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Abstract

The dynamic behavior of a droplet on a solid surface is simulated by the
lattice Boltzmann method (LBM) for two-phase fluids with large density
differences; the wetting boundary condition on solid walls is incorporated in
this simulation. By using the method, the dynamic behavior of a droplet
impinging on a horizontal wall is investigated in terms of various Weber
numbers. The dynamic contact angle, the contact line velocity, and the wet
length are calculated, and found to be in good agreement with available
experimental data. In addition, the method is applied to simulations of the

collision of a falling droplet with a stationary droplet on a solid surface. The
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behavior of the droplets and the mixing process during their collision are
simulated in terms of various impact velocities and several static contact
angles on the solid surface. It is seen that mixing occurs around the rim
of the coalescent droplet due to the circular flows. Also, the relationship
between the mixing rate of the primary coalescent droplet and Weber number

is investigated.

Keywords: Droplet, Wettability, Weber Number, Lattice Boltzmann

Method (LBM), Mobility.

1. Introduction

The control of wettability on solid surfaces is an important issue in both
physical and chemical research and many engineering fields. Recently, the
attempt has been made to develop substrates with an innovative capability
that exploits the macroscopic fluid properties such as surface tension and
viscosity. For example, in the automotive industry, several coating tech-
niques have been developed to control the wettability of solid surfaces. A
hydrophobic coating is used for automobile windshields because it is effec-
tive in waterproofing, rustproofing, and suppressing ice formation on solid
surfaces. A hydrophilic coating is used for rear-view mirrors of automobiles

owing to its anti-fogging property.



Wettability of solid surfaces has usually been evaluated by measuring the
static contact angle of a droplet on a solid surface. However, it is necessary
for the wettability to be evaluated dynamically when the droplet is mov-
ing on the surface (e.g., the spin-coating process and the removal process of
droplets). Sikalo et al. [1] made an experimental quantitative investigation
of the dynamic behavior of a droplet impinging on a horizontal surface. They
measured the diameter of the wetting area on the solid surface and the apex
height of the droplet, and studied the relationships between several proper-
ties such as liquid surface tension, fluid viscosity, contact angle, and surface
roughness. Sikalo et al. [2] measured time variations of the contact angle
(dynamic contact angle) for various impact velocities. From their experimen-
tal results, they concluded that the dynamic contact angle is a function of
contact line speed and the flow characteristics in the vicinity of the moving
contact line. Sikalo and Ganic [3] experimentally investigated the impact of
a droplet on a shallow liquid layer and compared these results with those
obtained for a droplet on a horizontal surface. In general, the space- and
time-scales for these phenomena are very small; hence, numerical simulation
is an effective approach to investigate the dynamics of a droplet on solid

surfaces in detail. Earlier, Lunkad et al. [4] carried out simulations of the



dynamic behavior of a droplet impinging on horizontal and inclined surfaces
by the Volume of Fluid (VOF) method and examined the effects of wettabil-
ity and the inclined angle on the diameter of a wetted spot. Manservisi and
Scardovelli [5] proposed a finite element method coupled with the interface
front-tracking method to investigate the motion of a droplet on horizontal
surfaces with different wettability. Fujimoto et al. [6] also investigated the
collision of a droplet with a hemispherical droplet on a solid surface by ex-
perimental and numerical approaches. From their results, it is found that a
circular liquid crown appears due to a large pressure gradient near the free
surface. Although several simulations have been conducted so far, few stud-
ies have focused on the effect of surface tension, viscous force, and inertia
force on the motion of a droplet. Moreover, the collision of droplets on solid
surfaces is not fully understood. These phenomena are observed in liquid
microchannels; therefore, it is necessary to understand the dynamic behavior
and mixing of droplets on solid surfaces.

Since the mid-1990s, the lattice Boltzmann method (LBM) for two-phase
fluids has been regarded as a promising numerical scheme for two-phase flu-
ids, and has been applied to many two-phase flow simulations [7, 8]. In

particular, Inamuro et al. [9] recently proposed a two-phase LBM based on



the diffuse interface method (DIM), which enables the stable calculation of
two-phase fluid flows with large density ratios of up to 1000. This method
has been used to simulate the dynamics of droplets on solid surfaces [10].
In addition, Yoshino and Mizutani [11] incorporated the boundary condition
proposed by Briant et al. [12, 13|, which is based on the wetting poten-
tial [14], into the abovementioned two-phase LBM. In the DIM, a parameter
called mobility, which is related to the ease of coalescence of the interfaces, is
considered. Inamuro et al. [9] pointed out that coalescence is sensitive to the
mobility. Hence, similar consideration regarding the mobility is also needed
for the interfaces when simulating droplet motion on a solid surface.

