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Abstract

An axisymmetric numerical model is conducted to study the droplet impinge-
ment into a liquid film and crown formation. Through numerical modeling
and experimental validation, the effect of different parameters such as surface
tension, Weber number, and film thickness on crown evolution is investigated.
Surfactant is added to water, aiming reduction of the surface tension in the
surfactant-water mix. It was shown that the crown rim diameter increases with
Weber in both water and surfactant-water mixture cases. Likewise, crown rim
diameter increases with the film thickness in both different cases of fluids.

Additionally, results revealed that surface tension does not affect the
crown rim diameter. Nevertheless, crown height increases as surface tension
decreases. At low values of surface tension, secondary droplets and the de-
wetting region appear. These outcomes can be attributed to the domination of
kinetic energy of crown rims in cases with low surface tensions.

Keywords: Numerical study, crown formation, droplet impact, surface
tension, liquid film, Weber number.
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1 Introduction

Droplet impact is a prevalent phenomenon in nature and a variety of indus-
tries. Impingement of liquid droplets on different surfaces and their outcomes
have been studied widely due to their natural complexity and industrial
applications. Fuel injection, inkjet printers, and spray cooling are examples
of droplet impact applications on industrial scales. Since the droplet impact
process outcomes can affect the industrial systems and their performances
or even induces imperfections in the systems, knowing these processes’
outcomes and underlying physics is vital for enhancing performances or
minimizing potential faults [1, 2].

Droplet impact on a liquid surface has been studied extensively owing to
its distinct post-impact outcomes. The jet breakup was explored in experi-
mental work for water and methoxy-nonafluorobutane liquids over the range
of impact velocities. The result revealed a jet breakup for water drop impact-
ing water liquid film, suggesting a critical Weber number for the water-water
case. However, no jet breakup is reported for the water-methoxy case over
the range of impact velocities, which indicates no critical Weber number
for this case [3]. The crown formation, crown-splash, and crown-deposition
limits are generally described by two variable parameters of the impact
process: the dimensionless film thickness (H∗ = h/d) and K parameter
(K = We · Oh0.4). For the high values of the K parameter, which means at
higher inertia, splashing occurs. In the low values of K, however, the inertia
is not strong enough to create a crown. Thus, only deposition can be seen.
For the mediocre values of K, inertia is strong enough to create a crown
but not enough to induce splashing. For a particular value of dimensionless
film thickness (H∗ < 0.02), crown formation without splashing is no longer
observed [4].

Deegan et al. [5] examined the drop impact on a deep pool with a
significant focus on the ejecta sheet and Lamela layer evolution. While the
ejecta sheet and Lamela layer are considered one phenomenon in previous
studies, Deegan illustrated that the ejecta sheet and Lamela layer are different.
Nonetheless, for low Re, ejecta and Lamela sheets merge and create single
ejecta. By increasing the Re and We, ejecta and Lamela sheets can be distin-
guished. Effects of film viscosity and ambient gas pressure on ejecta sheet and
splash outcomes of drop impact have been investigated by Marcotte et al. [6].
He showed that a splash’s downward curve would change into an upward
curve by increasing the liquid film viscosity. He also reported that decreasing
the ambient air pressure suppresses the splash and crown formation. However,
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further studies could have been done on impact outcomes at lower impact
velocities. The controlling mechanism of suppression behavior at lower ambi-
ent gas pressure has not been discussed adequately. Impact at higher ambient
gas could have been another interesting subject to investigate.

Che et al. [7] studied the effect of surface tension on drop impingement
and crown formation afterward. He analyzed the crown formation process for
different pure water drop and film liquids and water drop and film liquids with
surfactant additives. Surfactant has been used to reduce the surface tension
in liquids. It has been revealed that by adding a surfactant, crowns form
with more stabilized rims, which grow almost vertically, and the number
of secondary droplets decreases. The presence of surfactants also alters the
propagation of after impact capillary waves. In cases of surfactant drop
impacting water film, capillary waves move faster due to surface tension
gradient in the impact region and other parts of the liquid film.

