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Abstract: To better understand the application of droplet impingement in industry and agriculture,
in this paper, the coupled level set and volume of fluid (CLSVOF) method is applied to study droplet
oblique impact on a dynamic liquid film. The conclusions are the following: the downstream crown
height increases and then decreases as the impact angle increases, whereas upstream crown height
and spreading length decrease significantly; moreover, the spreading length and upstream crown
height increase with the increase of film velocity, while the downstream crown height decreases
instead. The increase of gas density inhibits both upstream and downstream crowns. When the fluid
viscosity decreases or the impact velocity increases, the crown height increases significantly, which
easily leads to crown rupture or droplet splash. The increase in impact velocity leads to an increase
in spreading length; however, viscosity has almost no effect on the spreading length.

Keywords: droplet impact; CLSVOF; moving liquid film; oblique impingement
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1. Introduction

Droplet-surface interaction is widely involved in fluid dynamics, such as multi-phase
flow and interfacial flow. It plays an important role in industrial applications as well,
including paint spraying, fire extinguishing, spray cooling, and fuel injection in internal
combustion engines [1-3]. However, most of the impact processes usually involve droplets
colliding with a dry surface, and subsequently the surface will be covered by a moving fluid,
which eventually evolves into the impact of droplets on a moving liquid film. Moreover,
during the impingement, it is not always vertical, but collides with an angle; therefore,
droplet impinging obliquely on a moving liquid film is worthy of extensive attention
and investigation.

Extensive experiments and numerical simulations have shown that a normal impact
on a static liquid film is accompanied by distinct symmetrical characteristics, and the results
revealed crown splash and deposition phenomena [4-11]. When a droplet impacts at an
inclined angle, a distinct asymmetric feature can be produced [12-17]. Whereas droplet
impingement on dynamic liquid films normally, many complex interface structures can
be observed, such as bouncing, partial agglomeration, complete agglomeration, scattered
holes, base crown separation, etc. [18-20]. To further analyze the flow characteristics,
Gao and Li [21] investigated the influence of a single droplet on a flowing liquid film by
experiment and theory, a threshold value for the splash phenomenon on dynamic film was
derived. Ming and Jing [22] used a lattice Boltzmann method (LBM) for analytical studies
of droplets striking a moving wall covered with liquid film. It was found that the moving
wall played a role in enhancing or inhibiting splashing. Zhao et al. [23] found that the
spreading velocity of a droplet on a moving liquid film is half the sum of the upstream and
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downstream spreading velocities by numerical and theoretical studies. Okawa et al. [12]
experimentally studied single droplet impingement obliquely. The results revealed obvious
asymmetric features, and no satellite droplets were observed when the impact angle was
greater than 70°.

There are many studies on the effect of parameters in the droplet impact dynamic
liquid film or oblique impingement [13-16,24,25]. For example: Raman et al. studied the
effect of parameters, including droplets gap, viscosity and gas density on the crown struc-
ture and jet flow [24]. Liu et al. [13] employed a LBM to investigate the impingement on a
stationary film with horizontal velocity. It was indicated that when increasing the Weber
number (We), the crown height on the front side of the droplet was higher, but decreased
on the backside. Guo et al. [15] employed a CLSVOF method to simulate a drop obliquely
impacting upon a stationary film. Outcomes demonstrated that the radius of the rear side
of the advancing droplet decreases with an increasing impact angle, while the crown radius
of the front side increases.

On the one hand, although there are many numerical studies on crown evolution
and splash phenomena, most of these studies are for individual dynamic films or oblique
impingement. On the other hand, the physical parameters considered in studies on oblique
impacts are not particularly adequate. Therefore, in this paper, the CLSVOF method is
used to study the single droplet oblique impact on a dynamic liquid film. It also focuses
on the effects of tilted impact dynamic liquid film on the crown structure and spreading
length under various influencing parameters (impact angle and velocity, liquid film flow
rate, gas-liquid density ratio and fluid viscosity), and analyzes the related mechanism.