The aim of the present paper is to apply the LBM to the following two
problems of microscale droplet motion. The first problem involves the in-
vestigation of the dynamic behavior of a droplet impinging on a horizontal
surface in terms of various Weber numbers. The calculated results are eval-
uated by quantitative comparison with available experimental data. The
second problem involves the investigation of the collision of a falling droplet
with a stationary droplet on a solid surface. The behavior of both droplets
and their mixing process during the collision are investigated in terms of var-

ious Weber numbers and several static contact angles on the solid surface.



2. Numerical method

2.1. Two-phase lattice Boltzmann method

Non-dimensional variables, which are defined by using a characteristic
length E, a characteristic particle speed ¢, a characteristic time scale ¢, =
E/ 1% (‘7 . a characteristic flow speed), a reference order parameter 50, and
a reference density py, are used as in Ref. [9]. In the LBM, a modeled fluid,
which is composed of identical particles whose velocities are restricted to a
finite set of N vectors ¢; (i =1,2,3,..., N), is considered. The nine-velocity

model (N =9) given by the following equation is used in the computations:
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The physical space is divided into a square lattice, and the evolution of
particle population at each lattice site is computed. Two particle velocity
distribution functions, f; and g;, are used. The function f; is used for the
calculation of an order parameter which represents two phases, and the func-
tion g; is used for the calculation of a predicted velocity of the two-phase

fluid without a pressure gradient. The evolution of the particle distribution



functions f;(x,t) and g;(x,t) with velocity ¢; at the point x and at time ¢ is

computed by the following equations:

filx+ Azt + At) = fi(x,t), (2)

gi (x+ Az, t +At) = gi(x,t), (3)

where f{ and g7, given below, are functions in which variables  and ¢ enter
only through macroscopic variables and/or their derivatives, Az is a spacing
of the square lattice, and At is a time step during which the particles travel
the lattice spacing.

The order parameter ¢ distinguishing two phases and the predicted ve-

locity u* of the two-phase fluids are defined as follows:

¢ = Zfi, (4)

9
u*t = Zcigi- (5)
i—1

The functions ff and gf in the Eqgs. (2) and (3) are given as follows:
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Ey=4/9, Fy=FEy=FE,; = Es=1/9, Eg= E; = Fs = Ey = 1/36.

In the above equations, o, #,7 = z,y (subscripts «, 3, and 7 represent Carte-
sian coordinates and the summation convention is used), 0,4 is the Kronecker

delta, and subscripts L. and G indicate respective liquid and gas phases. u,



p, and p are the velocity, the density, and the viscosity of two-phase fluids,
respectively. ¢ is the gravitational acceleration which is acting in the —y
direction. k; and k, are constant parameters determining the width of the
interface and the strength of the interfacial tension o, respectively. a, b, and
T are free parameters determining the maximum and minimum values of ¢,

and C' is a constant parameter related to the mobility 6y as follows:

Oy = (1 - 10) Az. (12)

The first and second derivatives in Eqgs. (6), (7), (9), and (10) are calculated

by using the following second-order finite difference approximations:
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The density in the interface is obtained by using the cut-off values of the

order parameter, ¢; and ¢, for the liquid and gas phases with the following



relation:
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The viscosity p in the interface is obtained by the following equation:

P — PG
p= (hL — pa) + pa- (16)
PL — PG

The interfacial tension o is given by

(oY
a—fig/_oo<8§) dg, (17)

where ¢ indicates the coordinate normal to the interface [15].

Since u* does not satisfy the continuity equation in general, it is required
for u* to be corrected by using the Poisson equation for the pressure p of the
two-phase fluids. Hence, the velocity distribution function h; is introduced,

and the following evolution equation of h; is used for the calculation of p:

R (x + ¢ Ax) = hY (x) — 1 (b (x) — Ep" (x)] — EEZ-%AL (18)
T 3 0x,

10



where n is the number of iterations and the relaxation time 7, is give by
1 1

The pressure p is obtained by

p= Z hi. (20)

ntl— pnl/p < e is satisfied

The calculation of Eq. (18) is iterated until |p
in the whole domain. The tolerance ¢ is set to 1.0 x 1075 in the following
calculations.

