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The impact of droplets on the liquid film is widely involved in industrial and agricultural fields. In recent years, plenty
of works are limited to dry walls or stationary liquid films, and the research of multi-droplet impact dynamic films is not
sufficient. Based on this, this paper employs a coupled level set and volume of fluid (CLSVOF) method to numerically
simulate two-droplet impingement on a dynamic liquid film. In our work, the dynamic film thickness, horizontal central
distance between the droplets, droplets’ initial impact speed, and simultaneously the flow velocity of the moving film are
analyzed. The evolution phenomenon and mechanism caused by the collision are analyzed in detail. We find that within a
certain period of time, the droplet spacing does not affect the peripheral crown height; when the droplet spacing decreases
or the initial impact velocity increases, the height of the peripheral crown increases at the beginning, and then, because
the crown splashed under Rayleigh–Plateau instability, this results in the reduction of the crown height. At the same time,
it is found that when the initial impact velocity increases, the angle between the upstream peripheral jet and the dynamic
film becomes larger. The more obvious the horizontal movement characteristics, the more restrained the crown height; the
spread length increases with the increase of the dynamic film speed, droplet spacing and the initial impact velocity. When
the liquid film is thicker, more fluid enters the crown, due to the crown being unstable, the surface tension is not enough to
overcome the weight of the rim at the end of the crown, resulting in droplets falling off.

Keywords: two droplets, moving liquid film, CLSVOF, mechanism analysis

PACS: 68.03.Cd , 68.15.+e , 68.35.Md , 68.05.cf DOI: 10.1088/1674-1056/ac22a0

1. Introduction
As a common phenomenon in life, droplet impact plays

an essential role in the development of agriculture and in-
dustry, for example, spraying crops and watering in the agri-
cultural field. In addition, oil droplets impact the diesel en-
gine combustion chamber’s inner wall, inkjet printing, spray
painting[1] and often appear in the industrial field. Owing
to the problem involving essential practical applications and
complex motion processes, this has received extensive atten-
tion from many scholars at domestic and international level.
At present, the methods for investigating this problem mainly
include two aspects: experiment and numerical.

In the aspect of the experiment, Romain et al.[2] experi-
mentally studied a drop impingement on solid surfaces. The
experimental outcomes indicated that the phenomena of fu-
sion, crown, splash, fracture, and rebound could be observed
during the impact stage. Considering the problem involved
plenty of physical parameters, and the systematic research
was very complicated, plenty of scholars elected to research
the influence of some critical parameters in detail. For exam-
ple, Wang[3] studied dimensionless parameters: Weber (We),
Reynolds (Re) and Ohnesorge number (Oh). They drew a con-
clusion that when the number of We and Re is large, splashing

occurs during the impact stage by experimenting. Okawa et
al.[4] gave the criterion for splashing dimensionless number
K = We ·Oh−0.4, while droplets hit a stationary liquid film.
Guo[5] investigated the influence of the liquid’s viscosity and
surface tension, moreover, liquid film thickness was taken into
account. Experimental results showed that the viscosity and
surface tension have an inhibitory effect on the generation of
splashes. In addition, film thickness has a significant influence
on the height of splash. Kang[6] investigated a droplet’s ini-
tial impact velocity and liquid film thickness on the impact
behavior. Analysis showed that the diameter of the crown
and the height of the central jet are mainly affected by the
initial impact speed and film thickness. Moreover, the faster
the initial impact velocity the thicker liquid film, resulting in
a higher height of the central jet. Yao[7] researched the im-
pingement of a droplet on an inclined surface with different
We and impact angles by experimenting. Their analysis in-
dicated that the size of the spreading diameter expands with
the increase of We, and reduces with the increase of the in-
clined angle of the oblique surface. Some experiments about
moving film were conducted as well, such as Castrejó-Pita et
al.[8] observed splashing, bouncing and surfing phenomena by
doing droplet impact experiments on a moving liquid film.
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Gao and Li[9] investigated the evolution characteristics of a
single drop impacting dynamic film by experimenting. Dur-
ing the impacting stage, a significant asymmetric crown was
observed. An experiment was conducted to study droplets
impinging on dynamic liquid films at high Weber numbers,
and the experimental results revealed scattered holes and basal
crown separation.[10]

