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Droplet positive collision is a complex process involving heat transfer in gas-lig-
uid-solid three-phase flow and droplet collide dynamics. In order to study the ki-
netic behavior of droplets under positive collision in low velocity (v < 2 m/s), this
paper focuses on the spreading, vibration, and fracture characteristics of double
droplets by numerical simulation. First, the accuracy of the model is verified by
experimental comparison. The effects of droplet diameters, collision velocities and
wall contact angles on the spreading process are analyzed, and the spreading fac-
tor curves are plotted. Then, the droplet rebound vibration after collision fusion is
equated to a single-degree-of-freedom damped vibration system, and the peak vi-
bration height variation curve of the fused droplet is obtained by non-linear fitting.
Considering the droplet phase change, the influence law of different conditions
on the vibration damping factor and vibration time of the fused droplet is studied.
Finally, it is found that rebound fracture and spreading fracture occur after the
fusion of double droplets under positive collision, and the critical values of collide
velocity required for the occurrence of the aforementioned phenomenon are found.
To provide a reliable theoretical basis for the study of heat and mass transfer pro-
cesses after multiple droplets collide the wall.

Key words: double droplets positive collide, decay vibration, kinetic properties,
damping coefficients, vibration time, fracture

Introduction

The positive collision phenomenon of double droplets is widely found in aerospace,
industrial and agricultural applications [1]. For example, the collide phenomenon of fuel drop-
lets on the combustion chamber walls, wing icing phenomenon, 3-D printing, inkjet printing,
spray cooling, spraying, pesticide spraying, etc. Droplet spreading, vibration, and fracture ki-
netic behaviors are formed after positive collision of double droplets [2-7], which can compli-
cate the droplet icing mechanism on the cold wall surface if the wall temperature is too low.
Therefore, it is of great interest to investigate the mechanism of the kinetic characteristics of
double droplets under positive collision.

In recent years, the kinetic properties of single and double droplets have been in-
tensively studied by many scholars. Fujimoto et al. [8, 9] conducted an experimental study
of double droplets continuously colliding a solid wall and investigated the effects of the size,
spacing, collide velocity, wall temperature, and wall contact angle of the double droplets on the
spreading process. Yuvaraj et al. [10] found experimentally that the smaller the wall contact an-
gle, the larger the contact area of the droplets, which increases the heat transfer coefficient and
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condensation rate. Lin ez al. [11] found that a single droplet striking a hydrophilic wall would
have a longer motion wave resulting in more energy dissipation during the oscillation. Mang-
lik et al. [12] and Ravi et al. [13] equated the vibration of a single droplet to a spring-damped
system, used a triangular fitting function describe the droplet height variation, gave the damped
vibration equation, and verified the droplet oscillation period theory of Fedorchenkod [14].
Sharp et al. [15] used surface wave theory and optimized the Sharp and Landau droplet model
to obtain a model of the vibration of droplet lagging behind at low velocity simultaneously.

In this paper, firstly, the experimental platform is built to conduct double droplets
positive collide experiments, and the accuracy of the model is verified by comparing with the
simulation results. Then, the effects of different droplet diameters, collide velocities and wall
contact angles on the spreading process of double droplets positive collision are investigated,
and the spreading factor curves are plotted. Next, the peak variation curve of droplet vibration
height after fusion is obtained by non-linear fitting, and the influence law of different collide
velocity, wall temperature and wall contact angle on vibration damping factor and vibration
time is studied. Finally, rebound fracture and spreading fracture phenomena may occur after
the positive collision fusion of double droplets. The reasons for the occurrence of both fracture
phenomena are analyzed, and the critical collide velocity curves required for the occurrence of
fracture phenomena are plotted.

