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On the basis of a volume of fluid (VOF) liquid/liquid interface tracking method, we apply a two-dimensional model
to investigate the dynamic behaviors of droplet breakup through a splitting microchannel. The feasibility and applicability
of the theoretical model are experimentally validated. Four flow regimes are observed in the splitting microchannel, that
is, breakup with permanent obstruction, breakup with temporary obstruction, breakup with tunnels, and non-breakup. The
results indicate that the increase of the capillary number Ca provides considerable upstream pressure to accelerate the
droplet deformation, which is favorable for the droplet breakup. The decrease of the droplet size contributes to its shape
changing from the plug to the sphere, which results in weakening droplet deformation ability and generating the non-

breakup flow regime.
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1. Introduction

Droplet-based microfluidics has attracted much atten-

tion in various fields, including chemical engineering,!!=3]

[4,5] [7-9]

bioengineering, material science,[®] and

10,11]

energy,
beyond,! owing to its distinguish capacity in generating
monodisperse droplets. The microchannels have significant
flow resistance, which limits the fluid injecting rate in the

12,31 1t has to take pro-

range of several milliliters per hour.!
longed time to achieve massive production of droplets, and re-
mains a great challenge to enlarge the applications of droplets

[14-16] Therefore, it is of particular im-

in the real environment.
portance to increase the droplet production rate and fully un-
derstand the hydrodynamic mechanisms to realize the control-
lable adjustment of the droplet behaviors.[!7~1°]

As an alternative method, the droplet splitting method has
been proposed to increase the droplet production rate. Several
theoretical and experimental studies focusing on the hydrody-
namics process in different splitting microchannels have been

carried out. Fu er al.[29

studied the bubble breakup process in
the microfluidic T-junction considering the effect of the hydro-
dynamic feedback at the downstream microchannels. Carlson
et al.'>!] established a three-dimensional model based on the
phase-field theory to study the droplet splitting process in a
Y-junction numerically. It was demonstrated that the initial
droplet size and capillary number Ca have significant influ-
ences on the flow regime, and the non-breakup flow regime
causes the severe flow asymmetry once the droplet becomes
close to the obstruction (Ca = uV /o, where pt and V are the
viscosity and the velocity of the continuous phase, respectively
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and o is the interfacial tension coefficient between the two
fluid phases). Liu et al.!?*! have developed a multiphase lat-
tice Boltzmann model to simulate the contact-line dynamics,
and applied this method to simulate the droplet breakup pro-
cess in a microfluidic T-junction. They found that the droplet
can break up into two unequal-sized daughter droplets in the
non-ideal branch. Furthermore, Lee er al.[?*] have demon-
strated the droplets splitting behaviors in obstacles via numer-
ical methods. It was found that the droplet has three modes,
that is, the breakup, non-breakup, and breakup first and then
merging. Besides, the use of long splitting obstacles can pro-
mote uniform daughter droplets after splitting.

Apart from the theoretical approaches, experimental stud-
ies have also been carried out. Liu and Zhang®* developed
a two-dimensional (2D) lattice Boltzmann model and stud-
ied the droplet formation in the T-junction. The effects of
the capillary number, flow rate ratio, viscosity ratio, and con-
tact angles were studied systematically. Chen and Deng!?3!
developed a phase-field multiphase lattice Boltzmann model
and numerically investigated the hydrodynamic behaviors of
a droplet passing through a microfluidic T-junction. The vor-
tex flow inside droplets determined the breakup regime of the
droplet. Link et al.”?®! employed a three-level T-junction ar-
ray to drive droplet split into three times in a row. Although
this T-junction array could efficiently achieve droplet splitting,
the space utilization was limited. While Abate and Weitz!?’!
utilized a parallel array to split large droplets into 1/16 of
their original size, and the maximum production could reach
7000 uL/h. Moreover, Chen et al.[?8! have developed glass
capillary microfluidic devices to split both single emulsions

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and double emulsions, which successfully generated highly
monodisperse droplets. However, the critical splitting mecha-
nisms in this splitting microfluidic device are indistinct.
Herein, a numerical model based on the volume of fluid
(VOF) liquid/liquid interface tracking method is applied to
understand the droplet behaviors in a splitting microchannel.
The flow regimes of droplets, including breakup with perma-
nent obstruction, breakup with temporary obstruction, breakup
with tunnels, and non-breakup, are studied with detailed pres-
The effects of the droplet
size and capillary number Ca are also discussed. Further-

sure and velocity distributions.

more, a phase diagram clarifies the boundary between four
flow regimes.