In the aspect of numerical, Rieber[11] considered a three-
dimensional (3D) model via a volume of fluid (VOF) approach
to study the process of droplets hitting a liquid film. Through
comparison, it is found that the simulation results are consis-
tent with the experimental results. Raman[12] conducted the
lattice Boltzmann method (LBM) to imitate the impingement
of a double droplet on a liquid film. In addition, they analyzed
the influence of different densities and viscosity of the two-
phase properties. Simulation results indicated when chang-
ing the density of air and the viscosity properties of the liq-
uid, which has a great influence on the generation of the cen-
tral jet. Liang[13,14] employed a coupled level set (LS) and
VOF (CLSVOF) approach, and a two-dimensional (2D) nu-
merical simulation of the splash phenomenon caused by the
droplet hitting the liquid film is carried out. Outcomes in-
dicated that the pressure difference is an essential cause of
neck jet formation. He also conducted the simulation of a
3D physical model, which is a continuous impingement of
three droplets on a liquid film. In addition, the pressure and
velocity fields are analyzed to explain the formation mech-
anism of the central jet. Owing to crowns being frequently
unstable, the tip of jets are prone to rupture and produce mi-
nor droplets. Various mechanisms had been put forward to
cause tip rupture.[15,16] The Rayleigh–Taylor and Rayleigh–
Plateau mechanisms are regarded as the reason for the liquid
sheet instability.[17] Dai[18] via a CLSVOF method to numer-
ically study and analyze droplets hit the oblique liquid film.
Moreover, the influence of the oblique angle on the entrain-
ment phenomenon stage was discussed. The result showed
that when the impacting angle increases, the amount of bub-
bles entrained in the liquid film decreases. It is the pressure
difference that causes front splashing, while the radial flow
in the membrane causes back splashing. Guo and Lian[19]

conducted a 3D model, studied a double droplet with differ-
ent speeds and inclined angles to hit a liquid film. Numerical
outcomes indicated that the high-speed impact of the droplets
caused the crown to rupture and form splashes. Liu[20] used
the LBM method to study a single droplet that impinges with
a horizontal initial velocity on a stationary liquid film. More-
over, the effect of Bond numbers (Bo), We, and dimension-
less liquid film thickness are investigated. Chen[21] employed
a CLSVOF method to study droplets hit on liquid films with
different thicknesses. In their work, the velocity and pressure
are analyzed in detail. In addition, the influence of contin-

uous drops impact on the liquid film is taken into account.
The results showed that with the film thickness increasing,
the crown diameter expands, in contrast to the height reduc-
tion. Moreover, with a successive drop impingement on film,
secondary spurting is more likely to occur while the time gap
between drops impact increases. Zhao[22] simulated and an-
alyzed the single droplet impinging dynamic film on the 2D
physical model. The CLSVOF method is adopted and the in-
fluence of the thickness is taken into account. In addition, a
mathematical model of droplet spreading is derived and veri-
fied on dynamic film. Wang and Guo[23,24] implemented nu-
merical study to explore the influence of droplet tilted hit static
liquid film on flow characteristics and heat transfer. Outcomes
indicated that asymmetric characteristics of surface heat flux
were observed and the impact angle had no significant effect
on the average surface heat flux. Besides, impact angle can in-
hibit or enhance crown formation. Simultaneously, the value
of We has an important effect on the splash. Cheng and Lou[25]

pointed out that dynamic films can enhance or inhibit splash.
He et al.[26] explored the collision of droplets with dynamic
film by the LBM method, and outcomes showed that the move-
ment of film led to asymmetry of crowns on both sides, which
could inhibit the height of the crowns.

Nevertheless, a great number of experimental and numer-
ical research work on droplets impingement has been studied
to date. Most of them are about a dry surface or stationary liq-
uid film, although there are some studies on impact of dynamic
film, but the research work on the flow characteristics of the
double droplet impacting the moving film is still insufficient.
Thus, it is necessary to investigate the droplet impact on flow-
ing liquid film. This work is based on the OpenFOAM plat-
form, which employs a CLSVOF method to capture the splash
characteristics of a double droplet impacting a moving liquid
film. In addition, the mechanism of evolution phenomenon
produced in the process of impacting the moving liquid film
has been analyzed, and some conclusions have been drawn.
The rest of this paper is organized as follows. In Section 2, the
physical and numerical models are introduced. The numerical
model is validated in Section 3. At last, the simulation results
and conclusions are listed in Sections 4 and 5, respectively.

2. Computational domain and numerical
method

2.1. Computational domain

In our work, the computational domain and parameters
are shown in Fig. 1, where Uf indicates the moving liquid film
velocity and U0 is the impact speed. Hf represents moving
film thickness. S is the horizontal central distance between
two droplets, and g and D are the acceleration of gravity and
droplets diameter, respectively. The related parameters can be
seen in Table 1.
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Table 1. Related parameters.

Parameters Unit Value

Gas density kg/m3 1
Liquid density kg/m3 1000

Interfacial tension N/m 0.0725
Gas kinematic viscosity m2/s 1.0×10−6

Liquid kinematic viscosity m2/s 1.48×10−5

Acceleration of gravity m2/s 9.8
Diameter of droplet mm 3.2

Hf

S
Droplet

Liquid film

g

D U0

Uf

Fig. 1. Physical model of a double droplet impact on a moving liquid film.

While Uf = 0 the film is a stationary liquid film, no-slip
and pressure outlet conditions are employed in the bottom and
top boundaries, and the sides are considered to be symme-
try boundary conditions, respectively. For the case of mov-
ing liquid film (Uf 6= 0), no-slip and pressure outlet conditions
are employed in the bottom and top boundaries, the sides are
adopted periodic boundary, respectively.