Applying the asymptotic theory [16] to Egs. (2), (3), and (18), we find
that the asymptotic expansions of macroscopic variables, ¢, p, u, and p, sat-
isfy the phase-field advection—diffusion equation (the Cahn—Hilliard equation
with advection) for ¢, the continuity equation, and the Navier—Stokes equa-

tions for incompressible two-phase fluid including the interfacial tension and

the buoyancy with relative errors of O[(Az)?] [17].
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2.2. Wetting boundary condition

Recently, Briant et al. [12, 13] have proposed a wetting boundary con-
dition which enables the contact angle of the interface to be controlled in
a way consistent with Cahn theory [14]. In their method, the derivative of
the density normal to the wall, Op/0n, is specified by using the wetting po-
tential that is calculated according to a prescribed static contact angle fs.
In the following computations, the specified value of dp/On at wall sites is

substituted for the first and second derivatives in Eq. (6).

3. Results and discussion

3.1. A droplet impinging on horizontal surface

The dynamic behavior of a droplet impinging on a horizontal surface is in-
vestigated. According to previous studies such as Ref. [18], two-dimensional
computational results of the impingement of liquid drops on dry walls agree
with the available experimental results [19]. Therefore, these phenomena
are assumed to be two-dimensional in the following simulations. As shown
in Fig. 1, a rectangular domain with L, x L, = 450Ax x 300Az is con-
sidered. A liquid droplet with diameter D = 100Az is placed in contact

with the bottom wall (y = 0), and it collides with the surface with an im-
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pact velocity V' at an initial time (¢ = 0). In the simulations, the wetting
boundary condition is applied to the bottom wall, and the static contact
angle is set to s = 7/2. It should be noted that henceforth the static and
dynamic contact angles are defined as dimensional quantities with radian
unit. At the top boundary (y = L,), the normal derivatives of the order
parameter, of the density, and of the velocity are set to zero. The periodic
boundary condition is used for the other boundaries of the domain. The
parameters determining the maximum and minimum values of the order pa-
rameter are a = 1, b = 6.7, T = 3.5 x 1072; it follows that these values
are Puax = 9.714 x 1072 and ¢pin = 1.134 x 1072, respectively. The cut-off
values of the order parameter for obtaining the density in the interface are
¢f = 9.2 x 1072 and ¢ = 1.5 x 1072 The other computational parame-
ters are as follows: pp, = 50, pg = 1, pur, = 1.99Axz, pug = 3.08 x 107*Axz,
kp = 1.40(Ax)?, K, = 1.27 x 107%(Ax)?, and gAz = 6.08 x 107!, The
dimensionless numbers for this problem are Weber number We = p,V2D /o
and Reynolds number Re = pp,VD/py,.

First of all, in order to investigate the effect of mobility on the droplet
behavior, the constant parameter C' is changed so that #y; can become a value

between 0.005Ax and 0.5Az. The impact velocity is set to V = 2.35 x 1073,
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The Weber and Reynolds numbers become We = 51 and Re = 5.9. As shown
in Fig. 2, the computational results are compared with the theoretical pre-
diction [20] in terms of the relationship between the dynamic contact angle
Op and capillary number Ca = Upuy, /o, where fp and the contact line veloc-
ity U are defined in Fig. 3. From Fig. 2, it is found that for lower capillary
numbers (C'a < 0.1), 6p approaches the theoretical prediction as the mobility
decreases. Thus, 6y = 0.005Az is appropriate for the behavior of a droplet
on the solid surface, and the value is used in the following simulations.
Next, the simulations are carried out by changing the impact velocity V'
in the range of 50.8 < We < 802 and 5.90 < Re < 23.5. Figs. 4 and 5
show the computational results of the dynamic contact angle fp, the wet
length d, and the contact line velocity U for We = 51 and 802, respectively.
In these figures, the results of the corresponding experiments performed by
Sikalo et al. [2]| are also shown. Note that, in order to compare the two
results, the computed results are converted into dimensional quantities by
using the aforementioned characteristic or reference values described in Sec.
2. In both figures, the wet length increases monotonously and finally ap-
proaches an equilibrium value. The contact line velocity, on the contrary,