2. Theoretical model
2.1. Physical model

A 2D model is applied to investigate the droplets breakup
behaviors in a splitting microchannel (see Figs. 1(a) and 1(b)).
As illustrated in Fig. 1(c), the droplets and continuous phase
are injected into the main channel, and the two branches of the
splitting channel, that is, channels i and ii, are the same. The
lengths of the main and splitting channels are /;;, = 2000 pm
and /; = 3000 pm, respectively. The widths of the main and
splitting channels are w = 300 um and wg = 180 pum, respec-
tively. The width of the splitting obstruction is w, = 60 um.
Besides, [ represents the length of the droplet, and O repre-
sents the neck of the splitting droplet. The continuous phase in
the splitting microchannel is 2 wt% polyvinyl alcohol aqueous
solution (PVA), and the droplet phase is ethoxylated trimethy-
lolpropane triacrylate (ETPTA) oil. The PVA aqueous solu-
tion has a density of 1020 kg/m® and a viscosity of 3 mPa-s.
The ETPTA oil has a density of 1011 kg/m® and a viscosity
of 65 mPa-s. The interfacial tension between the droplet and
continuous phase is 2.24 mN/m, and the wall of the capillary
is hydrophilic with a contact angle of 70°.

compression capillary channel i

Y
(c) T—»a: —
- R0 T (G YT Y - (G W/ (e
2O OHER O{D i — ! i

continuous fluid droplet_[ splitting capillary channel ii I
[ | Is '

flow direction
Py

v vv

Fig. 1. The geometric structure and physical model of the splitting mi-
crochannel: (a) microfluidic chip, (b) optical image of the splitting mi-
crochannel, (c) physical model.

2.2. Mathematical model

The splitting behavior of the droplet is a visible result
of the liquid/liquid phase interface motion and deformation.
Therefore, based on the physical model of droplet splitting, a
two-dimensional splitting microchannel model is established,
and a VOF method!?! is utilized to track the evolution and
development of the interfaces.

2.2.1. Governing equation

In the VOF method, a volume fraction function ¢y is uti-
lized to represent the proportion of droplet in one simulation

cell as[30
og =0, without droplet,
0<oag <1, containing droplet and continuous phase,
oqg =1, filled with the droplet. (€))]

The sum of the volume fractions of the droplet phase, g, and
continuous phase, ¢, in acell is 1,

o+ 0 = 1. 2)

The conservation equations of the volume fraction can be ex-

press as
%W-(U-ad):o, 3)
t
da
SV (U ) =0, )

where ¢ is the time, and U is the velocity. The U is governed
by the continuum equation and Navier—Stokes equations and
can be written as

V.-U=0, (@)
d(pU)
ot

where P is the pressure, p is the density, i is the viscosity, and

+V-(pUU) = ~VP+V-[u(VU +VU")| + F, (6)

F,, is the source term. They can express as

P = 0apa + pc, N
U= 0glg + Ocle, (8)
F,=pg+F, )

where pg and p. are the densities of the droplet and contin-
uous phase, g and p. are the viscosities of the droplet and
continuous phase, g is the gravity acceleration, and Fy is the
volumetric surface tension force.

In the microchannel, the effect of gravity on the droplet
behavior is much less than that of the interfacial tension; thus
g can be neglected. The surface tension Fjy is described by the
continuous surface force (CSF) model. In the CSF model, Fj
is thought as a bulk force acting on a cell of the phase interface
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region, which can be characterized as a function of interfacial

tension coefficient and interface shape>!!
2pK
F=0—"% va., (10)
Pc+pd

where o is the interfacial tension coefficient, and x is the mean
curvature of the interface.