This work adopts a 2D physical model. In our simula-
tions, the computational domain employs 30 mm× 10 mm.
The acceleration of gravity g is taken into account. When two
droplets impinge a dynamic film, there are four assumptions
that need to be taken into account. (i) The liquid and droplet
are the same incompressible Newtonian fluid, and the initial
shape of the droplet is round. (ii) The impact process is lam-
inar flow. (iii) The droplet and liquid phase changes are not
considered. (iv) At the initial time, the droplet is tangent to
the liquid film.

2.2. Numerical method

The present numerical study is performed using the Open-
FOAM (Ver 2.4.0), an open-source software. In order to ob-
tain the two-phase interface, in our work a CLSVOF method
is employed, which makes full use of the advantage of the
level set (LS) to capture the deformation of complex inter-
face and topological structure changes, besides VOF maintains
the conservation of mass well. Simultaneously, it overcomes
the disadvantages of the non-conservation of quality of the LS
method, which is not easy to calculate interface normal and in-
terface curvature. In order to make full use of the advantages,
coupling both methods to be implemented within interFoam
solver in OpenFOAM is highly favorable.

2.2.1. Governing equations

The droplets impacting on moving liquid film are a typ-
ical two-phase flow problem. For a typical VOF model, the
volume fraction function α would be solved in

∂α

∂ t
+∇ · (𝑣α) = 0, (1)

where 𝑣 is the velocity of fluid, t the time and α is used to rep-
resent the ratio of the volume of liquid in a mesh to the volume
of the grid. i.e.,

α =

 0,
0 < α < 1 (interface),
1,

(2)

when α = 0, the cells are filled with gas, while the cells are
filled with liquid α = 1. When the cells contain both gas and
liquid, the value of α ∈ (0,1), which means the interface be-
tween the gas and liquid.

Different from the general VOF equation, in OpenFOAM
the α equation is calculated as

∂α

∂ t
+∇ · (𝑣α)+∇ · (𝑣rα (1−α)) = 0, (3)

the extra third term is called the artificial compression term,
which is compared with Eq. (1). The purpose of adding
this term to the equation is to make the two-phase interface
sharpen. Moreover, the two-phase relative velocity 𝑣r is con-
trolled by the coefficient Cα and defined as follows:[27]

𝑣r = min(Cα |𝑣|, max(|𝑣|)) ∇α

|∇α|
. (4)

This coefficient Cα is artificially given by the user, the purpose
is to adjust the compression effect. If there is no compres-
sion, this gives Cα = 0, while the value of Cα = 1 indicates
conservative compression, and the last item is Cα > 1 which
represents a high compression.[28]

To provide a more precise interface, a sign distance func-
tion ϕ is introduced. The function ϕ is defined as

∂ϕ

∂ t
+𝑣 ·∇ϕ = 0, (5)

the LS field ϕ is calculated from α via ϕ = (1.5α−0.75)∆x,
and ∆x is the mesh cell size.[29]

Based on the assumptions in Subsection 2.1, the govern-
ing equations need to be solved, as follows:

∇ ·𝑣 = 0, (6)

∂ρ𝑣

∂ t
+∇ · (ρ𝑣 ·𝑣) = ∇ ·µ

(
∇𝑣+∇𝑣T)+𝑃𝑔 +𝐹s, (7)

where ρ is the density, the term 𝑃𝑔 = ρ𝑔−∇p , p is the pres-
sure and the last term is surface tension force, which can be
described as follows:

𝐹s = σκ (ϕ)δ (ϕ)∇ϕ, (8)
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the σ indicates surface tension coefficient and the curvature κ

can be calculated as below:

κ = ∇ ·𝑛, (9)

where 𝑛= ∇ϕ/|∇ϕ|. Moreover, the δ (ϕ) is defined as

δ (ϕ) =


0, |ϕ|>ϒ ,

1
2ϒ

+
1

2ϒ
cos
(

πϕ

ϒ

)
, |ϕ| ≤ϒ .

(10)

Moreover, the physical properties of mixed two-phase ρ and
dynamic viscosity µ are obtained by Heaviside function H(ϕ):

ρ (ϕ) = [1−H(ϕ)]ρa +ρlH(ϕ), (11)

µ (ϕ) = [1−H(ϕ)]µa +µlH(ϕ), (12)

where subscripts a and l represent gas and liquid, respectively;
and H(ϕ) is defined as

H (ϕ) =



0, ϕ >ϒ ,

1
2

[
1+

ϕ

ϒ
+

1
π

sin
(

πϕ

ϒ

)]
, |ϕ| ≤ϒ ,

1, ϕ <−ϒ ,

(13)

and ϒ = 1.5∆x is the interface thickness.[29]

