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Partial coalescence is a complicated flow phenomenon. In the present study, the coalescence process is simulated with
the volume of fluid (VOF) method. The numerical results reveal that a downward high-velocity region plays a significant
role in partial coalescence. The high-velocity region pulls the droplet downward continuously which is an important factor
for the droplet turning into a prolate shape and the final pinch-off. The shift from partial coalescence to full coalescence is
explained based on the droplet shape before the pinch-off. With the droplet impact velocity increasing, the droplet shape
will get close to a sphere before the pinch-off. When the shape gets close enough to a sphere, the partial coalescence shifts
to full coalescence. The effect of film thickness on the coalescence process is also investigated. With large film thickness,
partial coalescence happens, while with small film thickness, full coalescence happens. In addition, the results indicate that
the critical droplet impact velocity increases with the increase of surface tension coefficient but decreases with the increase
of viscosity and initial droplet diameter. And there is a maximum critical Weber number with the increase of surface tension

coefficient and initial droplet diameter.

Keywords: droplet impact, partial coalescence, volume of fluid (VOF) method

PACS: 47.61.Jd, 47.55.df, 47.55.Ca

1. Introduction

Droplet impact is a ubiquitous phenomenon that will
be encountered in a wide range of engineering fields such
as ink-jet printing,[!! fuel injection in engines,?! spray
coating,®! and spray cooling.[*! Previous studies revealed
that different impact conditions would result in different be-

791 full coalescence,!'%!!] and partial

haviors: splashing, !
coalescence.!' "] Partial coalescence is a peculiar impact re-
sult during which the droplet does not coalesce with the under-
lying liquid completely and a daughter droplet will be pinched
off. 'l For the practical significance and complexity, partial
coalescence attracts plenty of researchers’ interests.

Partial coalescence only emerges under certain circum-
stances. Charles and Mason!!'!! proposed a criterion of 0.02 <
u* < 7-11, where u* is the viscosity ratio. Chen et al.['3]
found that there was a special droplet size range for partial co-
alescence. Analysis from Blanchette and Bigioni!'*! indicated
that there was a critical Ohnesorge number for partial coales-
cence and the critical Ohnesorge number was approximately
0.026 at a low Bond number. And the critical Ohnesorge num-
ber was affected by the density ratio and viscosity ratio. Arya-
far and Kavehpour!>! observed that there was no daughter
droplet pinched off when the Ohnesorge number was larger
than 1. Yue er al.!'®! divided the critical Ohnesorge number
Oh, into three zones in terms of the viscosity ratio y* and the
density ratio p*. For u* > 0.4, Oh. was nearly constant with

DOI: 10.1088/1674-1056/abd7dd

a value close to 2.45 x 10~2. For p*>0.5and u* < 0.4, Oh,
depended mainly on u*. For p* < 0.5 and u* < 0.4, the con-
tours of Oh. showed a ridge-like structure.

Thoroddsen and Takehara!!”! reported a power-law rela-
tionship of # ~ Dg/ 2, where ¢ is the coalescence time and Dy is
the droplet diameter. The result of Aryafar and Kavehpour!!3!
is consistent with the power-law relationship of ¢ ~ Dg/ 2,
What’s more, they addressed that the Ohnesorge number was
the most important dimensionless number in the droplet coa-
lescence. Chen et al.!'3! also proposed a scaling relationship
for the daughter droplet diameter ratio and the coalescence
time. And partial coalescence was divided into three regimes:
gravity, inertia-capillary, and viscous. Further, Chen ez al. [8]
investigated the partial coalescence with polymeric fluid. The
results revealed that polymers tended to prolong the coales-
cence time, reduce the daughter droplet diameter ratio, and
elevate the minimum drop size for partial coalescence. Gilet
et al." studied the effects of the Ohnesorge number (Oh;)
defined by the viscosity of droplet fluid and the Ohnesorge
number (Oh;) defined by the viscosity of ambient fluid on the
daughter droplet diameter ratio. It was found that the daugh-
ter droplet diameter ratio decreased with Oh, smoothly while
decreased with Oh; sharply.