2.2.2. Boundary condition

As illustrated in Fig. 1(c), the origin of the coordinates is
at the center of the inlet of the main channel. On the left of the
computational domain, the boundary condition is the velocity
entry

Uc(x:()) = Uinlet- (11)

On the right of the computational domain, the boundary con-
dition is the pressure outlet. The droplets are injected into the
main channel until the continuous phase reaches the steady-
state in the computational domain. The walls of the compu-
tational domain are no slip wall boundary. The VOF method
includes an implicit slip length at no-slip boundaries which
can explicitly track an interface that requires a slip condition

for the mesh node at the contact line. 323

2.2.3. Numerical methods

The finite volume method, combining with the finite dif-
ference method, is used to solve the governing equations nu-
merically. The laminar model is adopted since the Reynold
number is very low in the microchannel. The physical pa-
rameters of the fluid, such as density, viscosity, and interfacial
tension coefficient, are constants. The liquid-liquid interface
is reconstructed by the Geo—Reconstruct format of the sec-
tional interface (PLIC) method. The semi-implicit method for
the pressure linked equations (SIMPLE) algorithm is used for
the pressure—velocity coupling interpolation. The body force
weighted scheme is chosen for the pressure interpolation. The
momentum equation is discretized by using a second-order
upwind scheme. To achieve quick convergence, the under-
relaxation factors implemented are 0.3 (pressure), 0.5 (den-
sity), 0.8 (source term), and 0.7 (momentum). The iteration in
a one-time step ends when the relative residuals are less than
1%.

A mesh independence study is conducted using four dif-
ferent mesh numbers, that is, 306092, 349680, 361000, and
473570, respectively. As illustrated in Fig. 2, the phase in-
terface morphologies of droplets splitting at the four differ-
ent grid numbers are compared. When the mesh number is
349680, the degree of deformation of the droplets is very sim-
ilar to the numerical results of 361000 and 473570. Also, the
mesh density near the splitting obstruction is sufficient to track
the deformation behaviors of the phase interface. Therefore,

the total computational units, 349680, are used in the calcula-
tion.

e — — 349680
& \
// J — — 473570
_____ > | ll
\ \
N
\\ \
N I
e A »>

Fig. 2. Grid independence test.

2.3. Model validation

In order to verify the feasibility of the established theo-
retical model, a series of verification experiments based on a
high-speed microscopic visualization system are carried out.
As shown in Fig. 3, the high-speed microscopic visualization
system is mainly composed of the syringe pump unit, mi-
crofluidic chip, and high-speed microscopic imaging unit. The
syringe pump unit injects the dispersed and continuous phase
fluid into the microfluidic chip. The high-speed microscopic
imaging unit can capture and record the droplet evolution pro-
cesses in real-time.

high speed
camera
continuous phase
dispersed phase microscope PC

e
microfluidic chip‘ ===~ _ _ | ‘

e light source

Fig. 3. Experiment setup.

The numerical simulation results are utilized to com-
pare with the experimental data to verify the rationality of the
proposed theoretical model. In this case, the dimensionless
parameters of time and neck thickness are used. The dimen-
sionless time is t, = (r —19)/(t1 — o), where f is the initial
time, ¢ is the current time, and #; is the end time. The di-
mensionless neck thickness is * = 6 /w, where § is the neck
thickness, and w is the width of the main channel. The com-
parison among the three-dimensional (3D) experiment, the
2D experiment, and the 2D numerical simulations of droplet
interface evolution in the splitting microchannel is performed
in Fig. 4. As shown in Fig. 4, the 2D experiment results of
droplet interface evolution and the dimensionless neck thick-
ness evolution are similar to the 3D experiment results within
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e 3D experiment
. a 2D experiment
» ---- 2D simulation

0.2 0.4 0.6 0.8

Fig. 4. The comparison of real-time image and numerical calculation results (Ca = 0.06, //w = 2.35): (a) 3D real-time image of droplet splitting; (b)
2D real-time image of droplet splitting; (c) numerical results; (d) correlation of dimensionless neck thickness and dimensionless time.

the acceptable error. Moreover, as shown in Fig. 4(d), the 2D
numerical results are in good agreement with the experimental
results, except for a few differences at the end of the droplet
breakup. Similar interfaces prove the correctness of the math-
ematical model. Thus, the 2D numerical simulation is adopted
in the current study considering the computational efficiency
and reasonability.