The structure of our work is organized as follows. In Section 1, the physical model
and the numerical method are introduced. In Section 3, three cases are implemented to
verify the reliability of the model. The factors including impact angle, film speed, density
ratio, fluid viscosity and impact velocity are discussed in Section 4 during the impingement.
The summary and conclusions are given in the last section of this paper.

Physical Model

Figure 1 shows a sketch, in which a single droplet collides with a dynamic liquid
film at a certain angle, where the circular droplet diameter is Dy, 6 is the impact angle,
g indicates acceleration of gravity; and Uy and Hy are the liquid film velocity and film
thickness, respectively. We consider a two-dimensional physical model, given that the
upper boundary condition is the pressure outlet, the lower boundary condition is the
no-slip boundary condition, and the left and right sides are the velocity inlet and pressure
outlet boundary conditions, respectively. The static contact angle of the wall is set as 30°.

— U

Figure 1. Schematic diagram of single droplet impacting a dynamic liquid film at a certain angle.

2. Physical Model and Mathematical Model

To further simplify the physical model, there are three assumptions that need to be
considered. (I) Droplet and film have the same physical properties and both are incom-
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pressible Newtonian fluids. (II) At the initial moment, droplet is tangential to the film. (III)
The impact process is considered a laminar flow.

Mathematical Model

To obtain the two-phase interface, a typical VOF model has been put forward by Hirt
and Nichols [26], and the volume fraction function & can be written as:

on

R — . = . 1
% T V- (Ux)=0 (1)
U and t are the velocity and time, respectively. The &« means the ratio of the volume of

liquid in a mesh to the volume of the grid, and can be divided into the following three cases:

0 (gas),
x=<¢0<a<1 (interface), 2)
1 (liquid).

Compared with Equation (1), another equivalent equation about « is widely adopted,
that is [27]:
ox

2 TV (U) + V- (Ura(1 — ) = 0. ©)

The extra third term is an artificial compression term introduced to sharpen the
interface. U, is the gas-liquid relative velocity, compressing the interface to improve its
resolution. Moreover, U, is expressed as follows [27,28]:

Va

ur = mln(ctx|u|rmax(|u|)) |VDC| :

4
U, is controlled by the C,, which limits the artificial compression velocity. If there
is no compression, then C, = 0, whilst if C, = 1, there is conservative compression, and
when C, > 1, it means there is high compression.
To capture the two-phase interface, the LS method was proposed by Osher and
Sethian [29], and the function ¢ is expressed as:

dp _
S HU-Vp=o. ®)

The LS field ¢ is derived from « via ¢ = (2a —1)I', where I' = 0.75Ax is a small
non-dimensional number [27], and Ax is the cell size. In addition, the density and dynamic
viscosity can be obtained by the smooth Heaviside function H(¢):

0(¢) = pg + (01 — pg) H(#),

1) = g + (1 — g H(9), ©

where the subscripts [ and g are liquid and gas, respectively. The H(¢) is expressed as:

0, ¢ >
H(p) = { 4[1+ %+ 2sin(T2)], ol <e )
1, P < —e.

The governing equations for the gas-liquid incompressible flow are expressed below.
V-u=0o, ®)

agitquv.(pu.u):_Verv-(y[vu+vuTD+pg+FS, )
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Fs = ox()3(¢) V¢, (10)

where ¢ and « are the surface tension coefficient and curvature, respectively. The ¢ is a
constant of 0.0728 N /m, and « is defined as below.

k=V-n. (11)

n means the normal vector, and the J(¢) defines:

0, 9 > ¢,
5(p) = {218(1+COS(7I£(P))’ 6 <& (12)

where ¢ is the interface thickness, which is given ¢ = 1.5Ax [27].

When the droplet interacts with the liquid film, the interface may become blurred
or oscillate; therefore, it is necessary to reconstruct the interface at each time step. In the
reconstruction, the values of VOF and LS functions are used. The volume fraction of
the liquid phase in the VOF model provides the interface value, and the normal vector
n calculated by the LS function determines the direction of the interface. The concept of
piecewise Linear interface computation (PLIC) is used to construct the interface [10].