To gain a better insight into partial coalescence, the mech-
Charles and
Mason!!'!! attributed partial coalescence to the Rayleigh insta-

anism was discussed by several researchers.
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bility. Blanchette and Bigioni!'* argued that it was the capil-
lary wave convergence rather than the Rayleigh instability that
led to partial coalescence. They noticed that the capillary wave
could distort the droplet and stretch it upward, which helped
the horizontal collapse exceed the vertical collapse. Ray et
al.?Y) believed that it was the competition between horizontal
and vertical momentum that determined the transition between
partial coalescence and full coalescence. When the horizontal
momentum exceeded the vertical momentum, partial coales-
cence took place. Mohamed-Kassim and Longmire[?! evi-
denced the generation of the capillary wave with PIV exper-
iments. Chen et al.!*! also observed the capillary wave, and
they found that the uplifting effect of capillary waves thinned
the liquid column in the first stage of partial coalescence and
the capillary instability led to the pinch-off in the second stage.
Gilet et al.!'! investigated the capillary wave propagation and
damping. They concluded that the convergence of capillary
waves was not the only mechanism and other viscous mecha-
nisms were also involved. Yue et al.!'% thought that there was
an energy barrier due to the increase of interface. If the kinetic
energy was large enough to overcome the energy barrier partial
coalescence would take place. Otherwise, the full coalescence
happened. Although many researchers have put forward valu-
able analyses and explanations, some unclarity still remains on
the partial coalescence mechanism. The capillary wave is just
one aspect of the mechanism.

In the present study, the coalescence process is simulated
with the volume of fluid (VOF) method. Firstly, the effects of
the droplet impact velocity on the daughter droplet diameter
ratio and coalescence time are investigated. Secondly, the im-
portance of a downward high-velocity region for the droplet
evolving into a prolate shape and the final pinch-off is dis-
cussed. And the shift from partial coalescence to full coa-
lescence is explained based on the droplet shape before the
pinch-off. Thirdly, the influence of film thickness on the coa-
lescence is investigated. Finally, the effects of surface tension
coefficient, viscosity and initial droplet diameter on the critical
droplet impact velocity are studied.

2. Computational model
2.1. Simulation system

The droplet is set as a sphere above the underlying liquid
at the initial moment. Both the droplet and underlying liquid
are water. The ambient fluid is air. The physical properties
are assumed to be constant. Since the flow during the coales-
cence is rotationally symmetric, the 2D axisymmetric model

is applied. The boundary conditions are shown in Fig. 1.

Pressure inlet

Wall

Axis of symmetry

Wall

Fig. 1. Schematic of the simulation system and boundary conditions.

2.2. Numerical method
The VOF method proposed by Hirt and Nichols??! is

adopted to track the interface. In this method, the volume frac-

tion is introduced to describe different fluids
Volume of phase ¢

% = Total volume of the cell M
If a cell is full of phase g, a; = 1; if a cell has no phase g,
o, = 0; if a cell contains interface, 0 < oty < 1.
The following volume fraction equation is solved so that
the interface can be evolved

d
o (0gpq) +V - (0yp,U) =0, (2

where p, represents the density of phase g and U represents
the velocity vector.

A single set of momentum equation is shared by all the
phases

2 (pU)+V-(pUL)

2
= —Vp+V-|u(VU+VU") - JuV-UlI
+pg+ Fos, ©)

where p represents the density of the mixture, p the pressure,
g the gravity acceleration vector, U the viscosity of the mix-
ture, VUT the transpose of VU, I the unit tensor and Fy; the
surface tension force vector. The surface tension force is com-

puted by the continuum surface force (CSF) model >3]
kVo
Fo=0r—7——" PRV , )
7(PL+PA)

where o represents the surface tension coefficient, and x rep-
resents the local interfacial curvature. The subscript L repre-
sents the liquid phase, and A represents the gas phase. The

local interfacial curvature is defined as
Vo,

=V. .
K |VO£L‘ (5)

The density and viscosity of the mixture are defined with

volume averages. Since only two phases, liquid and gas, are
involved in the present simulation, the density and viscosity of
the mixture are given by

P = oLpL + oAPA, (6)
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U= oLl + oA UA. @)

In the present study, the CFD software FLUENT is used
to conduct the simulation. The geometric reconstruction
scheme is chosen for the discretization of the VOF function.
The PISO algorithm is selected for the pressure velocity cou-
pling. The second-order upwind scheme is applied to dis-
cretize the spatial terms, while the first-order implicit method
is adopted for the discretization of the transient terms. The

PRESTO! scheme is used for the pressure interpolation.