3. Results and discussion
3.1. Flow regimes

Four typical flow regimes in the splitting microchannels
are successfully reconstructed, that is, breakup with perma-
nent obstruction, breakup with temporary obstruction, breakup
with tunnels, and non-breakup, as demonstrated in Fig. 5. In
the flow regime I, the droplet will block the main channel and
the splitting channel all the time (see Fig. 5(a)). In the flow
regime II, the droplets only block the splitting slit and do not
contact with the wall of the splitting channel (see Fig. 5(b)).
In the flow regime III, there is always a tunnel between the
droplet and the wall to facilitate the continuous phase fluid (see
Fig. 5(c)). The droplets breakup will not appear in the flow
regime IV (see Fig. 5(d)). This geometrical division only con-
siders the relationship between the droplets and the channel in

the flow direction, and ignores the cross-sectional information
of the droplets.

(a) flow regime I (b) flow regime II

t*=1.52 t"=1.147

t* —=2.56 t*=1.787

t"=3.47 t"=2.7

(c) flow regime III (d) flow regime IV

t*=0.56 t*=0.267

t"=1.36 t"=1.28

t"=3.36 t'=2.64

Fig. 5. Four typical flow regimes (Ca = 0.004): (a) breakup with permanent
obstruction (//w = 1.26); (b) breakup with temporary obstruction (I/w =
0.87); (c) breakup with tunnels (//w = 0.70); (d) non-breakup (//w = 0.62).
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3.1.1. The breakup with permanent obstruction flow
regime

The breakup with permanent obstruction flow regime can
be divided into three stages, including entering, squeezing, and
post-breakup, as illustrated in Fig. 6(a). The droplet first un-
dergoes the entering stage in the main channel. At the ini-
tial time, the droplet blocks the main channel and gradually
approaches to the splitting obstruction. After contacting the
obstruction, its head enters the two branches of the splitting
channel symmetrically and starts the squeezing stage. At the

(a) (b)

entering [=
- ‘=

slits block*~

&

P/Pa

squeezing <

=

necks break”

post
breakup

.

initiative of the squeezing stage, only the droplet head blocks
the slit with a cashew nut shape, and most of the droplet still
blocks the main channel (+* = 1.92 ms). Under the action of
the interfacial tension, the rear of the droplet keeps convex in
the main channel until most of the droplet enters the splitting
microchannel (t* = 1.92-2.4 ms). At the end of the squeezing
stage, the droplet head grows to block the splitting microchan-
nel, and the droplet neck becomes thin near the splitting ob-
struction (#* = 2.8 ms). Finally, the droplet breaks into two
individual daughter droplets (t* = 3.28-3.68 ms).

(c)

20 40 60 80 100 120 v/(m/s) 0 001 0.02 0.03 0.04 0.05

Fig. 6. Droplet behaviors for the breakup with permanent obstruction (Ca = 0.004, [ /w = 1.26). Evolution of (a) droplet breakup morphology,

(b) pressure field, and (c) velocity field.

(a)
120} entering ' squeezing 'post break
slits block--:---- : :
100 Jtunnels block-;--- -;---->E |
I ! ' ! J
I l
& 80 1 l
5 ! X
E] 1 1 7
L I l
& 60 I ¢ —e—inlet |
' [ ——outlet i |! 1
40} 1] ——outlet ii ||
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA L 1
20t . —x
0 1 2 3 4
t*
A-A

(b)
1.2F
0.8
to
5] 0.4F
[a ¥
~
3 OR ) ) ) ) ) )
Q:%’ 100
ch L
= 60
sH L
0h
F 6
@
100 @
& Ja &
5 3
E 60F —4—outlet i e
& L ——outlet ii 12 f
200 P
0 1.0 2.0 3.0
t*

Fig. 7. Evolution of the pressure for the breakup with permanent obstruction (Ca = 0.004, [/w = 1.26). (a) The inlet pressure of the main
channel, P, and the outlet pressures of the splitting channel, Poyger i and Poyger ii- (b) The neck thickness 8*, the Laplace pressure of rear
droplet interface Pg, and the inlet and the outlet pressures in the A-A stage (+* = 0-3.60 ms).
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As shown in Fig. 7(a), Poygeri and Poyget ii almost keep
constant in the whole process. In the entering stage, the droplet
flows from the main channel to the obstruction under the ac-
tion of the upstream pressure, whose front and rear interfaces
are undeformed. Thus, the upstream pressure P does not
change in this stage. In the post-breakup stage, the droplet
breaks into two small daughter droplets, resulting in a decrease
of the flow resistance, which leads to the decrease of Pjet.

