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Numerical simulation of droplet formation in a T-shape microchannel using two-phase
level-set method
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ABSTRACT: In this study, a two-dimensional numerical simulation using the two-phase level set
method has been carried out to investigate the influence of continuous phase entrance flow rate on
the microdroplets generation process. Analysis of the breakup process of microdroplets in immiscible
liquid/liquid two-phase flow in T-junction microchannel was predicted. Governing equations on the
flow field have been discretized and solved using the finite element method. Obtained numerical results
were validated by comparing the experimental data reported in the literature which show acceptable
agreement. Results show that the continuous phase entrance flow rate has a major effect on the size of
generated droplets. Studies have shown that the pressure diagram of the junction point can reflect the
number of formed droplets and the triple stages of droplet formation. Also, examinations of the pressure
and velocity gradient inside the main channel show that the pressure difference of the droplet’s tip and
rear and shear force caused by viscosity dominates the droplet formation which the pressure difference
between two sides of droplet is more effective. Finally, it could be concluded that by increasing the inlet
flow rate of the continuous phase, the needed force for overcoming the surface tension increases and
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more droplets with small sizes are generated in a short time.

1- Introduction

Over the past three decades, micro-Total Analysis
Systems (micro-TAS) have been developed dramatically.
These systems cover a wide range of microscopic activities
including Lab-On-a-Chip (LOC), nanomaterial synthesis,
biology, chemistry, pharmaceuticals, emulsions and related
industries.

The process of forming droplets from two immiscible
liquids is one of the most important phenomena in multi-
phase flows that is seen in many industrial and natural
phenomena. This process has a wide range of applications
in pharmaceuticals, microactors, cosmetics, food and
polymer industries, biochemical analysis and DNA
analysis. Controlling the number of formed droplets within
microchannels has always been the subject of study by
previous researchers as one of the most important study items
in terms of micro-TAS technology [1-3].

Numerous studies have been performed on Droplet-
Based MicroFluidic (DBMF) technology and the impact of
important parameters on droplet formation, including the
effect of capillary number, viscosity ratio, flow ratio, vertical
to horizontal channel width ratio, and pressure and velocity
distribution near the channel junction [4-8]. Little attention
has been paid to examining the effective forces in the droplet
formation process.
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In the present study, the two-phase liquid/liquid flow
inside a T-shape microchannel is studied using the level set
method. The aim of this study is to investigate the effect of
two acting forces on the droplet formation process (i.e. the
force caused by the pressure difference between the two sides
of the droplet and the shear force due to the velocity gradient)
in different flow rates of the continuous inlet phase.

2- Computational Procedure
2.1. Governing Equations

The equations governing the problem are continuity,
Navier-Stokes and Level Set (LS) equations which are given
as follows:
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Fig. 1. Geometry of the problem

Fig. 2. Schematic of the forces acting on a forming droplet

In the above equations O represents the density (kg.m
%), u is the velocity vector (m.s?), ¢ is time (s), P is pressure
(Pa), 4 in dynamic visibility (Pa.s), Fst is volumetric force
(N), o represent surface tension (N.m?), ¢ denotes level set
function (dimensionless), ¥ and & are numerical stabilization
parameters.
2.2. Geometry

Fig. 1 schematically shows the geometry used in this
study. As shown in Fig. 1, fluid 1 enters the channel through
the horizontal channel from its left side, and fluid 2 enters the
channel through the vertical channel.

2.3. Boundary Conditions

At the channel inlets, the boundary condition of the
laminar inlet flow with a specified and developed volumetric
flow rate has been applied. For the outlet of the channel, the
boundary condition of constant pressure is considered. Also,
wet wall boundary condition with a specific contact angle of
180 degrees has been applied on the channel walls.
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3- Results And Discussions

Inside the T-shaped microchannel, the scattered phase
becomes an integral element separated by a continuous
phase. This process have a complex mechanism in which
the forces of surface tension, viscous shear, and the pressure
difference between two sides of the droplet are involved.
The schematic of the effective forces acting in the droplet
formation process is shown in Fig. 2. These forces depend
on the physical properties of two fluids (viscosity and surface
features), channel geometry (channel width and depth), and
flow conditions (flow rate and velocity).