2.3. Numerical model validation

The present numerical model is validated with the exper-
imental result from Blanchette and Bigioni.!'*! The ambient
fluid is air; the droplet and underlying liquid is ethanol with
the density of 786 kg/m?® and the viscosity of 0.00105 Pa-s;
the surface tension coefficient is 0.022 N/m; the initial droplet
diameter is 1.07 mm. Figure 2 shows the comparison between
experimental and numerical results. In the numerical simula-
tion, the daughter droplet diameter ratio, defined as the ratio
of the daughter droplet diameter to the initial droplet diameter,
is 0.59, and the coalescence time, defined as the interval be-
tween the onset of coalescence and the pinch-off, is 3.72 ms.
In the experiment of Blanchette and Bigioni,!'*! the daughter
droplet diameter ratio was 0.55 and the coalescence time was
3.98 ms. The discrepancies in the daughter droplet diameter
ratio and coalescence time are 7.2% and 6.5%, which proves
that the present numerical model is reliable.

3. Results and discussion
3.1. Daughter droplet diameter ratio and coalescence time

Firstly, three grid cases with the cell number of 76456,
109600 and 171250 are used to examine the mesh indepen-
dence. The results show that the discrepancy in the daughter
droplet diameter between the grid cases with the cell number
of 109600 and 171250 is less than 1%. Thus, the grid case
with the cell number of 109600 is adopted in the following
simulations.

The influence of droplet impact velocity on the daughter
droplet diameter ratio is investigated, and the variation trend is
shown in Fig. 3. The initial droplet diameter is 3.82 mm. With
the droplet impact velocity (Up) increasing from 0.01 m/s to
0.45 m/s, the daughter droplet diameter ratio decreases from
0.617 to 0.247 nearly linearly. When the droplet impact veloc-
ity increases to 0.455 m/s, the full coalescence happens, and
no daughter droplet is pinched off. Different droplet impact
velocities lead to different coalescence results: partial coales-
cence as shown in Fig. 4(a) and full coalescence as shown in
Fig. 4(b). And partial coalescence only takes place in a low
impact velocity range.

(d) (e) ()
Fig. 2. Comparison between the experimental result from Blanchette and
Bigioni!'¥! (top rows) and numerical result in the present study (bottom

rows). (a) 0.00 ms, (b) 0.53 ms, (¢) 1.15 ms, (d) 1.40 ms, (e) 2.62 ms,
(f) 3.57 ms.

0.7

0.6 NS
0.5 \_

0.4} '\-\

0.3

0.2

0.1 full coalescence

Daughter droplet diameter ratio

0 1 1 1 1 1 »
0 0.1 0.2 0.3 0.4 0.5

Droplet impact velocity (m/s)

Fig. 3. Daughter droplet diameter ratio vs. different droplet impact velocities.

(a) (b)

Fig. 4. Coalescence results with different droplet impact velocities. (a)
partial coalescence with Uy = 0.05 m/s, (b) full coalescence with Uy =
0.455 m/s.

The coalescence time is also a concerned parameter. Fig-
ure 5 shows the influence of the droplet impact velocity on the
coalescence time. Similar to the variation trend of the daugh-
ter droplet diameter ratio, higher droplet impact velocity will
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result in shorter coalescence time. The coalescence time de-
creases from 14.67 ms to 9.30 ms, with the droplet impact ve-
locity increasing from 0.01 m/s to 0.45 m/s. The reason is that
higher droplet impact velocity will accelerate the coalescence
process.

14 +
12 +

11k \
10

L '~

Coalescence time (ms)

~~

—

0 0.1 0.2 0.3 0.4 0.5
Droplet impact velocity (m/s)

Fig. 5. Coalescence time vs. different droplet impact velocities.