In this paper, the governing equations are discretized by the finite volume method
(FVM). The pressure-implicit with splitting of operators (PISO)-semi-implicit method for
pressure linked equations (PIMPLE) algorithm [30] is employed to solve for the pressure—
velocity coupling. The Crank-Nicolson scheme is utilized for the temporal terms; and a total
variation diminishing (TVD) scheme is applied to the spatial discretization. The maximum
Courant number (Co) is given as 0.3 and to control the time step, where Co = UAt/Ax.

3. Model Validation

For the two-dimensional physical model, the mesh independence has been verified in
our previous study [31]; and the number of grids for each case is given as 8 x 10%.

To illustrate the reliability of the present model, we compared three experiments.
Figure 2 displays the outcome of experimental [12] and numerical simulations comparing
a single droplet impacting a liquid film obliquely. The given parameters include droplet
diameter Dy = 0.52 mm, impact speed Uy = 6.3 m/s, film thickness Hf = 2 mm,
and impact angle 6 = 49°. By comparing with the simulation results in the Ref. [32], our
results clearly capture the splash of droplets.

Figure 3 reveals the results of experimental [21] and numerical simulations of drops
vertically colliding with a dynamic liquid film. The relevant parameters for the experiment
are given as Dy = 3.2 mm and Uy = 1.85 m/s, and film thickness and velocity are
Hy = 0.209 mm and Uy = 1.04 m/s, respectively. The equivalent conditions are employed
in our numerical simulations. From the simulation outcomes, the morphology of the crown
and formation of satellite droplets can be clearly captured, which is very consistent with
the experimental results.

To further validate our model, we carried out a quantitative comparison with experi-
mental results from Ref. [33]. Figure 4a,b plotted the impact behavior of the experiment and
numerical, respectively, as a function of We'/?Re!/# /K and impact angle 6. The solid line
and dashed line are plotted by the equation Wcos(@)w 41 £ ctan(0)] > 1, where
K =130 and ¢ = 0.4. We note that the solid line (+) and dashed line (—) are the threshold
from deposition (marked in blue) to single-sided splashing, and single-sided splashing
(marked in black) to omni-directional splashing (marked in red). The simulation results
of the above three cases basically match with the experimental results, thus verifying the
current feasibility of our model.
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(a) T=0.5ms (b) T =1.0 ms (¢) T=15ms

(d) T=0.5ms (e) T=1.0ms f) T=15ms

Figure 2. A comparison between experiment [12] and the simulation outcome (lower).

(@) T=2.0ms (b) T =4.0 ms (c) T=8.0ms

(d) T=2.0ms (e) T=4.0ms (f) T=8.0ms

Figure 3. A comparison between the experiment in [21] and the simulation outcome (lower).

80 80

60 L 60

0

(a) Experimental results (b) Numerical simulation results

Figure 4. Displays the different cases with Wel/2Rel/4 /K and impact angle 6, the three cases are:
deposition (marked in blue), single-sided splashing(marked in black) and omni-directional splashing
(marked in red).

4. Results and Discussion

In this section, the height of the upstream and downstream crowns of the droplet,
the spreading length and the morphological structure of the crowns are discussed in detail.
The effects of different impact angles, dynamic film velocity, density ratio, fluid viscosity
and impact speed are considered. The baseline parameters selected for the simulations are:
Dy =256 mm, Hy = 1.28 mm, Uy = 1.0m/s, Uy = 2.8 m/s, 4 = 1.0 x 10°, p* = 1.0 x 10°
and 6 = 30°, where the p* defines p* = p;/p;. The values are varied when the effects of
specific parameters are discussed, while the other parameters maintain their corresponding
baseline values. The parameters for the validation of the model, as well as the parameters
for the subsequent arithmetic examples, are shown in Table 1.
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Table 1. Critical parameters of numerical for each of case.