Two-phase flows are divided into several main groups
based on the common surface structures which are called flow
regimes. Main two-phase droplet formation regimes include
slug (or squeezing), droplet (or dripping), jet, and parallel.

Since the shear force acting on the droplet is related to the
velocity gradient, the shear force increases with increasing
velocity gradient. The shear force along with the pressure
difference between two sides of the droplet overcomes



M. Raad et al. , Amirkabir J. Mech. Eng., 53(special issue 3) (2021) 439-442, DOI: 10.22060/mej.2020.17314.6572

Table 1. Comparison of the pressure difference between the two sides of the droplet
with shear tension at different inlet flow rates of the continuous phase

Pressure
Inlet ﬂ(?w rate Shear difference
of continuous . .
hase (ml/h) tension (Pa)  between two sides

P of droplet (Pa)

2 1.441 134

4 2.046 249

6 2.600 255

the surface tension. However, the amount of shear force is References

negligible compared to the force due to the pressure difference
between the two sides of the droplet. According to obtained
results (Table 1), it is clear that as the inlet flow rate of the
continuous phase increases, the amount of both shear stress
on the wall and the pressure difference between the two sides
of the droplet increase. In the same continuous phase input
flow rate, the amount of pressure difference between the two
sides of the droplet is greater than the shear stress.

4- Conclusions
In this paper, the two-phase level set method is

used to simulate the process of droplet formation in a

T-shape microchannel. The effect of the continuous phase

inlet flow rate on droplet size, pressure and velocity

gradient within the main channel has been investigated.

The followings are the most important results obtained from

the present numerical solution:

a- As the inlet flow rate of the continuous phase increases,
more droplets with smaller size are produced in a shorter
time.

b- The number of formed droplets and the three stages of
droplet formation process can be extracted well using the
pressure diagram at the junction of vertical and horizontal
channels.

c- Increasing the inlet flow rate of the continuous phase
changes the pressure diagram at the intersection of the
two vertical and horizontal channels.

d- Increasing the inlet flow rate of the continuous phase
increases the two effective forces in the droplet formation
process, i.e. the force caused by the pressure difference
between the two sides of the drop and the shear force.

e- The effect of shear force is less than the force due to the
pressure difference between the two sides of the drop in
the droplet formation process.
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1 Kerosene-water

2 Paraffin oil-water

3 Castor oil-paraffin oil

4 Slug

5 Plug

6  Weber number (We)

7 Ohnesorge number (Oh)

8 Volume of Fluid (VOF)

9 Cyclohexane

10  Carboxyl methyl cellulose
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Table 1. Non-dimensional parameters of the problem and their definition
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Table 2: Total values of used parameters
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Table 3. The effect of increasing the number of elements on the effective droplet diameter
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Fig. 4. Schematic of the forces acting on a forming droplet
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Fig. 7. Streamlines along with velocity vectors during the droplet formation process
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Fig. 8. Volume fraction contour and streamlines for 5 formed droplets when the inlet flow rate of the
continuous phase is 4 ml/h
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Fig. 9. Variation of point P pressure when the continuous phase inlet flow rate is 4 ml/h
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Fig 10. Influence of continuous phase inlet flow rate on the number of formed droplets and pressure
diagram at point P: inlet flow rate of continuous phase is equal to (a): 4, (b): 2 and (¢): 1 ml/h

AT



YAYA B YAVD dxbo Yoo Jl.w &y b).:s o)Lo.w HY 0)9> :)ﬁ.as).:.nl \_iu&n L;u)._\a{,a 4.4)..;&.»