3.2. Mechanism of partial coalescence

Blanchette and Bigioni!'*! suggested that the convergence
of capillary waves was responsible for partial coalescence.
However, we find that besides the capillary wave convergence,
a downward high-velocity region at the neck also plays an im-
portant role. Figure 6 shows the pressure fields and veloc-
ity vectors at different moments during the partial coalescence
process with the droplet impact velocity of 0.05 m/s. Note that
there is a low-pressure region formed at the neck because of
the negative curvature and surface tension. The velocity near
the low-pressure region will be accelerated, and a downward
high-velocity region arises. With the coalescence evolving, the
high-velocity region expands, and the velocity magnitude in-
creases, as shown in Fig. 6. The high-velocity region will pull
the droplet downward. And the capillary wave convergence
can draw the droplet upward.['*] As a result, the droplet will
change into a prolate shape. Since the high-velocity region
with downward velocity stretches the droplet continuously, the
neck becomes thinner and thinner and finally pinches off. Ac-
cording to the present simulation, both the capillary wave con-
vergence and the high-velocity region play important roles in
partial coalescence. Ray er al.!?"! concluded that partial coa-
lescence took place when the horizontal momentum exceeded
the vertical momentum. Nevertheless, it is not a necessity for
the pinch-off in the present simulation, since the vertical mo-
mentum dominates and the pinch-off still happens, as shown
in Figs. 6(g) and 6(h).

Figure 7 shows the evolution of minimal pressure in the
low-pressure region. The evolution goes through three stages:

increase stage, flat stage and decrease stage. At 1 ms, the min-

imal pressure reaches —358.7 Pa and then increases into a flat
stage at about 4 ms. The flat stage lasts for 6 ms and then de-
creases to —399.4 Pa at 13 ms. The minimal pressure remains
negative during the coalescence. The negative pressure results
from the competition between the two curvature radiuses, R;
and R», as shown in Fig. 6(c) and the negative curvature radius
R, dominates during the coalescence.

Figure 8 shows the evolution of the maximum velocity
in the high-velocity region. It can be seen that the maximum
velocity increases continuously under the influence of the low-
pressure region. The increase is mild during the increase and
the flat stages of the pressure evolution. When it comes to
the decrease stage, the velocity increases rapidly, which helps
stretching the droplet as introduced above.

Figure 9 shows the evolution of the velocity at the droplet
summit. The velocity at the droplet summit fluctuates and can
be downward with positive velocity or upward with negative
velocity. Note that the velocity changes from 0.47 m/s at 7 ms
to —0.55 m/s at 8 ms. The fluctuation range reaches 1.02 m/s.
The fluctuation is a result of the propagation of the capillary
wave. When the capillary waves converge at the summit, the
velocity can be accelerated and a crater at the top of the droplet
is created, as shown in Fig. 6(d) at 7 ms. Also, the velocity can
be decelerated by the capillary wave, and the droplet summit
is drawn upward as shown in Fig. 6(e) at 9 ms.

Furthermore, it is found that the shift from partial coales-
cence to full coalescence with the increase of droplet impact
velocity depends on the droplet shape before the pinch-off.
Figure 10 shows the droplet shapes before the pinch-off with
different droplet impact velocities. The moments are chosen
when the radiuses of the neck for each case are the same. Note
that the droplet shapes are prolate and with the droplet impact
velocity increasing it will get close to a sphere as shown in
Fig. 10. Under the effect of surface tension, the prolate shape
tends to evolve into a sphere, which is conducive to the shrink-
age of the neck. As the droplet impact velocity increases, the
shape gets closer to a sphere and the shrinking trend of the
neck is diminishing. Thus, when the droplet shape is close
enough to a sphere, the pinch-off stops to take place. The
droplet shape can be evaluated by the ratio of the long axis
length (a) to the theoretical droplet diameter (Dy) which is
corresponding to the volume of the droplet (V) as shown in
Fig. 10(a). The variation trend of the ratio (a/Dy) with the
droplet impact velocity is shown in Fig. 11. It can be seen that
when the ratio is close to 1, which means the droplet shape
is nearly a sphere the partial coalescence shifts to full coales-

cence.
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Fig. 6. Evolution of the pressure field and velocity vector with the surface tension coefficient of 0.073 N/m and the droplet impact velocity of
0.05 m/s (pressure: Pa, velocity: m/s). (a) 1 ms, (b) 3 ms, (c) 5 ms, (d) 7 ms, (e) 9 ms, (f) 11 ms, (g) 13 ms, (h) 14 ms.
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Fig. 7. Evolution of the minimal pressure in the low-pressure region Fig. 8. Evolution of the maximum velocity in the high-velocity region
with the surface tension coefficient of 0.073 N/m and the droplet impact with the surface tension coefficient of 0.073 N/m and the droplet impact
velocity of 0.05 m/s. velocity of 0.05 m/s.