Droplet Film Film Impact Impact Density Fluid

Diameter Velocity Thickness Velocity Angle Ratio Viscosity
Dy (mm) Uy (m/s) Hy(mm) Uy (m/s) 0 p* u
- o 0.52 0 2 6.3 49° 1.0 x 103 1.0 x 10°
Qualitative validation 32 1.04 0.209 1.85 0° 1.0x103  1.0x10°
0° 45°
Effect of impact angle 2.56 1.0 1.28 2.8 15°  60° 1.0 x 10° 1.0 x 10°
30°  75°
05 20
Effect of film velocity 2.56 1.0 1.28 2.8 30° 1.0 x 10° 1.0 x 106
15
1.0 x 10°
. . 50
Effect of density ratio 5.0 x 102
2.56 1.0 1.28 2.8 30° ‘ 20 1.0 x 10°
100
1.0 x 10*
7
Effect of fluid viscosity 18 i 185
o 3 .

2.56 1.0 1.28 2.8 30 1.0 x 10 1.0 x 108
1.0 x 10°

Effect of impact velocity 18 3 6

2.56 1.0 1.28 28 4.8 30° 1.0 x 10 1.0 x 10

(Weber number) 38

4.1. Effect of Droplet Impact Angle

For a special situation, when 6 = 0°, the asymmetry can be observed under the action
of the dynamic film speed as the previous study [21,25]. We now focus on the effect of
droplet colliding with dynamic films obliquely. The structure of the interface is investigated
by six different impact angles (8 = 0°, 15°, 30°, 45°, 60° and 75°).

Figure 5 shows the results of the interfacial evolution diagram for a single droplet
impacting a dynamic liquid film at the above angles. When the droplet impinges on the
dynamic film at an inclination, with the increase of 8, the asymmetric flow characteristics
become more obvious; simultaneously, crowns of different heights appear upstream and
downstream, respectively. As the impingement continues, the heights of the crowns on
both sides gradually increase and extend outside. When the initial impact angle is no more
than 30°, the splashing satellite droplets can be observed upstream, and similar interface
morphology can be obtained. When the inclination angle is between 30° and 45°, no
splashing can be observed; when 6 leads to 60°, splashing can be found in the downstream;
and when 6 = 75°, the upstream crown becomes shorter, while the downstream crown
is not formed and there is no satellite droplet splashing. In addition, the angle between
the upstream crown and the dynamic film increased significantly with the increase of the
impact angle, and when the impact angle reaches 45°, the upstream crown was almost
perpendicular to the dynamic film. When the impact angle increases further, the velocity
component Upcost in the vertical direction decreases, while the velocity component Upsin6
in the horizontal direction increases, which leads to a decrease in the fluid entering the left
crown and an increase in the mass of fluid entering the right crown. Therefore, increasing
the impact angle makes the upstream crown more stable for the purpose of suppressing
droplet splashing, while the downstream becomes unstable and prone to splashing.
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T=2.6ms

Q T=2.6ms o T=2.6ms

T=l.4ms _ T=1.4ms T=1.4ms

T=0.6ms K T=0.6ms T=0.6ms
()8 =0° (b) 6 = 15° (c) 8 =30°

T=2.6ms T=2.6ms

. T=1.4ms .
=14ms T=0.6ms ° T=ldms 1 2-6mS
T=0.6ms MD T=0.6ms

(d) 0 = 45° (e) 8 = 60° (f) 6 =75°
Figure 5. Interface of a drop impingement onto a dynamic film at different impact angles.

Figure 6 gives the pressure distribution field for an impact angle of 30°. It is not
difficult to find that when T = 0.6 ms, the pressure is unevenly distributed inside the
impact area, gradually increasing from top to bottom. As the impingement continues,
the maximum pressure value starts to decrease slowly, and the pressure near the upstream
impact point is much higher than the pressure in other regions, while at T = 2.6 ms,
the pressure value inside the impact region is almost equal to the pressure value outside.
Yet, on the rim of the crown on both sides exists a larger pressure. The phenomenon agrees
with the simulation results in the reference [34] well.

S Pressure
0.0e+00 400 600 800 1000 1200 1400 1.8e+03 0.0e+00 50 100 150 21 250 3.1e+02
I e — J

gas-liquid interface

Pressure

=0 Pressure

@ 0.0e+00 50 100 150 200 2.5e+02//,'
L ! le—

\’//

(c) T=14ms (d) T=2.6ms
Figure 6. Pressure field distribution at 6 = 30°.