08 (rdgl JoSid (o) g 05kad Fgo Hlad conds uSUAS Wl phad oluai (59 2 dkwgm 3 (69959 (20 U B Jgux
Table 5. Effect of continuous phase inlet flow rate on number of formed droplets, effective droplet
diameter and time of first droplet formation
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Fig. 13. Vorticity contours inside the main channel
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SV Qg 2Y ol o le als e d ol 0108 o e iy |y
Gub 5l easSTy 5B sl alpe po Tl Y 5 Toad asls
WS (o0 05D g9y g oad (B JUI 0)ly (s35ee JUIS
Selad ey Lol JUIS (0wl b oasSTyy 516 oo al> e o
B Al pe 3 e ol 50 S oo B 4 gy abals
3o gee Jo5i5 05k g oud b (ol 0 olS alall 5l oS
O JSa5 Gl 1) Jolie e 35 (gom 05k coylad e [ LSS
B9 2 oS Sloj sl JSas Sl 0 S8 aS e b
a3 oo (i 1) bl oo Saebo T Lo T L pln dingn
S SRSy 4 (Bl 5 goges JUIS 90 Jlasl Joro jo P abais

95 e w4 oylad LS anld Ldow jo Sl abals

1 Filling
Necking
3 Detachment

YAYY

o Ny eoges JUIS oie W, xil jo tanil oo S piivplac
sl 0 a8 LS ple il co gum dw Sy LIS Ges
39'“’ 4"‘13 (Pcap)L_';i"":’?"° )L"‘"‘a L)"‘ L

2 2
Pcafa(Wsz;J OV)

)L‘B 90 B 4O g,&).wa)LmB sy noww/d&:ﬁ@d}yb

& 50 cnl 50 48 wblion ()95 (658l et pr GLOS (mizmen

A el asls o

o b LS5 Jom YY)
Ao d JUS5 S0 S 3 aalogzga (sl o)kd e



3000 3000
—a— 0.0225s —a— 00155
—d— (0.0250 s —a— 0.025s
i —— 0.0275s ——%— 0.035s
2500 —— 003005 2500 ——— 0.045s
—e— 0.0325s —e— 0.055s
2000 2000 F
3 =
é, 1500 1/ 5 1500
S 3
1000 | 1000
500 F 500
Q1 =4mlit/hr Q. = 2mlLit/hr
00 01 02 03 04 05 06 07 08 09 1 00 01 02 03 04 05 06 07 08 09 1
X [mm] X [mm)]
(b) (a)
(<) ()
3000
—=—— 0.0175s
——A—— 0.0200s
——v—— 0.0225s
2500 —— 0.0250s
V —e—— 0.0275s
2000
| g
| > 1500 F
| =
=3
| =
[
| 1000 |
[
[
0 | X 500
: i Q1 = 6 mLit/hr
00 01 02 03 04 05 06 07 08 09 1
X [mm)]
(e) (©)
(©) @

el pd Lo ¥V () rcalie diwgm 5B (69959 (29 (89 (ol JUUS (Samly 051990 (59 32 ey LIS 29595 VP S
Glaizu oluws 1(8) bl oo el p yid o £ :(g) g el o yid o F:(O)

Fig. 16. Distribution of velocity gradient on the lower wall of the main channel for different continuous
phase inlet flow rates: (a): 2, (b): 4 and (c¢): 6 ml/h. (e): coordinate system
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Fig. 17. Volume fraction contour for different inlet flow rates of continuous phase
(a): 2 ml/h (t=0.015, 0.025, 0.035, 0.045 and 0.055 s),
(b): 4 ml/h (t=0.0225, 0.025, 0.0275, 0.03, 0.0325 s) and
(¢): 6 ml/h (=0.0175, 0.02, 0.0225, 0.025, 0.0275 s).

YAY'E



YAYA B YAVD dxbo Yoo Jl.w &y b).:s O)Lo.w HY 0)9> ‘).:.As).:.nl \.iu&n L;\JW 4.4).».._»

o...éJ.'i.éud&»m}lﬁ‘5.35)5‘530):&ﬁ&&’kb,ﬁ%gé)Wlew.&o.:f Jous

Table 6. Comparison of the pressure difference between the two sides of the droplet with shear tension
at different inlet flow rates of the continuous phase
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