054703-5



Chin. Phys. B Vol. 30, No. 5 (2021) 054703

Q

g 0}

= 04t

E |—

E o2} \/

n

5 of

o

o

< —02Ff

i

@

s —04f

3

S —o06}

o N N N N N
> 1 1 1 1 1 1

0 2 4 6 8 10 12 14

Time (ms)

Fig. 9. Evolution of the velocity at the droplet summit with the surface ten-
sion coefficient of 0.073 N/m and the droplet impact velocity of 0.05 m/s.

(a) (b) (c)

(d) (e) (f)

Fig. 10. Shape of the droplet before the pinch-off with different droplet im-
pact velocities. (a) Up = 0.05 m/s, (b) Up = 0.15 m/s, (c) Uy = 0.25 m/s, (d)
Up = 0.35 m/s, (e) U = 0.45 m/s, (f) U = 0.455 m/s.

2.0

a—H0
././. \.\

1.6

1.2} L
0.8 /
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0 0.1 0.2 0.3 0.4 0.5

Droplet impact velocity (m/s)

Fig. 11. The ratio of the long axis length to the theoretical droplet diameter
which is corresponding to the volume of the droplet.

3.3. Effect of film thickness

In this section, the effect of film thickness (fp) on the coa-
lescence is investigated. Figures 12 and 13 show the variation
trends of the coalescence time and daughter droplet diame-
ter ratio with the film thickness, respectively. It is noted that
the film thickness has a slight influence on the coalescence
time and daughter droplet diameter ratio when the film thick-
ness is greater than 2.0 mm. However, with the decrease of

the film thickness, full coalescence will happen. It can be ex-
plained with the evolution of the high-velocity region. Fig-
ure 14 shows the evolution of the maximum velocity in the
high-velocity region with Uy = 0.1 m/s. It can be seen that in
the case with the film thickness of 0.1 mm, the maximum ve-
locity increases significantly slower than that in the cases with
the film thickness of 0.5 mm, 1.0 mm, 2.0 mm and 3.0 mm.
Partial coalescence happens in the cases with the film thick-
ness of 0.5 mm, 1.0 mm, 2.0 mm and 3.0 mm, while full coa-
lescence happens in the case with the film thickness of 0.1 mm.
With the evolution of the high-velocity region, the droplet is
stretched downward, and the liquid film is pushed away. A
crater is created in the liquid film, as shown in Fig. 6(h). If the
film thickness is small, there will not be enough space for the
evolution of the high-velocity region. That is, the small film
thickness will suppress the high-velocity region. And the slow
increase of the maximum velocity will retard the stretching of
the droplet. As a result, full coalescence happens in the case
with small film thickness. The results also imply that the high-
velocity region plays a significant role in partial coalescence.

16 |-full coalescence

/g L \-\-\‘\'\’"—‘_.
= full coalescence
Q L ‘\H—‘\_.__’\.’.
g 12
3
- -A A A A —A
qg 10 full coalescence
o)
c o8t
9 —a— Uy=0.1 m/s
(;S 6 —e— Up=0.2 m/s
Al —— Up=0.3 m/s
—-05 0 05 1.0 15 20 25 3.0

Film thickness (mm)

Fig. 12. The effect of film thickness on coalescence time.
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—0.5 0 0.5 1.0 1.5 20 25 3.0

Film thickness (mm)

Fig. 13. The effect of film thickness on daughter droplet diameter ratio.

3.4. Critical droplet impact velocity

According to the investigation above, there is a critical
droplet impact velocity for partial coalescence to take place.
When the droplet impact velocity is higher than the critical
droplet impact velocity, partial coalescence will shift to full
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coalescence. In this section, the effects of surface tension co-
efficient, viscosity, and initial droplet diameter on the critical
droplet impact velocity are discussed.