The relationship between the left crown height (LCH), right crown height (RCH) and
time at different angles are given in Figure 7. For the left crown, we find that as the impact
angle increase, the height of the left side crown decreases instead. In addition, a local
decrease in the upstream crown height has appeared when the impact angle is 0° and 15°.
This is due to the fact that the crown is unstable, and it is affected by the Rayleigh—Plateau
instability, which forms secondary droplets, and the fluid at the end of the crown leaves
the crown, leading to a decrease in the crown height. When the angle is further increased,
the upstream crown becomes stable. As for the RCH, when the impact angle ranges from
0° to 30°, the difference in RCH produced by the droplet tilting impact upon the dynamic
liquid film is not significant; whereas when the angle exceeds 30°, the RCH decreases
significantly. The reason is that when the impact angle increases, the normal component
velocity decreases, and less kinetic energy is transferred to the liquid film, which leads to a
decrease in crown height.
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Figure 7. Crown height of a drop impingement onto a dynamic film at different impact angles.

Figure 8 indicates the relationship between the upstream spreading length (SL) and
total spreading length (TSL) with time at different angles, respectively. The SL decreases
with an increasing collision angle, which is due to the fact that when the angle increases,
the tangential horizontal velocity of the droplet increases while the normal phase fractional
velocity decreases, which leads to a decrease in the radial velocity during the impact, result-
ing in a decrease in the drag on the upstream fluid and a decrease in the SL. Meanwhile, we
find that the TSL decreases with the increase of the impact angle, but there is no significant
difference in the spreading length when the angle is 30° and 45°.

4.5 14

- p=0" ’0_‘0,.-6-"0 - 6=0"
41 |=F-g=15 N '@"e 12} [-¥=g=15 ‘6_.,9'"3
=30 - P _ -
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7 25 4 5-8 Z &
S o ST b G- = g-}t-
4 e 6 Pl
2 £é - ,@‘3’
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15 Y g
o
1 2
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
T/ms T/ms

Figure 8. Spreading length of a drop impingement onto a dynamic film at different impact angles.

4.2. Effect of Dynamic Film Speed

In the previous study [31], the effect of liquid film flow rate on the normal impingement
of dynamic films has been discussed; we now consider the effect of single droplets with an
impact angle 0 = 30° at different film speeds on the height of the upstream and downstream
crowns as well as the diffusion length during the impingement.

Figure 9 demonstrates the morphological evolution of the interface caused by a single
droplet impacting a liquid film at an angle of 30° with film velocities of Uf =0.5,1.0,15,
and 2.0 m/s, respectively. From the figure, when the flowing film speed is small, the crowns
near the left impingement point almost overlap at different times, and the gap between
crowns increases when the film velocity increases. In addition, when the velocity leads to
1.5 m/s, satellite droplets appeared first in the downstream crown at T = 1.4 ms, while at
T = 2.6 ms, significant satellite droplets appeared both upstream and downstream. Due to
the instability of the crown, the splash of droplets has been caused. This differs from the
results of reference [25], who pointed out that droplets normally impact upon the moving
liquid film when the film speed increases and the downstream crown is relatively stable.
This difference is considered to be caused by the impact angle, which contributes to the
instability of the downstream crown. Moreover, different from the normal impact, we find
that with impingement at an angle 6 = 30°, the crater angle decreases with the increase
of the dynamic film flow rate, and when the dynamic liquid film flow rate is 1.5 m/s,
the crater is almost parallel to the dynamic liquid film.
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Figure 9. Interface of a drop impact upon a dynamic film at different dynamic film velocities when
6 = 30°.