Model and method

Figure 1 shows a schematic diagram of
a double droplets low velocity positive colli-

a0 sion. As shown in the figure, Droplet 2 collides
Droplet 2 ' o

Pressure boundary

Droplet 1 of the same volume and physical

Fused droplet 5 ) .
properties with velocity, v, and forms a new

Droplet 1,/7g ™\ Bendiodeler, droplet with Droplet 1. A constant temperature
Wall no-slip wall boundary is used for the bottom

Figure 1. Schematic diagram of double droplets Wall’ and the pressure boundary condition 1is
with low velocity positive collision used for the rest of walls

Mass and momentum transfer

The model is mainly selected for numerical simulation of laminar two-phase flow and
horizontal set of multi-physics fields suitable for droplet motion. Since air is forced to flow by
droplet motion in the model, the changes of velocity, pressure and temperature are small, and
the density can still be viewed as a constant. Therefore, the N-S equations for incompressible
fluids are chosen to model the mass and momentum transfer in air-liquid two-phase fluids.

The N-S equation:

,0(%+uVuj—V[lu(Vu+VuT)]+Vp:FSt (1)

The continuity equation:
Vu=0 2)
where p is the density, u — the kinetic viscosity, u — the velocity, p — the pressure, and F,— the
surface tension.
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Solidification-melting model

In considering the droplet phase change, an enthalpy-porosity phase change model is
used to simulate the solidification-melting phase change process inside the droplet [16, 17], and
the energy equation for the computational solution:

(i) +V(pri) = V(HVT) 3)

where p is the density, H — the enthalpy, v — the collide velocity, and & — the thermal diffusion
coefficients. After considering the phase change, the enthalpy in the energy equation is the sum
of sensible heat and latent heat, # = ¢,T+ AH. Where the latent heat part is related to the latent
heat of solidification/melt phase change of water:

AH =L fy (4)

where ¢, is the specific heat capacity and L, — the latent heat. The enthalpy-porosity phase
change model treats the ice-water mixing region as a porous structure, and the porosity is the
volume fraction, y, of the liquid phase, which takes the value interval [0, 1] and is related to the
temperature:

1 T>T,

iquid
T —Tiq
V= ﬁ Tiiia =T < Tyquia (5
liquid ~ *solid
0 T <Tyiq

where 7 is the temperature, 7,4 — the freezing temperature, and 74,4 — the melting temperature.

Calculation method

The numerical model is calculated using a 2-D model, which can more clearly capture
the movement changes of the gas-liquid free interface and reduce computational complexity.
For meshing, a grid of approximately 78000 square triangles is used to mesh a 2-D area of
20 mm x 20 mm. The computational work gases are set to air and water, and the set droplet
physical properties, see tab. 1, as well as parameters such as collide velocity, v, wall tempera-
ture, T, and contact angle, 0, are set. The pressure and velocity fields are calculated using the
PARDISO solver, and the temperature field is calculated using the MUMPS solver. Then the
cloud map of liquid phase volume fraction distribution is established to visualize and monitor
the impact process. Finally, the convergence calculation is carried out when the residual is less
than 10°°.

Table 1. Physical properties of liquid droplet

Viscosity, u 0.001 kg/ms
Density, p 1000 kg/m?
Surface tension coefficients, o 0.0728 N/m
Specific heat, ¢, 4182 J/kgK
Thermal conductivity, 0.6 W/mK
Melting latent heat, L, 333000 J/kg
Droplet temperature, T\ 10 °C
Phase change temperature, 7. 0°C
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Validation of the numerical model

In order to verify the accuracy of the model, the experimental system is constructed.
As shown in fig. 2, it mainly consists of a droplet generation system, an experimental platform,
a high precision image acquisition system, a data acquisition system and a low temperature
cooling circulatory system.

The droplet generation system is mainly composed of a micro-fluidic syringe pump,
a piezoelectric actuator composed of multilayer piezoelectric sheets and a nozzle. By adjust-
ing the voltage and the displacement of the piezoelectric sheet, the force of the droplet can be
changed to obtain droplets with different velocities, and the size of the nozzle can be changed
to obtain droplets with different diameters. The experimental platform consists of a copper
wall surface, a constant temperature environmental chamber and a thermoelectric cooling sys-
tem. The image acquisition system consists of two high precision high velocity cameras and a
calculator. The data acquisition system consists of a data collector for reading data, a surface
measuring instrument for observing the wall contact angle, and a temperature thermocouple
for measuring the wall temperature. The dynamic process of droplet collision is recorded by
the high velocity video camera (the shooting speed is 1200 fps, and the image resolution is
1024 x 768 pixels), and the captured images are processed by the software to obtain the droplet
height at different moments. The low temperature cooling circulatory system consists of a low
temperature constant temperature cooling circulating water tank and circulating water pipes,
whose main function is to be responsible for the heat exchange on the wall surface.