Figure 15 shows the variation trend of the critical droplet
impact velocity with surface tension coefficient. The droplet
diameter is 3.82 mm and the viscosity is 0.001 Pa-s. The nu-
merical results indicate that the critical droplet impact velocity
increases with the increase of surface tension coefficient. That
is, the shift from partial coalescence to full coalescence with
a higher surface tension coefficient happens at higher droplet
impact velocity. The coalescence process is affected by multi-
factors. Low droplet impact velocity leads to partial coales-
cence, while high droplet impact velocity leads to full coales-
cence. That is, the larger inertia force inhibits partial coales-
cence. On the contrary, higher surface tension is beneficial for
the shrinkage of the neck of the droplet and will promote the
final pinch-off. With a higher surface tension coefficient, the
surface tension can dominate at a higher droplet impact veloc-
ity. As aresult, the pinch-off can take place at a higher droplet
impact velocity.
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Fig. 14. The effect of film thickness on the evolution of the maximum ve-
locity in the high-velocity region with Uy = 0.1 m/s.
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Fig. 15. The effect of surface tension coefficient on the critical droplet im-
pact velocity.

Figure 16 shows the effect of viscosity on the critical
droplet impact velocity. The droplet diameter is 3.82 mm,
and the surface tension coefficient is 0.073 N/m. Unlike the
variation trend with surface tension coefficient, the critical

droplet impact velocity decreases with the increase of viscos-
ity. The reason is that higher viscosity will inhibit the capil-
lary wave!'¥ and damp the velocity of the droplet during the
coalescence. As a result, the stretching of the droplet is re-
tarded, and it is easier for full coalescence to take place at
lower droplet impact velocity.

Figure 17 shows the effect of initial droplet diameter on
the critical droplet impact velocity. The surface tension coef-
ficient is 0.073 N/m, and the viscosity is 0.001 Pa-s. Similar
to the variation trend with viscosity, the critical droplet impact
velocity decreases with the increase of initial droplet diameter.
The reason is that with a larger droplet diameter, the inertia
force which inhibits partial coalescence is larger, while the ef-
fect of surface tension which promotes partial coalescence is
weaker. In other words, the inertia force with a larger droplet
diameter can dominate at lower droplet impact velocity.
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Fig. 16. The effect of viscosity on the critical droplet impact velocity.
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Fig. 17. The effect of initial droplet diameter on the critical droplet impact
velocity.

The critical droplet impact velocity is used to calculate
the critical Weber number (We.) defined as pLUczDo /o. U,
is the critical droplet impact velocity, and Dy is the initial
droplet diameter. Figures 18-20 show the effects of surface
tension coefficient, viscosity, and initial droplet diameter on
the critical Weber number, respectively. It can be seen that
the critical Weber number decreases with the increase of vis-
cosity monotonically. Different from the variation trend with
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viscosity, the critical Weber number increase with the increase
of surface tension coefficient and initial droplet diameter non-
monotonically. As the surface tension coefficient or the initial
droplet diameter increases, there is a maximum value for the
critical Weber number.
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Fig. 18. The effect of surface tension coefficient on the critical Weber
number.
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Fig. 19. The effect of viscosity on the critical Weber number.
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Fig. 20. The effect of initial droplet diameter on the critical Weber number.

4. Summary and conclusion

In the present study, the VOF method is adopted to sim-
ulate the partial coalescence process. The importance of a
downward high-velocity region formed near the low-pressure
region for the droplet evolving into a prolate shape and the fi-
nal pinch-off is proposed. The low-pressure region is caused

by the negative curvature and surface tension. Furthermore,
the shift from partial coalescence to full coalescence is ex-
plained based on the droplet shape before the pinch-off. The
droplet shape is evaluated by the ratio of the long axis length
of the prolate droplet to the theoretical droplet diameter which
is corresponding to the volume of the droplet. With the in-
crease of droplet impact velocity, the droplet shape will get
close to a sphere. When the droplet shape gets close enough
to a sphere, the shrinking trend of the neck is weak, and the
partial coalescence will shift to full coalescence. The effect of
film thickness is also studied. When the film thickness is large
enough, the film thickness shows a slight influence on the co-
alescence, and when the film thickness is small, the full co-
alescence rather than partial coalescence happens. Moreover,
the influences of surface tension coefficient, viscosity, and ini-
tial droplet diameter on the critical droplet impact velocity are
investigated. The results show that a higher surface tension
coefficient will cause higher critical droplet impact velocity
while higher viscosity and larger droplet diameter will lead to
lower critical droplet impact velocity. The critical droplet im-
pact velocity is used to calculate the critical Weber number.
The results indicate that there is a maximum critical Weber
number with the increase of surface tension coefficient and
initial droplet diameter.
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