Figure 10 shows the quantified relationship between the upstream and downstream
crown heights at different dynamic film velocities. From the outcomes, it can be seen
that the upstream crown height increases with the dynamic liquid film velocity, while the
downstream crown height decreases with the increase of the liquid film velocity. Meanwhile,
when the liquid film velocity reaches 1.5 m/s and 2.0 m/s, the upstream crown splashes
under instability, resulting in a local decrease in crown height. Combined with Figure 9, it
is found that the height of the downstream crown decreases gradually relative to that of
the upstream crown with the increase of the liquid film flow velocity. This means that the
downstream crown is more stable than the upstream crown during the collision.

3 ]
_ - 3
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25} |-w-UFLoms PN P T e U1 0mis v e
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0 0.5 1 1.5 2 2.5 3
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Figure 10. Crown heights of left and right at different dynamic film velocities when 6 = 30°.

The quantified relationships between upstream, downstream, TSL and dynamic film
flow rate are shown in Figure 11. From the results of the figure, it is easy to find that the (SL)
first increases and then decreases with time. However, at the same time, the SL decreases
with the increase of the flowing film speed, which is due to the fact that the upstream
incoming flow can impede the development of radial motion of the fluid upstream, which
leads to the decrease of the spreading length upstream. The downstream spreading length
increases with the increase of the film flow rate, because the radial motion downstream
is in the same direction as the film flow rate. In terms of the TSL, the liquid film flow
rate has almost no effect on the TSL in the early stage, while the TSL increases with the
increase of the liquid film flow rate in the later stage. This is due to the fact that the droplets
impact upon the dynamic film with different flow velocities at an inclination, and the radial
speed plays a role in the spreading length at the beginning of the impingement process,
while the flow velocity of the dynamic film plays a dominant role at the later stage of
the impingement.
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Figure 11. Spreading length at different dynamic film velocities when 6 = 30°.
4.3. Effect of Density Ratio

Owing to the ratio of fluid density to gas density, which has an important influence on
the impact process. The influence of the density ratio on the droplet impingement on the
dynamic liquid film obliquely is now discussed. Five different density ratios (0* = 1.0 x 10%,
5.0 x 102, 100, 50 and 20) have been employed for the numerical study and analysis.

The evolution of a single droplet collides with a dynamic liquid film at an angle of
30° is plotted in Figure 12, for different density ratios. It can be found that the interface
evolution structure is similar until T = 2.6 ms when the density ratio is relatively large
(o* = 1.0 x 10%, 5.0 x 10%). It is also found that p* is independent of the angle between the
crater and the dynamic liquid film. From the shape of the crown, the angle between the
upstream crown and the dynamic film increased with decreasing density ratio, and even
approached 90° when the density decreased to p* = 20. The same phenomenon can be
observed for the downstream crown at T = 0.6 ms. When T = 2.6 ms, the downstream
crown bends more strongly upstream as the density ratio decreases, which has a similar
interfacial morphology to the normal impact of droplets on static liquid films studied
by Shetabivash et al. [11]. When the density ratio is small (o* = 100,50, 20), the satellite
droplets tend to splash in the downstream crown.

I'=2.6ms
T=1.4ms

T=0.6ms

(@) p* = 1.0 x 103

o

T=2.6ms

ms °
I'=1.4ms
T=0.6ms

(b) p* = 5.0 x 10? (c) p* =100

T=2.6ms o
T=1.4ms
T=0.6ms

(d) p* =50 (e) p* =20

Figure 12. Interface of a drop impact upon a dynamic film at different density ratio when 6 = 30°.

Figure 13 plots the time evolution of upstream and downstream crown heights at
different density ratios when a single droplet obliquely collides with a moving liquid film.
The results show that the heights of the upstream and downstream crowns are suppressed
when the density ratio decreases. Be different from the upstream crown, when the p*
reduced to 100 at T = 1.2 ms, the crown height is locally reduced due to the separation
of fine droplets from the top of the crown in the downstream crown. Figure 14 shows
the relationship between density ratio and spreading length. We note that both SL and
TSL decrease as the density ratio decreases, which is owing to the fact that when the
density ratio decreases, the surrounding gas with a higher density, the resistance to droplet
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spreading also increases, leading to a decrease in spreading length. For the same reason
that leads to resistance to the development of the crown. As a result, the growth rate of the
crown becomes slower, while the spreading length is also suppressed.
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Figure 14. Spreading length at different density ratio when 6 = 30°.