Microfluidic syringe

Droplet generation Calculator ‘ :w‘
pump ¢

system

Piezoelectric actuator
High-speed camera Image acquisition system

Light diffuser

Nozzle
: ;/ Constant temperature

—

Data collector
. Surface measuring

High-speed camera Q instrument
m v Data acquisition system

environment chamber

—{
Thermoelectric cooling Thermocouple
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| ®
—
Experimental platform Low -temperature constant

temperature cooling
H circulating water tank

Figure 2. Schematic diagram of the experimental system

Figure 3 shows the comparison of the dynamic process of double droplets posi-
tive collision under experimental observation and numerical simulation method (4, = 4 mm,
0=70°v=0.2m/s, T,,= 5 °C). From the figure, it can be seen that the droplet motion patterns
of experimental observation and numerical simulation are consistent for the same time.
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Figure 3. Comparison of the dynamic process of double droplets
positive collision between experimental observation and numerical simulation

Figure 4 shows the quantitative compar- 6
ison curves of the real vibration height of the ,
fused droplet from experimental observation £ 5| Tg:;;:"r:::\:?:;:?vzt.on
and numerical simulation. As shown in the fig- 2
ure, the droplets height with time changes con- é 4
sistently, and the errors of vibration time and &
peak value are 10.6% and 5.36%, respectively, § ;
which verifies the reliability of the numerical
model. )
Calculation results and analysis
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Figure 5 shows the phase diagram of the
dynamic process of spreading of the same vol-  Figure 4. Comparison curves of real
ume of double droplets positive collision under  vibration height of droplets
different conditions. As shown in fig. 5(a), the
moment when Droplet 2 touches Droplet 1, fig. 5(a)i, which is the beginning of the collision
process and the fusion process. During the collide process, fig, S5(a)ii-5(a)vi, the bottom of
Droplet 2 gradually squeezes the top of Droplet 1, causing the top waters of Droplet 1 to stretch
to the sides and gradually fall down. This state continues until the end of the collide process,
fig. 5(a)vii. At the end of the collide process, Droplets 1 and 2 are completely fused into a new
droplet and the fused new droplet reaches the maximum spreading. In fig. 5(a) compared to
fig. 5(b), Droplet 2 has a larger diameter, consumes more time to reach the maximum spreading
of the fused droplet, and has a larger spreading area. Figure 5(a) compared with fig. 5(c), Drop-
let 2 has a larger collide velocity, and the fused droplet consumes less time to reach maximum
spreading and has a larger spreading area. Figure 5(a) compared with fig. 5(d), the wall contact
angle is larger, the fused droplet consumes less time to reach the maximum spreading, and the
spreading area is smaller.

To investigate the extent to which the double droplets spreads on the wall, the spread-
ing factor, K, is introduced here, K = D,,,/d,. Figure 6(a) shows the comparison curves of
spreading factors corresponding to Droplet 2 diameters under different wall contact angle con-
ditions (7, = 5 °C, v = 0.1 m/s). It can be seen from the figure that the spreading factors of
fused droplet gradually increases with the increase of Droplet 2 diameter. This is due to the
fact that the larger the Droplet 2 diameter is, the greater the inertial force it has when falling
under the condition of uniform collide velocity. The lateral force that is transformed into the
squeezing Droplet 1 and the force of its own spreading during the collide process is also greater,
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Figure 5. The evolution of double droplets positive collision spreading at
various time points; (a) d, = 0.2 mm, #=90°,v=0.3 m/s, T,, =5 °C,
(b)d,=0.1 mm, #=90°v=03m/s, T,,=5°C, (¢) d,=0.2 mm, § =90 °,
v=0.1m/s, T,=5°C,and (d) 4,=0.2 mm, #=70°v=0.3 m/s, T, =5 °C
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Figure 6. Comparison curves at different wall contact angles;
(a) variation of spreading factors vs. 4, and (b) variation of spreading factors vs. v