2.2.2. The process of the implemented CLSVOF
method in OpenFOAM

The CLSVOF solver is based on interFoam in Open-
FOAM (Ver 2.4.0). Solve the pressure equation and correct
the velocity field alternately during each time step following
the PISO-semi-implicit method for pressure-linked equations
(PIMPLE) algorithm.[30] Moreover, the time step is automati-
cally controlled by the maximum value of the Courant number,
and some details are given as follows:

1. Define vector and scalar fields including 𝑣, p, ρ , µ , α ,
H, Dirac function (δ ), ϕ , etc.

2. Then, the VOF, LS functions are initialized. Moreover,
calculate the δ and H.

3. Next, start the time loop.
4. Solve the α equation and correct the new values of α .

Then, calculate the new LS function.
5. Re-initialize the ϕ by

∂ϕ

∂ t
= sign(ϕ)(1−|∇ϕ|) . (14)

In addition, calculate the new values of the δ and H function
and the interface curvature.

6. Update physical properties using H (Eq. (11)).
7. Solve the N–S equations (Eqs. (6) and (7)).
8. Start the next time step.

3. Model validation
This section is divided into two parts. In the first part,

we make a grid independence verification. For the 2D situ-
ation, the simulation of a drop collides with dynamic film is
carried out using different grid densities. Figure 2 shows the
schematic diagram of the height of the peripheral jet and Fig. 3
shows the relationship between the grid and the height of the
peripheral crown (HL and HR). Within 2 s, the height of the
left crown wall and the right crown increased with the amount
of the grids; and after 2 s, due to the right crown wall splashes,
the result is a difference in the height of the right crown. When
the amount of grids reaches 8× 104, the height of crown has
no bearing on the amount of the grid cell. Therefore, each of
cases in our simulation employs the 8×104 mesh number.

BubbleHL HR

Fig. 2. Schematic diagram of the height of peripheral jets.
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Fig. 3. The relationship between peripheral jets and time under different grid
densities.

For the second part, to validate the correctness of our nu-
merical model. As is shown in Fig. 4, which a comparison be-
tween our simulation evolution interface with the experimen-
tal results of Gao and Li in reference,[9] where the diameter
is 3.2 mm, the impact velocity is 1.85 m/s, the film velocity
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is 1.04 m/s, and the film thickness is 0.209 mm. The same
parameters are applied in our simulation as well. There is
something to be noticed that from the results of Fig. 4, the
CLSVOF method can better capture the splash characteristics
when a drop hits a dynamic film. Meanwhile, bubble reten-
tion phenomenon is observed. In addition, our simulation is in
good agreement with the reference.[31] Additionally, as shown
in Fig. 5, we quantitatively compared the experimental result
of reference[32] with our simulation outcome. The parame-
ters gives U0 = 3.51 m/s, D0 = 3.82 mm, Hf = 2.57 mm and
We = 667. We find that the results of our numerical simula-
tions and the experimental measurements are in general agree-
ment. Thereby verifying the reliability and correctness of our
model.

T=0 ms T=2 ms

T=4 ms T=8 ms

T=0 ms T=2 ms

T=4 ms T=8 ms

Fig. 4. The results of experiment and simulation.
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Fig. 5. The results of experiment and simulation.

4. Simulation results and discussion
In this section, the influence of two-droplet impingement

on a dynamic film is taken into account. Simultaneously, the

dynamic film thickness, initial impact velocity, the horizontal
central distance between droplets, and film speed are consid-
ered. In order to depict the interface evolution phenomenon
and analyze the mechanism of droplets impacting, some crit-
ical dimensionless parameters including the droplets central
distance S∗, film thickness H∗, the velocity of liquid film U∗,
We, Re, and Oh are listed below:

S∗ =
S
D
, H∗ =

Hf

D
, U∗ =

Uf

U0
, (15)

Re =
ρU0D

µ
, We =

ρU2
0 D

σ
, Oh =

√
We

Re
. (16)

4.1. Asymmetric crown and splash behavior

Figure 6 shows the morphological evolution of two drops
that impinge on static and dynamic film, respectively: the
thickness of film Hf = 2.09 mm, the impact velocity U0 =

1.85 m/s, the central distance of droplets S = 6 mm. For the
stationary liquid film Uf = 0 m/s, while the moving liquid film
Uf = 1.04 m/s. It is obvious that while droplets impact the
stationary liquid film, symmetric characteristics can be found.
Simultaneously, asymmetric phenomena can be observed in
right case. At the beginning of the impacting stage, both of
them have similar evolutionary phenomena. Four fine jets are
formed on the left and right sides of the two droplets. Af-
ter 0.8 ms, for the left case, the symmetrical characteristics
of evolution still exist, while for the following liquid film, the
symmetry characteristic disappears. In addition, it can be ob-
served that the peripheral jets are growing in an oblique di-
rection for the stationary film, and the jets between the two
droplets merge to form a single central jet. Different from
the stationary liquid film, the peripheral jet of the upstream
droplet becomes a horizontal jet. The development direction
of the central jet is the opposite of the dynamic film flow rate.
Simultaneously, for the right case splashing characteristics can
be observed, while for the left case, no splash occurred.