Figure 15 describes that the velocity vector field at different density ratios. A small
counterclockwise vortex can be faintly seen near the rim of the upstream crown, while a
relatively large vortex exists near the rim of the downstream crown. Meanwhile, the end of
the crown is bending in the direction of the vortex. When the density ratio decreases, this
means that the surrounding air increases the resistance to the development of evolution and
the height development of the crown is inhibited. At the same time, since most of the fluid
in the crown comes from the droplets rather than the fluid in the previously existing liquid
film. By the mass conservation of droplets, the crown becomes short and thick. Because the
crown is unstable, when the surface tension is not enough to overcome the gravity of the
rims, it leads to the separation of small droplets from the end of the crown.

(c) p* =100
Figure 15. Interface of a drop impact upon a dynamic film at different density ratios when 6 = 30°.
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4.4. Effect of Fluid Viscosity

Viscosity also plays an important role in the impact process; in this section, we investi-
gate five different fluid viscosities to analyze the effect of single droplet impingement on
dynamic liquid film obliquely.

The evolution of a single droplet impact upon dynamic liquid film at an angle of 30° is
plotted in Figure 16, for different viscosities. It is obvious that when the viscosity of the fluid
is large (1 = 1.0 x 10%), the upstream and downstream crowns are very stable when the
droplet collides with the dynamic film obliquely, and the development of the crown is not
obvious. This is because of the greater shear stresses present in high viscosity fluids, which
can maintain the stability of the crown structure. When the viscosity decreases by one order
of magnitude (4 = 1.0 x 10°), the crown height increases significantly, but at this time the
upstream and downstream crowns remain stable as well. Whereas, when the viscosity
decreases to 1.0 x 100, at T = 2.6 ms, the upstream and downstream crowns are no longer
stable, and there are obvious satellite droplets at the end of the crowns. When the viscosity
is further reduced (¢ = 1.0 x 10” and 1.0 x 108), a smaller splash of droplets appeared first
in the downstream crown at T = 0.6 ms, while no splash of droplets seemed to be seen
at T = 2.6 ms (In fact, splash of droplets occurred, but the growth rate of the crown was
too fast to merge with the splash of satellite droplets). At the same time, the influence of
viscosity on the crown is no longer obvious at this point from the shape structure of the
crown. Meanwhile, when the viscosity exceeds 1.0 x 10°, the effect of viscosity on the crater
angle does not seem to be obvious.

T=1.4ms T=2.6ms

T=0.6ms < ; :] :

(@) p =1.0x 10*

T=2.6ms T=2.6ms °

I'=1.4ms I=1.4ms .
T=0.6ms T=0.6ms

(b) u = 1.0 x 10° (¢) u = 1.0 x 10°
T=2.6ms T=2.6ms
T=1.4ms I=1.4ms
T=0.6ms - T=0.6ms -

(d) p = 1.0 x 107 (e) u=1.0x108

Figure 16. Interface of a drop impingement onto a dynamic film at different viscosity when 6 = 30°.

Figure 17 gives the quantified relationships between the upstream crown, the down-
stream crown height and the TSL at different viscosities, respectively. It can be seen that
when the viscosity is larger, the crowns on both sides first slowly increase and then decrease.
Both upstream and downstream crown heights increase with decreasing viscosity. When
the viscosity decreases to 1.0 x 10°, the upstream crown is unstable and there will be droplet
splash, resulting in a local decrease in crown height. When the viscosity decreases further,
the effect on crown height is not obvious. It is also noted that the viscosity has almost no
effect on the spreading length, compared with the result of Raman et al. [24], which means
fluid viscosity is independent of spreading length.
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Figure 17. Crowns heights at different viscosity when 6 = 30°.

4.5. Effect of Impact Velocity

Guo [15] have studied the effect of droplet impingement onto a static liquid film at dif-
ferent We; we now consider droplet collisions with dynamic film at different
We(We = U3p;Dy/0) obliquely. Due to the fact that the initial impact speed directly
affects the value of We, we change the We by adjusting the impact velocity.