promoting the spreading of the fused droplet. In addition, by increasing the wall contact angle,
the spreading factor also increases. This is due to the fact that on a wall with a smaller contact
angle, the better the wall wettability, the larger the spreading area presented by Droplet 1, which
makes Droplet 2 suffer more viscous resistance from Droplet 1 in the lateral spreading process
and the spreading degree is reduced.
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Figure 6(b) shows the comparison curves of spreading factors corresponding to the
collide velocity under different wall contact angle conditions (¢, =4 mm, 7,,= 0 °C). It can be
seen from the figure that the spreading factors of fused droplet gradually increases as the col-
lide velocity of Droplet 2 increases. This is due to the fact that under the condition of uniform
Droplet 2 diameter, the larger the collide velocity is, the larger the inertial force is, which will
promote the spreading of the fused droplet. Under the condition of increasing collide velocity,
the values of spreading factor are very close in the range of 70°~100° of contact angle, and there
is no change pattern of spreading factor. However, the spreading factor gradually increases with
the increase of contact angle in the range of 100°~120°. The larger the contact angle is, the
larger the velocity required for the fused droplet to break.

Research of vibration characteristics

Figure 7 shows the phase diagram of the vibration processes of the fused droplet with
different wall temperatures (d,= 2 mm, v= 0.2 m/s, § = 90°, T,,= 20 °C and 0 °C). As shown
in fig. 7(a), after the fused droplet reaches the maximum spreading, it is squeezed by the surface
tension on both sides and the heat transfer from the bottom wall, the bottom of the droplet freez-
es and the top of the droplet protrudes upward, and the bullet head shape drives the reciprocal
rebound vibration on both sides. Until the kinetic energy introduced by Droplet 2 is dissipated
through viscosity and comes to rest at the wall. In fig. 7(a), compared with fig. 7(b), the wall
temperature is lower, the amount of ice at the bottom of the fused droplet are higher, and the
time consumed for the droplet to come to rest is shorter.
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Figure 7. The vibrational processes of fused droplets at different
wall temperatures; (a) 7, =-20 °C and (b) 7,,=0 °C
To further describe the vibration process, a theoretical model of a single-degree-of-free-
dom damped vibration system is used to analyze the droplet vibration behavior, and the droplet
center height variation can be expressed by the damped vibration equation:

mé;o"'cé;o"'kgo =0 (6)
where (' and {j are the first and second order derivatives of the true height {, of the droplet,

respectively, and the damping coefficients ¢ = 2me. The general solution is obtained by calcu-
lating the second order linear chi-square differential equation:

Co=Ge t [ACOS(WI) + BSin(Wt)] et -
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$o=Cq+Ce™ 8)
where (,, is the droplet rest height, C, and ¢, are the fitting coefficients, w — the angular frequen-
cy, A4 and B are the two coefficients determined by the initial conditions, and ¢ — the vibration
time.

In order to more accurately express the numerical variation of the droplet’s vibration
height, a dimensionless parameter is defined here — the ratio of the droplet’s vibration height ¢,
the droplet’s true height {j to its resting height (.. Substituted into eq. (8):

&=1+Ce™ 9
where C and ¢ are the fitting coefficients and # [ms] is the vibration time (all the vibrations of
a single cycle of the droplet are in milliseconds, so milliseconds are used for the calculation).

During the rebound vibration of fused droplet, the top region is subjected to heat
transfer from the bottom while at the same time heat exchange with the adjacent waters, which
can reduce the heat transfer efficiency. If the vibration damping coefficient of the droplet is
small, the greater the amplitude and vibration duration during the vibration. The heat exchange
time and heat exchange between the top of the droplet and the adjacent waters will increase,
which reduces the heat transfer efficiency and prolongs the time of complete phase change of
the droplet.