Figure 7 shows the vector field distribution of the two
droplets when T = 0.4 ms. Yarin and Weiss[33] pointed out
that the main factor in the formation of the crown wall dur-
ing the impact is caused by the discontinuity in kinematics.
We note that a kinematic discontinuity can be seen at the
impact contact points (A, C) in the speed vector diagram.
Whereas, at the impact contact points (B, D), kinematic dis-
continuity is not apparent, which draws the same conclusion
in reference.[22] The reason for this phenomenon can be ex-
plained by the downward velocity generated when the droplet
hits the dynamic liquid film, and when it contacts the wall, the
velocity direction changes from downward to radial; the in-
coming flow from upstream obstructs the fluid moving radially
upstream, so that the velocity field has a motion discontinuity
near the upstream contact points (A, C); however, the motion
discontinuity near the downstream contact points (B, D) is not
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obvious because the direction of the liquid film velocity is con-
sistent with the radial motion to the downstream.

T=0.2 ms T=0.2 ms

T=0.4 ms T=0.4 ms

T=0.8 ms T=0.8 ms

T=1.0 ms T=1.0 ms

T=1.8 ms T=1.8 ms

Fig. 6. A double droplet impact on film, left on a stationary liquid film, right
on a moving liquid film.

• B •
D
•

Gas-liquid interface

A • C

A D

(a)

(b) (c)

Fig. 7. (a) Vector distribution at T = 0.4 ms, (b) and (c) local enlargement
near points A and D.

Figure 8 shows the pressure field distribution of the dou-
ble droplet hit the moving liquid film. Obviously, at the be-
ginning stage of impingement, the pressure decreases from the
bottom to the top. With the impact continuing, the two droplets
move radially outward, and the pressure gradient on both sides
gradually decreases. Moreover, the pressure in the region be-
tween the two droplets becomes larger, and the range of the
high-pressure zone continues to shrink, the maximum pressure
decreases. From the pressure distribution, it can be observed
that the internal pressure magnitude of fluid is imbalanced. In
addition, the value of pressure magnitude near the impact con-
tact points (A, C) is much higher than points B and D. When
T = 0.8 ms the pressure near the point C is relatively higher
than other region, the points are shown in Fig. 7. The reason
is that the radial movement near the contact point on the right
side of the two droplets is consistent with the flow direction

of the moving liquid film. In addition, the pressure difference
between the jet necks is usually higher than the pressure dif-
ference at the two-phase interface, which causes the peripheral
jets to form in the neck, and the central jet is formed between
the droplets. The asymmetric characteristic of the evolution
phenomenon is essentially the liquid film is non-stationary.

0 7.41 2 3 4 5 6

Pressure (103)

0

Pressure (103)

4.71 2 3 4

0

Pressure (103)

4.31 2 3

T=0.2 ms

T=0.4 ms

T=0.8 ms

Fig. 8. Pressure distribution after droplets simultaneously impact the moving
liquid film.

During the impact, on the one hand, as the droplets con-
tinue to collide, the surrounding liquid continues to enter the
crowns area, on the other hand, by the mutual transforma-
tion of droplets’ energy, leading to the jets becoming higher
gradually. Owing to the instability of Rayleigh–Plateau,[34]

at the top of the jets prone to splashing phenomenon, leading
to minor droplets, the simulation results in Fig. 6 captured the
splashing phenomenon as well. Gao and Li[9] indicated that as
droplets strike a dynamic film, the critical value for splashing
K1 is given as 3378, i.e.,

K1 =We
√

Re(1+H∗U∗)
(
1+H∗U∗2

)
. (17)

The critical value K2 is given as 2100 for a stationary liquid
film,[35] i.e.,

K2 =We ·Oh−0.4. (18)

In the present simulation, K1 and K2 are 12079 and 1787,
respectively. Thus for the moving liquid film, the splashing
phenomenon can be captured. Splashing characteristics can-
not be observed for the stationary liquid film, which is basi-
cally consistent with our simulation results.

