters the chamber, dropletU  

is decreased to 0.85 inu  and the droplet becomes convex-

shape by varying curvature as depicted in t = 0.72ms . After 

two droplets enters the chamber, dropletU  is 0.55 inu  and 

dropletsD  is 2.8 chW . 

For an increased chamW  to 3 chW , dropletU  is decreased to 

0.75 inu  in the chamber. After the droplet enters the chamber, 

dropletU  becomes 0.35 inu  and dropletsD  is 2.1 chW  as pre- 

sented in Fig. 9(a). When the chamber width is further 

increased to 4 chW , as depicted in Fig. 9(b), dropletU  is 

obtained as 0.7 inu  at the entrance of the chamber. After the 

droplet enters the chamber, dropletU  is 0.2 inu  and two 

droplets merge as shown in t = 1.50ms . The results indicate 

that the condition of 4cham chW W≥  is required for droplet 

merging. 

The use of an enlarged chamber is a popular method for 

droplet merging, but it requires a large space. Therefore, we 

tested another method of droplet merging without increasing 

the chamber width beyond 2 chW . The circular obstacle of 

1.1ob chD W=  is located at 0.13 chamx L= . We varied the 

contact angle obθ  at the obstacle.  

Fig. 10 shows droplet merging with an obstacle of 

  175obθ = � . While the first droplet passes around the obsta-

cle, its velocity is not sufficiently reduced to merge with the 

next droplet. The droplet-droplet distance dropletsD  is ob-

tained as 2.6 chW  in the chamber as shown at t = 1.50ms . 

For a decreased obθ  to 30�  as depicted in Fig. 11, the 

first droplet has sufficient time to merge with the second 

droplet because of the small contact angle as shown at t = 

1.20ms . Droplet merging occurs in the chamber as shown at t 

= 1.62ms . However, when the merged droplet moves away 

from the obstacle, a small portion of the merged droplet is 

separated and remains at the obstacle as shown at t = 3.42ms . 

In the case of 60obθ =
�  depicted in Fig. 12, the small 

portion of droplet separated from the merged droplet does not  

t = 0 ms 
 

t = 0.42 ms 
 

t = 1.32 ms 
 

t = 1.98 ms 

(a) 

 

t = 0 ms 
 

t = 0.54 ms 
 

t = 1.32 ms 
 

t = 1.50 ms 

(b) 
 

Fig. 9. Droplet merging by an enlarged chamber: (a) 3cham chW W= ; 

(b) 4cham chW W= . 

 

t = 0 ms 
 

t = 0.51 ms 
 

t = 0.99 ms 
 

t = 1.23 ms 
 

t = 1.50 ms 
 

t = 2.10 ms 
 

t = 2.25 ms 
 

Fig. 10. Droplet merging by a circular obstacle of 175obθ =
� . 
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appear as depicted at t = 3.56ms . This means that the optimal 

contact angle exists for droplet merging. Among the three 

cases of droplet merging with a circular obstacle, the case of 

60obθ =
�  is the most effective for droplet merging.  

 

4. Conclusions 

Droplet breakup and merging in a microchannel were 

investigated numerically by using the VOF method of the 

commercial code FLUENT. The numerical simulations of 

droplet breakup showed that the diamond-shaped obstacle is 

effective for droplet breakup, and the sub-channel width pW  

at the obstacle end is one of the important parameters to 

determine the droplet breakup pattern. The split droplets re-

merge at 0.6p chW W=  and the split droplet is stuck in the 

narrow sub-channel at 0.75p chW W= . The condition of 

0.69p chW W=  is the optimum for droplet breakup without 

re-merging and the split droplets have almost equal volumes.  

The numerical simulations of droplet merging demonstrated 

that an obstacle can be used to significantly reduce the 

required chamber size. Droplet merging without an obstacle 

requires the chamber width larger than 4 chW . The use of a 

circular obstacle reduces the required chamber width to 

2 chW . The contact angle of obstacle affects the droplet 

merging pattern. The contact angle of 60� is the optimum 

condition for droplet merging without re-splitting.  
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Nomenclature------------------------------------------------------------------------ 

Ddroplet : Distance between droplets 

Dob    : Diameter of obstacle 

h     : Grid spacing  

Lch    : Length of channel 

Lcham   : Length of chamber 

Lob    : Length of obstacle 

Q1    : Volume flow rate in sub channel 1 

Q2    : Volume flow rate in sub channel 2 

u     : Flow velocity vector, (u,v) 

Udroplet : Velocity of droplet 

uin    : Initial velocity 

V1    : Volume of droplet in sub-channel 1 

V2    : Volume of droplet in sub-channel 2 

Wch    : Width of channel 

Wcham   : Width of chamber 

Wob    : Width of obstacle 

Wp    : Width of sub-channel 2 at the obstacle end 

W1    : Width of sub-channel 1 

W2    : Width of sub-channel 2 

θ ob  : Contact angle of obstacle 

t = 0.90 ms 
 

t =1.20 ms 
 

t = 1.44 ms 
 

t = 1.62 ms 
 

t = 1.83 ms 
 

t = 2.31 ms 
 

t = 3.42 ms 
 

Fig. 11. Droplet merging by a circular obstacle of 30obθ =
� . 

 

t = 0.87 ms 
 

t = 1.14 ms 
 

t = 1.50 ms 
 

t = 1.77 ms 
 

t = 2.10 ms 
 

t = 2.34 ms 
 

t = 3.56 ms 
 

Fig. 12. Droplet merging by a circular obstacle of 60obθ =
� . 
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κ   : Interface curvature 

σ   : Surface tension coefficient 
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