Figure 8 shows the variation curves and fitted the curves of the vibration height of the
fused droplet at different collide velocities (d,=4 mm, T,,= 15 °C, § = 80°). As can be seen from
the figure, increasing the collide velocity, the amplitude and vibration time of the fused droplet
gradually increase. This is due to the fact that the larger the velocity of Droplet 2 is, the more
kinetic energy is introduced into the impingement system to promote droplet spreading under
the same droplet diameter and dynamic viscosity. With more energy into the rebound vibration,
making the amplitude larger and the vibration time longer.
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Figure 8. Curves and fitted the curves of fused droplet vibration height variation

Figures 9(a) and 9(b) shows the comparison curves of the vibration damping coeffi-
cients and vibration time of fused droplet with the change of collide velocity under different
wall contact angles. It can be seen that the vibration damping coefficients gradually decreases
and the vibration time of droplets gradually increases with the increase of collide velocity and
wall contact angle.

Figure 10 shows the variation curves and fitted the curves of the vibration height of
the fused droplet at different wall temperatures (v=0.2 m/s, = 90°, d,=4 mm). As can be seen
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Figure 9. Comparison curves of fused droplet at different wall contact angles;
(a) variation of damping coefficients vs. v and (b) variation of vibration time vs. v
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Figure 10. Curves and fitted the curves of fused droplet vibration height variation

from the figure, the droplets vibration time gradually decreases as the wall temperature decreas-
es, but the maximum amplitude is very close. This is due to the low wall temperature, which
causes the viscosity coefficients of the droplets to increase. If the wall temperature reaches the
temperature that drives the phase change at the bottom of the droplets, the droplets undergo a
phase change that will inhibit the fluid-flow.

Figures 11(a) and 11(b) show the comparison curves of the damping coefficients of
fused droplet vibration with the change of wall temperature at different contact angles. From
the figures, it can be seen that the vibration damping coefficients gradually decreases and the
vibration time gradually increases with the increase of the wall temperature and contact angle.

Research of rebound fracture characteristics

Figure 12 shows the rebound fracture pressure of the double droplets after positive
collision at different time points (¢, =4 mm, 8 = 90°, T,,= 15 °C, and v = 0.45 m/s). As shown
in the figure, the convex Droplet 2 bottom and Droplet 1 top start to spread to both sides after
positive collision, figs. 12i-12ii. The pressure at the bottom of Droplet 2 and the top of Drop-
let 1 is maximum on both sides, and this state continues until the fused droplet reaches the
moment of maximum spreading, fig. 12iii. Then the fused droplet is subjected to the counter-
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Figure 11. Comparison curves of fused droplet at different contact angles;
(a) variation of damping coefficients vs. 7, and (b) variation of vibration time vs. T,
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Figure 12. Rebound fracture pressure of the double droplets under positive
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Figure 13. Comparison curves of critical
collide velocity for rebound fracture

action of surface tension and starts to enter the
rebound vibration period, fig. 12iv. During the
rebound period, the waters on both sides and the
maximum pressure gradually converge toward
the center, figs. 12v-12vi. The waters on both
sides continuously stretch the central waters,
making the central waters gradually lower and
the waters on both sides gradually higher. If the
collide velocity of Droplet 2 increases, the iner-
tial force when falling will increase, making the
fused droplet spread more and spread at a lower
height, and the pull of rebound occurs on both
sides by surface tension. In the rebound period,
if the height of the central water of the fused
droplet is lower as well as the pull force of the
rebound of the water on both sides is greater, it
is more likely to lead to the rebound fracture of
the central water, fig. 12vii.