decreases with time and finally becomes zero. The dynamic contact angle is
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kept constant for some time after impact, but decreases rapidly and finally
approaches the prescribed static contact angle. The main difference between
the results for We = 51 and 802 is that the wet length for We = 802 de-
creases after £ V / D =~ 10 because of the inertial effect, while the wet length
for We = 51 remains constant. These calculated results for both We = 51
and 802 agree well with the experimental data; the experiments were per-
formed using a glycerin droplet with diameter D = 2.45 mm (We =51 and
Re = 27). Also, the static contact angle s [rad] on the solid surface was
a certain angle between 0.507 and 0.547. Note that there is a difference
between the experiments and the simulations: for real glycerin—air systems,
the density ratio is about 1000 at standard temperature and pressure, while
it is set to 50 in the simulations. In the present study, it is assumed that
the density ratio is less effective and the surface tension is the predominant
property, because the scale of length is so small in such flow problems. Hence,
the Weber number is the dominant parameter for these phenomena, though
detailed investigation concerning the effect of the density ratio is required
in future work. In the preliminary computations, as the mobility increases
(e.g., for Oy = 0.5Az), similar results are obtained for the wet length and

the contact line velocity for different 6y, but the calculated dynamic contact
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angle deviates from the experimental data, especially when the dynamic con-
tact angle begins to decrease at an earlier time. This is because the diffusion
flux in the interfaces is overestimated.

Figs. 6 and 7 show the time variations of d/D and h/D, respectively, for
various Weber numbers. For each Weber number, the value of d/D increases
with time and reaches a maximum value; the maximum value becomes larger
as the Weber number increases. Then, the value of d/D decreases and ap-
proaches the same constant value of d/D = 1.35 in all cases. The time
variation of h/D is different from that of d/D, and the constant value in the
equilibrium state is h/D = 0.704. Considering the Weber number indicates
the ratio of the inertia and interfacial forces, it is natural that the droplet
should become deformable along the solid surface as the Weber number in-
creases. Moreover, it is expected that the droplet reaches the equilibrium
state due to the balance between the viscous force and interfacial force under
the constant gravity. Because the capillary length [ = \/W , which is
related to the thickness of the liquid film [21], is the same value in all cases
for a fixed static contact angle and for a constant initial diameter of the
liquid droplet, it is considered that d/D and h/D approach their respective

equilibrium values, regardless of different Weber numbers.
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3.2. Droplet collision on solid surface

The collision dynamics of a falling droplet with a stationary droplet on a
solid surface, as shown in Fig. 8, is investigated. The computational domain
is L, x L, = 1500Az x 450Az. A stationary droplet with diameter D =
100Az is placed on the bottom wall under the gravity and left until it reaches
an equilibrium state. Then, another falling droplet with equal diameter
D = 100Az collides with an impact velocity V' at an initial time (¢ = 0).
The boundary conditions are the same as those in the previous problem.
The computational parameters are p;, = 50, pg = 1, ur, = 2.27 x 1072Auz,
pe = 4.08 x 107*Az, ky = 1.40(Az)?, k, = 2.61 x 107%(Ax)?, gAz =
1.07x 10719 V = 3.32 x 1073, and 6y = 0.005Az. The Weber and Reynolds
numbers are then 50 and 731, respectively. As an example, if a water droplet
with diameter D = 2.5 mm impinges on a stationary droplet with velocity
V=121 m/s in the air at 293K, the dimensionless numbers are We = 50
and Re = 3010. Fig. 9 shows the time evolution of the droplet shape and
velocity vectors for We = 50 and 5 = 7/2. Note that only the lower half
of the whole domain (0 <y < L,/2) is shown in Fig. 9 and in the following
Figs. 10-14. It can be seen that rims form after impact and circular flows

appear around the rims. At t* = 5.98 x 107!, where the dimensionless time
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t* is defined by tV/D, the maximum velocity is 4.12x 1072 in the rims, which
is comparable to the impact velocity. Then, the coalescent droplet spreads
along the solid surface as the rims grow, and the circular flows move with
the rims. Moreover, the droplet breaks up near the contact line at t* = 2.59.
In order to investigate the mixing process of the droplets during collision,
about 1800 black and 1800 gray tracer particles are initially embedded in
the stationary and the falling droplets, respectively, and their locations are
calculated by the fourth-order Runge-Kutta method. The locations of these
particles are calculated every 200th time-step. Note that the particles going
out of the droplets due to numerical errors are omitted in the calculations.
Fig. 10 shows the calculated results of the time evolution of these tracer
particles. It is seen that at t* = 5.98 x 10~!, both black and gray particles
occupy the rims, and then only the black particles occupy the tip of each rim
at t* = 1.26. After that, the coalescent droplet spreads with little mixing
until t* = 1.93, but mixing is enhanced near the contact line while the rims
settle down for ¢* > 1.93. In addition, the detached droplets almost entirely
consist of the stationary droplet at t* = 2.59.