The change in upstream pressure P in the squeezing
stage is more complicated than that in other stages. As shown
in Fig. 7(b), in the initial of the squeezing stage, the curvature
radius of the rear increases slightly, while the front interface
undergoes massive deformation and the curvature radius de-
creases, which promotes the pressure difference between the
front and the rear, resulting in the increase of P until the
droplet head blocks the slit. In the middle of squeezing, the
pressure difference between the front and the rear decreases
first and then increases, thus P, decreases first and then in-
creases. At the end of the squeezing stage, the curvature radius
of the rear decreases, but the curvature radius of the front is
almost constant, which cause a decrease in the pressure differ-
ence between the front and the rear, resulting in the decrease
in the upstream pressure Pne. When Py reaches the mini-
mum, the curvature radius of the rear is almost constant, while
the front continues to stretch under the action of the upstream

(a) (b)

squeezing <
a & Ytunnels open-g

lﬁ
)
h )

-
pu

post
breakup

<

-

T = (©)

P/Pa 20 40 60 80 100 120

pressure, which cause the pressure difference to increase, re-

sulting in the slight increase in Pyjeq.

3.1.2. The breakup with temporary obstruction flow
regime

The breakup with temporary obstruction flow regime also
has the same three stages as the flow regime I, as illustrated
in Fig. 8. In the squeezing stage, the droplet head firstly en-
ters two branches of the splitting channel symmetrically and
blocks the slit with cashew nut shape (#* = 1.52 ms). Subse-
quently, the droplet still blocks the slit while its head has no
contact with the wall until most of the droplet enters the split-
ting channel (#* = 1.52—1.787 ms). At the end of the squeezing
stage, the slit is open, and the droplet head keeps away from
the wall (+* = 2.03 ms). Finally, the droplet breaks up into two
individual daughter droplets (t* = 2.48-2.88 ms).

The evolution of Pyyyet i» Poutlet iis and Pyet in the entering
stage in flow regime II is the same as that in the flow regime I
(see Fig. 9). In the initial squeezing stage, Pyyje increases until
the droplet head blocks the slit. In the middle of the squeez-
ing stage, Pt decreases first and then increases. However,
due to the curvature radius of the droplet does not change sig-
nificantly, the fluctuation of Py is small. At the end of the
squeezing stage, the evolution of upstream pressure Pje iS
the same as that in the flow regime I, which shows a trend of

decreasing first and then increasing.

v/(m/s) 0 001 0.02 0.03 0.04 0.05

—

—

r -
1

Fig. 8. Droplet behaviors for the break up with temporary obstruction (Ca = 0.004, [ /w = 0.87). Evolution of (a) droplet breakup morphology,

(b) pressure field, and (c) velocity field.

054702-6



Chin. Phys. B  Vol. 29, No. 5 (2020) 054702

(a)
120 entering | squeezing_|;post break{6
slits block -.: ..... o :
100H slits open ----- 1= ' 15
! |
I
£ 8o : | 14
3 . v
< ool | :
| [—e—inlet || 19
401 | | #—outlet i |,
1 $ ——outlet ii|s
! 11
20+ | X !
. . ) ) 0
0 1 2 3
-A

(b)
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Fig. 9. Evolution of the pressure for the breakup with temporary obstruction (Ca = 0.004, [/w = 0.87). (a) The inlet pressure of the main
channel, P, and the outlet pressures of the splitting channel, Poyer i and Poyge ji- (b) The neck thickness 6*, the Laplace pressure of rear
droplet interface Pg, and the inlet and the outlet pressures in A-A stage (t* = 0-2.56 ms).