Figure 13 shows the critical collide velocity comparison curves for rebound fracture at
different wall contact angles. It can be seen that the critical collide velocity required for rebound
fracture of fused droplet decreases as the Droplet 2 diameter increases. This is due to the fact
that the larger the diameter (inertial force) of Droplet 2, the greater the pulling force on both
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sides of the rebound, making the central waters gradually become lower and more prone to re-
bound fracture. As the wall contact angle decreases, the critical collide velocity required for the
fused droplet to rebound and fracture also decreases. This is due to the fact that the larger the
wall contact angle, the less wetting of the wall surface. The height of the fused droplet spread-
ing on the wall to the maximum moment is higher, and the central water height of the fused
droplet at rebound is higher and less prone to fracture. Therefore, a greater collide velocity is
required for rebound fracture to occur.

Research of spreading fracture characteristics

Figure 14 shows the spreading fracture pressure of the double droplets after positive
collision at different moments (d, = 4 mm, € = 90°, T, = 15 °C, v = 0.8 m/s). As shown in the
figure, based on the occurrence of rebound fracture, continuing to increase the collide velocity
will accelerate the collide process of Droplet 2, figs. 14i-14v, and fuse to produce the spreading
fracture phenomenon. This is due to the increase in the collide velocity (inertial force) of Droplet
2, which will increase the lateral force of squeezing Droplet 1 and the pulling force of spreading
itself to both sides. During the spreading period, the fused droplet is continuously subjected to
excessive tension on both sides, resulting in spreading fracture of the fused droplet, fig. 14vi.
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Figure 14. Spreading fracture pressure of the double droplets under
positive collision at different time points
Figure 15 shows the critical collide ve-
locity comparison curves for spreading fracture 12+ I

at different wall contact angles. It can be seen
that the critical collide velocity required for
spreading fracture of the fused droplet decreas-
es as the Droplet 2 diameter increases. This is
because the larger the diameter of Droplet 2
(inertial force), the greater the lateral force of
squeezing Droplet 1 and its own spreading ten-
sion both sides during the collide process, the
easier it is to tear the central waters and occur
the spreading fracture phenomenon. As the wall
contact angle decreases, the critical collide ve-
locity required for the fused droplet to spread
and fracture also decreases. This is due to the
fact that the larger the wall contact angle, the
less wetting of the wall surface. The fused drop-
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Figure 15. Comparison curves of critical
collide velocity for spreading fracture
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let spread less on the wall, have a higher spread height and are less likely to tear the central wa-
ters. Therefore, a greater collide velocity (lateral force) is required to stretch the central waters
to both sides in order for the spreading fracture to occur.

Conclusions

In this paper, the kinetic properties of double droplets under positive collision in low
velocity were studied by numerical simulation compared with the results of the experiment. The
main conclusions obtained are as follows.
¢ In the spreading process, the spreading factor of fused droplet gradually increases with the

increase of droplet diameter, collide velocity and contact angle of the wall. However, the
spreading factor gradually increases with the increase of contact angle when the contact an-
gle is in the range of 100°~120° under the condition of increasing velocity. In contrast, the
spreading factors at different collide velocities are very similar in the contact angle range of
70°~100°, and there is no obvious pattern of change.

e In the vibration process, the theoretical model of single-degree-of-freedom damped vibra-
tion system is used to analyze the vibration behavior of the fused droplet. With the decrease
of collide velocity and wall contact angle, the vibration damping coefficients of the fused
droplet gradually increases, and the vibration time and vibration amplitude decrease.

® In the vibration process, the influence of low wall temperature will lead to an increase in the
viscosity coefficients of the droplet. If the cold wall surface drives the droplet to undergo
phase change, it will inhibit the fluid-flow, leading to an increase in the damping coefficient
and a decrease in vibration time.

® Rebound fracture and spreading fracture may occur after the fusion of double droplets under
positive collision. With the increase of droplet diameter and the decrease of wall contact
angle, the critical collide velocity required for the fracture of fused droplet gradually de-
creases.
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Nomenclature

¢ —damping coefficient Greek symbols

d, — Droplqt 2 diameter, [mm] © — wall contact angle, [°]
K — spreading factor ¢ — vibration height

T, — wall temperature, [°C]
t — vibration time, [ms]
v —collide velocity, [ms™]
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