Next, in order to investigate the effect of the wettability on the solid

surface, the droplet collisions on the hydrophilic wall (fs = 7/3) and on
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the hydrophobic wall (fs = 27/3) are simulated for We = 50. Figs. 11
and 12 show the time evolutions of the tracer particles for 65 = 7/3 and
27/3, respectively. From Fig. 11, it is seen that at ¢* = 2.01, the rims are
elongated upward like a crown, which is a characteristic shape observed when
a droplet impacts into a liquid film [22]. For ¢* > 3.00, the mixing of the
droplets is accelerated by the falling rims, which cause the coalescent droplet
to expand in the horizontal direction. Moreover, no splash is observed around
the contact line in this case because of the hydrophilicity on the wall. On
the other hand, in the case of the hydrophobic wall (Fig. 12), the rims are
elongated laterally at t* = 1.00 owing to the rounded shape of the stationary
droplet in the initial equilibrium state. Also, splashes do occur around the
contact line of both the sides at t* = 4.00. Here, the mixing rate is defined
by the percentage of the number of the gray particles in the total number
of particles in the target droplet. The mixing rate of the detached droplets
obtained in this case is 37.0%. Also, the size of the detached droplets is larger
than that for We = 50. After splashing, the spreading droplet contracts
toward the center while the mixing still continues near the contact line. From
these results, it is found that the collision characteristics are quite different

according to wettability on the solid surface.
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Finally, simulations are carried out for 10 < We < 100 with fixed s =
7/2. The computational parameters are the same as those for We = 50 and
Os = /2, except for the value of the impact velocity V. Figs. 13 and 14 show
the time evolution of the tracer particles for We = 10 and 100, respectively.
From Fig. 13, it can be seen that at t* = 8.20x 107!, the rims are thicker than
those for We = 50, and the coalescent droplet spreads without splashing in
this case. For We = 100, on the other hand, the thickness of the rim is much
smaller than that for We = 50. At t* = 3.85, the coalescent droplet breaks
up and the detached droplets consist of only the stationary droplet. After
that, the coalescent droplet, called the primary droplet, breaks up again at
t* = 7.52. At this time, the detached droplets consist of the falling droplet
exclusively. From Figs. 10, 13, and 14, it is seen that mixing occurs around
the rim due to the circular flows. It is also found that the coalescent droplet
breaks into smaller droplets for We = 50 and 100, while such a breakup
does not occur for We = 10. Furthermore, the mixing rate of the primary
droplet is quantitatively investigated. The relationship between the mixing
rate of the primary droplet and Weber number is shown in Fig. 15. From
this figure, it is found that the mixing rate increases for We < 40 and keeps

almost constant for 40 < We < 100; in other words, the stationary and
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falling droplets splash at an almost constant ratio for 40 < We < 100.

4. Concluding remarks

We have applied the lattice Boltzmann method for two-phase fluids with
large density differences, in which the wetting boundary condition was in-
corporated, to simulations of the dynamic behavior of a droplet on a solid
surface. For a droplet impinging on a horizontal surface, the numerical results
for a small mobility (fyy = 0.005Az) agree with the available experimental
data. For the collision of a falling droplet with a stationary droplet on a
solid surface, mixing occurs around the rims due to the circular flows. With
regard to the effect of wettability, collision characteristics are quite differ-
ent in the hydrophilic and hydrophobic cases. As the static contact angle
becomes larger, the direction in which the rims are elongated leans toward
the horizontal direction and the size of the splashing droplet increases. In
addition, with regard to the effect of Weber number, the coalescent droplet
breaks into smaller droplets for We = 50 and 100, whereas the breakup of
the coalescent droplet does not occur for We = 10. Also, the mixing rate
of the primary droplet increases for We < 40 and keeps almost constant for

40 < We < 100.
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Finally, three-dimensional simulations are required in order to investi-
gate other impact parameters (e.g., the position of the impact point and the
impact angle). We are currently trying to perform three-dimensional simu-
lations of droplet behavior on a solid surface. In addition, the simulation for
higher density ratios is of importance in future work.
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FIGURES

Figure 1. Computational domain of a droplet impinging on horizontal sur-

face.