Figure 18 gives the evolution of the interfacial morphology resulting from droplets
impacting dynamic film with an inclination angle of 30° at different impact speeds. We
note that the shape of the crown is very stable when the impact speed is low, and no rim
formations are found at this time. When the impact speed increases, the crown development
is enhanced, while rims appear at the top of both the upstream and downstream crowns
when T = 2.2 ms. However, when the impact speed is further increased, splash droplets
appeared in both downstream and upstream crowns. When the impact speed was reached,
the crown was very unstable, and the downstream crown appeared broken, while two
distinct satellite droplets appeared downstream when T = 2.2 ms.

T=2.2ms
T=2.2ms
T=1.4ms T=14ms
Tzo.smM T=0.6ms

(@) Up = 1.8m/s (b) Uy = 2.8m/s

0 —
T=2.2ms ‘ T=22ms O \

T=1.4ms I'=1.4ms

T=0.6ms T=0.6ms

(c) Up =3.8m/s (d) Uy =4.8m/s

Figure 18. Interface of a drop impact upon a dynamic film at different impact velocities when 6 = 30°.

Figure 19 illustrates the quantitative relationship between the upstream and down-
stream crown heights and the TSL at different impact speeds. From the figure, it can be seen
that at smaller impact velocities (¢ = 1.8 m/s and 2.8 m/s), the crowns are relatively stable
at this time, and the crown height increases with the increase of impact velocity, while no
splashing of droplets occurs at the end of the crown. When the impact velocity reaches
3.8 m/s, the height of the crown increases further, while a satellite droplet appeared on
each side of the crown due to the effect of Rayleigh-Plateau instability, resulting in a local
decrease of the crown height. However, when the initial impact velocity reaches 4.8 m/s,
two splashes appear in the downstream crown, and the splash phenomenon of droplets
occurs earlier. Additionally, the TSL increases with the increase of impact velocity, which
is due to the fact that when the impact velocity of the droplet increases, the correspond-
ing radial velocity also increases, which leads to the increase of the spreading length of
the crown. That is similar to the conclusion of the normal impact on the stationary film.
The difference is that upstream is more stable than downstream when droplets obliquely
impinge onto dynamic film and can suppress droplet splashing.
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Figure 19. Crown heights at different impact velocities when 6 = 30°.

5. Summary and Conclusions

In our work, the CLSVOF method is used to explore the effect of different factors

on crown height evolution, diffusion length, and droplet splash in the presence of a
combination of dynamic liquid film and oblique impact. The effects of impact angle,
dynamic film speed, density ratio, fluid viscosity and impact speed on the upstream and
downstream crowns as well as the spreading length during the impingement have been
considered, and the following conclusions have been obtained:

@

@)

®)

4)

When the droplet collides with the dynamic film at an inclination, the crown height
on both sides decreased significantly with the increase of the impact angle. The crater
diameter and spreading length are decreased, while the angle between the crater and
dynamic film increases. When the impact angle reaches 60°, the downstream crown is
unstable and easily causes splashing of droplets.

The spreading length and upstream crown height increase with the increase of dy-
namic film velocity, while the downstream crown height decreases. The angle between
the crater and dynamic film decreases with the increase of film speed. Simultaneously,
the crater diameter increases with the film velocity during the oblique impingement.
The suppression of the upstream crown height by increasing gas density is not ob-
vious; however, it exerts a significant suppressive effect on the development of the
downstream crown. Meanwhile, the crater diameter and spreading length decrease
with increasing gas density; in addition, the upstream and downstream crowns
bend inward, but the effect on the angle between the crater and the dynamic film is
not significant.

When the fluid viscosity decreases and the impact speed increases, the crown height
on both sides increases significantly, while the splash droplets are easily produced
downstream. When the viscosity reaches a certain value, the interface structure
is extremely similar. The diameter of the crater increases with the impact speed.
However, the viscosity has almost no effect on the spreading length, but increasing
the impact speed leads to an increase in spreading length.
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