The splashing of droplets and the breaking of the crown
produced during the impact are actually caused by the insta-
bility of the crown. Rayleigh–Plateau instability refers to the
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development of instability that is exacerbated by the flow of
fluid from the neck region to the expansion zone under pres-
sure, leading to eventual fragmentation into tiny droplets.[22]

4.2. Influence of horizontal distance between droplets

Figure 9 shows the interface evolution of a double droplet
impingement on a dynamic film with three different distances
S∗. The left case gives S∗ = 1.5625 and middle case gives
S∗ = 2.0 while the right case gives S∗ = 2.5, moreover the
We = 151, U∗ = 0.56 are adopted. We note that for a particu-
lar case, when the S∗ is large enough, there is almost no effect
between the upstream droplet and the downstream droplet. In
addition, the main difference is that as the droplet spacing de-
creases, the smaller the droplet spacing is, the earlier and more
intense the collision of the two droplets, the more instability
at the two-phase interface, leading to droplets splashing ear-
lier. At the same time, the radial speed of the dynamic film
is still large, and the collision of the droplet and the dynamic
film generates shear force, which makes it easier to develop
the central jet. In the expansion process, the liquid splash
is affected by the flow resistance, and the horizontal veloc-
ity gradually decreases; when the adjacent neck jets meet, the
intermittent motion phenomenon occurs in the contact area,
and the velocity deflects from the horizontal direction to the
vertical direction. With the droplet spacing increasing, and
the upward motion speed of the formed intermediate film jet
decreases; therefore, the central jet height decreases with the
increase of the droplets’ distance.

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

Fig. 9. Interface evolution with three different droplets’ central distance, left
(S∗ = 1.56), middle (S∗ = 2.0) and right (S∗ = 2.5).

Figures 10(a) and 10(b) show the height of the left and
right peripheral crowns with time under different S∗, respec-
tively. In the first 2.5 ms, the horizontal spacing of the double
droplet has almost no effect on the height of the spray on both
sides, the falling height of the splash is different, but the dif-
ference is not significant. The reason is that at the beginning

of the impingement, the splash caused by two drops is similar
to that caused by a single drop. When two droplets collide, the
interaction at the middle position produces the central upris-
ing jet, but within a period, the influence on the spray height
of both sides is not apparent. Figure 10(c) shows the spread-
ing length with different S∗, we find that as S∗ increases the
spreading length increases as well. This can be attributed to
that when the distance between droplets increases, the droplet
interaction time becomes longer, resulting in a longer radial
flow time at the bottom of the droplet and thus an increase in
spreading length.
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Fig. 10. Peripheral jet height and spreading length with three different droplet
spacing.
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4.3. Influence of dynamic film velocity

Next, we analyze the influence of dynamic film speed on
evolution characteristics. Figure 11 shows the evolution with
three different velocities of the dynamic film where the left
case U∗ = 0.38 and middle case U∗ = 0.56 while the right
case U∗ = 0.71, moreover the We = 151, U0 = 3.2 m/s.

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

T=0.2 ms

T=0.4 ms

T=1.0 ms

T=1.8 ms

T=3.2 ms

Fig. 11. Interface evolution with different dynamic film velocity, left (U∗ =
0.38), middle (U∗ = 0.56) and right (U∗ = 0.71).

Due to different film velocities, various evolution phe-
nomena occurred during the impact. At the beginning stage
of impact, the evolution phenomenon of the three cases is re-
sembled. There are four fine sprays appearing close to the
collision area of the droplet and the moving liquid film. Fur-
thermore, when T = 1.2 ms, the two droplets extend to both
sides and form a crown; at the same time the two middle jets
merge into a single. The difference is that, when T = 1.8 ms,
for the moving liquid film with a larger velocity (U∗ = 0.71),
the easier downstream jet splashes, the smaller the inclination
angle between the left spray and central spray. In other words,
the larger speed of the dynamic film, the more obvious the
characteristics of the horizontal movement of the upstream pe-
ripheral jet. For a particular case, while the Uf = 0, the central
jet is perpendicular to the liquid film, which is in good agree-
ment with the left case of Fig. 6.

Figures 12(a) and 12(b) show the heights of the upstream
and downstream crowns at three different film velocities, re-
spectively. The results in the figures show that the height of
the upstream crown decreases significantly when the film ve-
locity increases. While the height of the downstream crown
does not decrease significantly at first, and after T = 1.8 ms,
for a higher film velocity, the height of the crown displays a
significant decrease. This is due to the fact that the radial ve-
locity at the upstream impact point A is opposite to the incom-
ing flow velocity, thus remaining stable for a certain period of
time, and the height of the crown is gradually increasing. On
the other hand, it can be explained by the angle between the

crown and the liquid film. As the flow velocity of dynamic
film increases, the angle between the upstream crown and film
decreases, resulting in an increase in the horizontal velocity of
the crown and a decrease in the vertical velocity, thus decreas-
ing the height of the crown. In the early stage of impact, the
downstream jet height is caused by the radial motion of the
film. Subsequently, the radial velocity decreases and the liq-
uid film flow velocity plays a dominant role. When the crown
reaches its maximum height, the splash of droplets is caused
by Rayleigh–Taylor instability, and the surface tension plays a
leading role in the later period, leading to the height of down-
stream crown decrease.
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Fig. 12. The spreading length and crown height with different film velocity.