Figure 2. Relationship between dynamic contact angle fp and capillary num-
ber C'a for We = 51. The solid line indicates the theoretical prediction by

Jiang et al. [20].

Figure 3. A droplet attached to horizontal surface: 6p, dynamic contact
angle; U, contact line velocity; d, wet length; h, height of droplet on the

centerline.

Figure 4. Time variations of dynamic contact angle, fp, contact line velocity,
U, and wet length, d/D, for We = 51; (a) present results with 6y = 0.005Ax;

(b) experimental results by Sikalo et al. [2].

Figure 5. Time variations of dynamic contact angle, fp, contact line ve-
locity, U, and wet length, d/D, for We = 802; (a) present results with

6v = 0.005Az; (b) experimental results by Sikalo et al. [2].

Figure 6. Time variation of d/D for various Weber numbers.

Figure 7. Time variation of h/D for various Weber numbers.
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Figure 8. Computational domain of collision of droplets on solid surface.

The stationary droplet on the surface is in equilibrium.

Figure 9. Time evolution of droplet shape and velocity vectors for We = 50
and s = 7/2 (t* = tV/D). The lower half of the whole domain (0 < y <

L,/2) is shown.

Figure 10. Time evolution of tracer particles for We = 50 and 65 = 7/2

(t* =tV/D). The lower half of the whole domain (0 <y < L, /2) is shown.

Figure 11. Time evolution of tracer particles for We = 50 and 05 = 7/3

(t* =tV/D). The lower half of the whole domain (0 <y < L,/2) is shown.

Figure 12. Time evolution of tracer particles for We = 50 and 65 = 27/3

(t* =tV/D). The lower half of the whole domain (0 <y < L,/2) is shown.

Figure 13. Time evolution of tracer particles for We = 10 and 65 = 7/2

(t* =tV/D). The lower half of the whole domain (0 <y < L,/2) is shown.

Figure 14. Time evolution of tracer particles for We = 100 and 65 = 7/2

(t* =tV/D). The lower half of the whole domain (0 <y < L, /2) is shown.

Figure 15. Mixing rate of primary droplet versus Weber number.
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Figure 1: Computational domain of a droplet impinging on horizontal surface.
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Figure 2: Relationship between dynamic contact angle 8p and capillary number Ca for
We = 51. The solid line indicates the theoretical prediction by Jiang et al. [20].
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Figure 3: A droplet attached to horizontal surface: fp, dynamic contact angle; U, contact
line velocity; d, wet length; h, height of droplet on the centerline.
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Figure 4: Time variations of dynamic contact angle, fp, contact line velocity, U, and wet
length, d/D, for We = 51; (a) present results with 8y = 0.005Ax; (b) experimental results

by Sikalo et al. [2].
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Figure 5: Time variations of dynamic contact angle, 6p, contact line velocity, U, and wet
length, d/D, for We = 802; (a) present results with 8y = 0.005Az; (b) experimental
results by Sikalo et al. [2].
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Figure 6: Time variation of d/D for various Weber numbers.
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Figure 7: Time variation of h/D for various Weber numbers.
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Figure 8: Computational domain of collision of droplets on solid surface. The stationary
droplet on the surface is in equilibrium.
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Figure 9: Time evolution of droplet shape and velocity vectors for We = 50 and s = 7/2
(t* =tV/D). The lower half of the whole domain (0 <y < L, /2) is shown.
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Figure 10: Time evolution of tracer particles for We = 50 and 0s = «/2 (¢t* = tV/D).
The lower half of the whole domain (0 < y < L, /2) is shown.
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Figure 11: Time evolution of tracer particles for We = 50 and 0s = «/3 (¢t* = tV/D).
The lower half of the whole domain (0 <y < L,/2) is shown.
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Figure 12: Time evolution of tracer particles for We = 50 and 0g = 27/3 (t* = tV/D).
The lower half of the whole domain (0 <y < L, /2) is shown.
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Figure 13: Time evolution of tracer particles for We = 10 and 0s = «/2 (¢t* = tV/D).
The lower half of the whole domain (0 <y < L,/2) is shown.
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Figure 14: Time evolution of tracer particles for We = 100 and 0s = 7/2 (t* = tV/D).
The lower half of the whole domain (0 <y < L,/2) is shown.
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Figure 15: Mixing rate of primary droplet versus Weber number.
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