3.1.3. The breakup with tunnels flow regime

The breakup with tunnels flow regime also has the same
three stages as the flow regimes I and II, as illustrated in
Fig. 10. At the initial time, the spherical droplet flows and ap-
proaches to the obstruction without any contact with the wall.
Subsequently, its head enters two branches of the splitting
channel symmetrically with cashew nut shape (#* = 1.12 ms).
In the whole squeezing stage, the droplets have no contact
with the slit and wall all the time (¢t = 1.12-1.36 ms). Fi-
nally, the droplet breaks into two individual daughter droplets
(t* = 1.36-3.68 ms).

The evolution of Pyygetis Poutletii» Pnlet 1N the entering
stage and post-breakup stage in flow regime III is the same as
that in the flow regimes I and II (see Fig. 11). Since the droplet
is small and has no contact with the wall in flow regime III, the
dimensional limitation of the droplet is low, and the tunnel ef-

(a)

(b)

P/Pa

entering

(slits open~ = t"

t*

squeezings

t*

L
necks break; *

‘ ﬂ
X

post
breakup

3.36

.“

t"=3.68
III

fect facilitates the continuous phase fluid flow conspicuously
in the tunnel. Therefore, in the initial of the squeezing stage,
when the droplet is in contact with the obstruction, the curva-
ture radius of the rear increases which causes the decrease of
the Laplace pressure at the rear interface, and the front inter-
face undergoes deformation, resulting in the curvature radius
decreasing, which contributes to increase the Laplace pressure
at the front. Thus, the pressure difference between the front
and the rear increases, increasing the upstream pressure Pjet.
In the middle of the squeezing stage, the droplet has been com-
pletely deformed. The curvature radius of the rear is reduced,
resulting in an increase of the Laplace pressure at the rear.
However, the Laplace pressure at the front is less changed,
so the pressure difference between the front and the rear inter-
faces decreases, which causes a decrease of upstream pressure
Pet-

<)

v/(m/s) 0 0.01 0.02 0.03 0.04 0.05

—~

20 40 60 80 100 120

11

#

Fig. 10. Droplet behaviors for the breakup with tunnels (Ca = 0.004, [ /w = 0.70). Evolution of (a) droplet breakup morphology, (b) pressure

field, (c) velocity field.
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Fig. 11. Evolution of the pressure for the breakup with tunnels (Ca = 0.004, //w = 0.70). (a) The inlet pressure of the main channel, Py, and
the outlet pressures of the splitting channel, Poyyer i and Poyger ii- (b) The neck thickness 6*, the Laplace pressure of rear droplet interface Pg,

and the inlet and the outlet pressures in A-A stage (r* = 0-3.5 ms).

3.1.4. The non-breakup flow regime

The non-breakup flow regime can be divided into three
stages, including entering, sliding, and non-breakup (see
Fig. 12). The entering stage (+* = 0-0.267 ms) is similar to
that in flow regime III. After the front of the droplet contacts
with the splitting obstruction, the droplet is compressed into a
cashew nut shape by the upstream pressure (t* = 1.09 ms).
Subsequently, the front of the cashew nut shape will select
one branch of the splitting channel for orientational motion
(t* = 1.09-1.28 ms). Finally, the unbalanced droplet passes
over the obstruction and quickly enters one branch without
breakup.

As illustrated in Fig. 13, in the entering stage, Piet,
Poutlet i» and Poyget ii are almost unchanged (¢* = 0-0.267 ms).

(a) (b)

entering

o~
I

t"=0.267

sliding < F=1.09
t"=1.28
t"=2.027
non
breakup

t"=2.187

t"=2.64

P/Pa 20 40 60 80 100 120

In the sliding stage, the inlet pressure Ppe¢ continues to in-
crease and reaches the maximum at t* = 1.1 ms when the
rear of the droplet is closest to the wall. Before t* = 1.1 ms,
Poutlet i and Poyge ji begin to become imbalance, which shows
an increase of Pyye ; and a decrease of Pyyer - Meanwhile,
the droplet begins to select the sliding direction. When P
reaches the maximum, the pressure imbalance continues to
expand, resulting in a significant bias in the direction of the
droplet movement. Finally, the droplet loses balance and
passes through the splitting obstruction to enter the branch via
the slit. Moreover, a vortex that favors the deformation of the
droplet appears at the rear of the droplet during the sliding

stage.