046801-8



Chin. Phys. B 31, 046801 (2022)

Figure 12(c) shows the relationship between spreading
length with time, we find that the length increases with the
dynamic film velocity. In fact, at that time, the radial veloc-
ity no longer plays a dominant role in the spreading length; it
is the moving liquid film with a larger velocity, leading to the
fluid moving quickly to the right and the extended length of the
downstream droplet increases. Leftward shear stress is pro-
duced between droplets and dynamic film, resulting in a case
where the jet has a tendency to tilt leftward, comparing with
the dynamic film moving at a low velocity. When T = 3.0 ms,
for the higher velocity of dynamic film, the peripheral jet of
downstream droplet disappears gradually. Simultaneously, the
peripheral jet of the upstream droplet begins to descend. What
is more, compared with the result in Fig. 9, the dynamic film
speed has a greater influence on the angle between the periph-
eral jet and film.

4.4. Influence of droplets impact velocity

Then, the two droplets initial velocity influence on inter-
face evolution is investigated using three different values of
U0 (U0 = 1.35 m/s, 2.0 m/s, and 2.85 m/s). Figure 13 shows
the interface evolution phenomenon of two droplets hitting a
dynamic film where D = 2 mm, S∗ = 2; the thickness of film
Hf = 1.2 mm.

T=0.2 ms T=0.2 ms

T=0.8 ms T=0.8 ms

T=1.2 ms T=1.2 ms

T=1.8 ms T=1.8 ms

T=3.0 ms T=3.0 ms

Fig. 13. The evolution with different impact velocity of droplets, left (U0 =
1.35 m/s), right (U0 = 2.85 m/s).

It is evident that the higher velocity merges the central
uprising jet faster than the lower velocity. When T = 1.2 ms,
for the left case, the peripheral jet generated by the upstream
droplet produces a horizontal jet, whereas the upstream droplet
on the right case produces an inclined jet.

Figures 14(a) and 14(b) show the crown heights at
different impact velocities. We find that the upstream
crown height increases with U0. The downstream crown
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Fig. 14. The spreading length and crown with different droplet initial impact
velocity.

height also increases at the beginning of the impact, and when
the impact velocity increases further, the crown height de-
creases instead. This phenomenon can be explained by the fact
that during the initial impingement, the liquid continuously
enters the jet under the effect of kinematic discontinuity,[36]

forming a crown spray that leads to an increase in height and
diameter. When the initial impact velocity increases, the ini-
tial kinetic energy of the droplet increases and most of the
energy is converted into kinetic and potential energy of the
crown spray, resulting in the crown being unstable, and the
splash phenomenon occurs earlier at the same time. It is also
influenced by the Rayleigh–Plateau instability, which leads to

046801-9



Chin. Phys. B 31, 046801 (2022)

the formation of secondary droplets, and some of the liquid is
thrown out, leading to a decrease in the crown height.

Figure 14(c) shows the relationship between spreading
length and different impact velocities, outcomes indicate that
the larger initial impact velocity the longer spreading length.
The reason is that when the momentum of the droplet is
large, a greater radial velocity is generated downstream of the
droplet, the fluid in the impact area will extend faster to both
sides, thereby increasing the spreading length. In addition, the
right case with a higher impact velocity U0 = 2.85 m/s the
peripheral jets and central uprising jet have larger heights. Be-
sides, the two peripheral jets move upstream and downstream
respectively, compared with the situation that droplets with a
lower speed U0 = 1.35 m/s. The reason is that, with a higher
impact velocity, the droplets hit moving film drastically, caus-
ing the impact area to get slighter. Simultaneously, more fluid
moves into the crown, resulting in an increase of the height
and diameter of crown wall and central jets.

It can be seen from the velocity distribution as is shown
in Fig. 15 when T = 2.6 ms that since the moving liquid film
flows in the horizontal direction, the liquid in the spreading
edge area still remains at a certain horizontal velocity when it
gets into the jet. Therefore, the jet has certain horizontal move-
ment characteristics, which can explain that the peripheral jet
generated by the upstream droplet is a horizontal jet in some
cases. In addition, the outward expansion speed of the jet is
much weaker than the radial movement speed of the liquid in
the impact area. Therefore, a speed discontinuity is generated
in the jet region, which promotes the formation and develop-
ment of the jet, thus verifying the correctness of the motion
discontinuity theory. Moreover, below the left peripheral jet,
the vortex size and the angle between the left peripheral jet
and the liquid film enlarges as the droplets’ initial velocity in-
creases.

T=2.6 ms impact velocity U0=1.35 m/s

T=2.6 ms impact velocity U0=2.0 m/s

T=2.6 ms impact velocity U0=2.85 m/s

Fig. 15. Vector velocity and interface evolution with three different impact
velocities when T = 2.6 ms.

4.5. Influence of dynamic film thickness

We now discuss the influence of dynamic film thickness
on the behavior of peripheral jets. Figure 16 shows the inter-
face evolution with different thicknesses. The We gives 151,
U∗ = 0.4, H∗ = 0.1,0.2,0.4 respectively. The K1 value of the
different thicknesses are 12323, 13034, and 14490 calculated
via Eq. (17), the minimum of K1 is much higher than the criti-
cal value 3378, which indicated that we can capture the splash
characteristic.