(c)

v/(m/s) 0 0.01 0.02 0.03 0.04 0.05

Fig. 12. Droplet behaviors for the non-breakup flow (Ca = 0.004, I /w =

field, and (c) velocity field.

0.62). Evolution of (a) droplet non-breakup morphology, (b) pressure
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Fig. 13. Evolution of the pressure for the non-breakup flow (Ca = 0.004, [ /w = 0.62). (a) The inlet pressure of the main channel, Py, and the
outlet pressures of the splitting channel, Poyer ; and Poyget ii- (b) The neck thickness 6*, the Laplace pressure of rear droplet interface Py, and

the inlet and the outlet pressures in A-A stage (t* = 0-1.6 ms).

3.2. Phase diagram of droplet splitting

As seen from Fig. 14, when the dimensionless droplet
length I/w is shorter than 0.8, the flow regime will change
from non-breakup to breakup with tunnels as the capillary
number Ca increases. Large capillary numbers can provide
considerable higher upstream pressure and promote the de-
formation of the droplets so that the increase in the capillary
number facilitates the occurrence of droplet breakup. When
the dimensionless length I/w is greater than 1, high capillary
numbers make the breakup process change from permanent
obstruction to temporary obstruction due to the acceleration
of droplets passing through the splitting channel. In addition,
the flow regimes will change from breakup to non-breakup as
the dimensionless length [ /w decreases. When the dimension-
less length reduces, the droplet shape changes from plug to the
sphere, which causes contact with the wall surface to reduce.
Thus, the transition rate of the droplet interface decreases and

non-breakup eventually happens. Leshansky and Pismen !4l

e non-breakup # breakup with tunnels
= breakup with temporary obstruction
® breakup with permanent obstruction

0.006 + . . sm s e
0.005' L} |} " Em 00
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0.003 ¢ " = mee oo
0.002 1 e o o e oo
0.001+} e o o oo

1.2 1.4

Fig. 14. Phase diagram of droplet flow in a splitting microchannel.

first proposed the equation to describe the boundary between
the breakup and non-breakup. The correlation between the di-
mensionless droplet length and Ca is written as

I* = mCd", (12)

where [* = [/w, and m and n are constant in this condition.
After comparing the present numerical simulation results and
fitting the curve with the boundary, we can conclude that the
predict equation is

I* =0.28Ca 14, (13)

As shown in Fig. 14, the fitting curve represents the
boundary between the breakup and non-breakup, which shows
a satisfying agreement.

4. Conclusion and perspectives

Based on the VOF liquid/liquid interface tracking
method, a two-dimensional model is applied to investigate
the dynamic behaviors of droplet breakup via a splitting mi-
crochannel. The feasibility and applicability of the theoretical
model are experimentally verified. Numerical simulation is
carried out to study the droplet splitting process and reveal the
evolution process of the pressure field and the velocity field
during the droplet breakup. The breakup mechanisms of the
droplet in different flow regimes are obtained. The conclu-
sions can be summarized as follows.

(1) Four flow regimes are observed in the splitting mi-
crochannel, including breakup with permanent obstruction,
breakup with temporary obstruction, breakup with tunnels,
and non-breakup. Three stages of the breakup process are en-
tering, squeezing, and post-breakup. The three stages of the
non-breakup process are entering, sliding, and non-breakup.
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(2) In the entering stage, the front and rear interfaces of
the droplet are almost uniform under the action of the upstream
pressure, which contributes to a constant inlet pressure Pype; Of
the main channel. In the post-breakup stage, the droplet is split
into two small portions in the splitting microchannel, resulting
in the decrease of the flow resistance, which leads to a rapid
decrease of Ppjet.

(3) In the squeezing stage, the droplet is driven by the up-
stream pressure and hindered by the splitting structure. During
the deformation process, the Laplace pressure difference be-
tween the front and rear interfaces of the droplet is positively
correlated with Pyje;.

(4) The increase of the capillary number Ca provides a
more considerable upstream pressure to promote the deforma-
tion of the droplet, which is favorable for the breakup of the
droplet. The decrease of the droplet size helps to change the
shape of the droplet from plug to the sphere, resulting in the
reduction of the droplet deformation and the appearance of the
non-breakup flow regime.
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