T=0.2 ms T=0.2 ms

T=0.8 ms T=0.8 ms

T=1.2 ms T=1.2 ms

T=1.8 ms T=1.8 ms

T=3.0 ms T=3.0 ms

Fig. 16. The evolution with different thickness, left (H∗ = 0.1), right
(H∗ = 0.4).

Figure 17 shows the velocity and the vorticity distribu-
tion of the droplets hit different thickness of dynamic films
when T = 0.4 ms. As is shown in the figures, for the right
cases, a large vorticity near the top of the peripheral jet and the
central jet exists, which means that splashing is more likely
to occur at the top of the jet. For the left cases, it can be
vaguely seen that there are clockwise and counterclockwise
vortexes on the upper and lower sides of the upstream periph-
eral crown, respectively; whereas a single counterclockwise
vortex exists in the downstream. However, the clockwise vor-
tex upper the upstream crown is weaker than another opposite
direction vortex, which leads to the left upstream crown having
a counterclockwise development trend. For the same reason,
the downstream peripheral jet bends in the clockwise direc-
tion. This conclusion is in good agreement with reference.[20]

Namely, the peripheral jet on the left moves horizontally, and
the right peripheral jet has a vertical development trend. Be-
sides, as the dynamic film thickness increases, the vortex be-
comes smaller. This can explain the phenomenon that when
the thickness H∗ = 0.4, the angle between the downstream pe-
ripheral jet and the dynamic film is close to 90◦ at 3.0 ms. In
reference,[38] the same evolution characteristics are observed
with droplet impingement on a static liquid film. Therefore,
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the direction of peripheral jet development is closely related
to the radial motion and vortex.

   T=0.4 ms velocity
distribution (H*=0.1)

   T=0.4 ms velocity
distribution (H*=0.1)

   T=0.4 ms velocity
distribution (H*=0.2)

   T=0.4 ms velocity
distribution (H*=0.2)

   T=0.4 ms velocity
distribution (H*=0.4)

   T=0.4 ms velocity
distribution (H*=0.4)

Fig. 17. Velocity and the vorticity cloud diagram when the droplets impact
on different moving liquid films.
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Fig. 18. The spreading length and crown height with different film thick-
nesses.

When the droplets start impacting on a thick dynamic
film, droplets continue to squeeze the surrounding liquid. The
resistance of the droplet diffusion and the loss of kinetic en-
ergy will increase.[37] For example, after T = 0.8 ms, the outer
jet of the right case is stronger compared with the peripheral

jet generated by the case on the left. The analysis shows that
when droplets hit dynamic films of different thicknesses, the
thicker the dynamic film, the larger the volume of fluid enter-
ing the jet, leading to an increase in the height of the crown,
as in shown in Fig. 18, since the droplets have equal kinetic
energy. At the same time, droplets of a larger size were pro-
duced, and this reason can be explained by the fact that due
to the increase in the height of the crown, the droplets pro-
duced at the end of the crown were larger and the instability
increased, when the surface tension was not enough to with-
stand the gravity of the droplets, leading to the shedding of the
droplets, but at this time the height of the crown also did not
show a significant decrease.

5. Summary and conclusions
In this work, a CLSVOF method is adopted to investi-

gate the simultaneous impact of a double droplet on a moving
liquid film based on OpenFOAM. The formation and develop-
ment of the peripheral jet, central uprising jet, and the evolu-
tion mechanism were analyzed. In addition, the effect of dy-
namic film thickness, film velocity, initial impact velocity, and
the horizontal distance between the center of the droplets was
taken into account. The brief conclusions are listed as follows:

(I) Compared with the impact of droplets on a static liq-
uid film, they have similar evolution phenomena in the initial
stage of impingement; but an obvious asymmetry can be ob-
served when impacting on a dynamic liquid film.

(II) Within a certain period, the droplet spacing does not
affect the peripheral jet height; as the droplet spacing de-
creases, the droplets splashing earlier.

(III) By increasing the film velocity, the crown height can
be suppressed, so that the crown becomes more stable; and the
horizontal movement characteristics of the left peripheral jet
is more obvious.

(IV) By increasing the impingement velocity, the result is
a rapid increase in crown height in the early stages, and the
crown is very unstable, which subsequently leads to a rapid
decrease in crown height as a result of the fluid being thrown
out of the crown. In addition, the greater the impact velocity,
the greater the angle between the upstream peripheral jet and
dynamic film.

(V) When the film thickness is increased, it leads to larger
secondary droplets and rims, and the surface tension is not suf-
ficient to overcome their gravity, leading to the shedding of
secondary droplets.

(VI) The spreading length increases with the velocity of
dynamic film, droplet spacing and initial impact velocity.
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[8] Castrejó-Pita J R, Muñz-Sáchez B N, Hutchings I M and Castrejó-Pita
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