Air entrainment and air film rapture during the drop impact on a deep pool
have been described by Tran [8]. During the impact process, air film thickness
between the drop and liquid pool decreases until it reaches a certain level and
eventually ruptures. Rupture position was noticed to be dependent on impact
velocity and fluid viscosity. Additionally, Tran derived a scaling law for the
rupture position, which takes airflow in the film into consideration.

Moreover, many numerical studies have been implemented to investi-
gate the droplet impact process and outcomes. Xie et al. [9] employed
the particle method to model the crown formation during the drop impact
process. A numerical model is conducted by Guo et al to simulate the
high-speed droplet impact process. A comparison with the experimen-
tal results showed that they could model the interfaces accurately [10].
Agbaglah [11] simulated the drop impact into a deep pool. They captured
the ejecta sheet and jet formation in their simulation, which was their work’s
main idea. Y. Guo et al. [12] used a coupled method of Volume of Fluid (VOF)
and Level set to simulate the droplet impact into a liquid film. They analyzed
the effect of impact velocity and liquid film thickness on the spreading pro-
cess. They mentioned that as the liquid film increases, the spreading diameter
decreases. Many studies have been done about the different parameters in
the droplet impact process and outcomes of this process-such as impact
velocity effect, viscosity effect, and effect of film thickness. Nonetheless,
the surface tension effect is less investigated experimentally and numerically,
which shows the significance of this work.

This study aims to simulate the droplet impingement into a liquid
film of water and the crown formation and effect of Weber number, film
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thickness, and droplet size on the crown diameter during the impact process.
The surfactant has also been added to water to explore the crown formation
and evaluation’s surface tension effect. This study’s primary focus is the high
Weber number (high velocity) impacts that produce the Crown at different
states.

2 Numerical Methods

Droplet impact into a liquid film is a two-phase flow that contains liquid
(water) and gas (air) phases. The following assumptions are made to simulate
this flow:

• Laminar flow regime
• Incompressible flow with Newtonian fluids
• Constant fluid properties (density, viscosity, etc.) during the entire

process
• Droplet shape is spherical during the impact

2.1 Governing Equations

In multiphase flows, the interface is the critical point where different phases
interact, and these interactions change the interface shapes. Coupled level-set
& Volume of Fluid (CLSVOF) method is a multiphase flow model consisting
of Volume of Fluid (VOF) and Level-set methods. This method can model
the interfaces and fluid phases accurately. Considering that the VOF method
is discontinuous across the interfaces, the Level-set method can model the
interfaces effectively since the level set offers smooth change and continuity
across the interfaces. Therefore, the coupling Level-set and VOF method is
an efficient way to model the multiphase flows [13].

Mass and Momentum equations can be written as:

∂ϕ

∂t
+ u · ∇ϕ = 0 (1)

∂(ρu)

∂t
+∇ · (ρuu) = −∇P +∇ · τ̃ +

−⇀
F sf + ρ−⇀g (2)

The surface tension force (
−⇀
F sf ) is evaluated as below:

−⇀
F sf = σkδ(ϕ)−⇀n (3)
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Where σ, k, δ(ϕ) and −⇀n are surface tension coefficient, local mean
interface curvature, dirac function, and local interface normal.

The density (ρ) and viscosity (µ) of each fluid are constant. Thus, dis-
continuity is observed in interfaces for each of these physical properties.
To smoothen the discontinuity, using the heaviside function, density, and
viscosity is defined as [14]:

ρ(ϕ) = ρlH(ϕ) + ρg(1−H(ϕ)) (4)

µ(ϕ) = µlH(ϕ) + µg(1−H(ϕ)) (5)

The heaviside function is defined as:

H(ϕ) =


0 if ϕ < −a

1

2

(
ϕ+ a

a
+

1

π
sin
(
π
ϕ

a

))
if |ϕ| ≤ a

1 if ϕ > a

(6)

The dirac function can be written as:

δ(ϕ) =
∂H(ϕ)

∂ϕ
(7)

δ(ϕ) =


0, |ϕ| > a

1 + cos
(πϕ
a

)
2a

, |ϕ| ≤ a
(a = 1.5z) (8)

Where z is the grid spacing and (ϕ) is the Level-set function which is
determined as a signed distance from interfaces. The Level-set function is
given as [15]:

ϕ(x, t) =

+|d|, the primary phase
0, the interface
−|d|, the secondary phase

(9)

Where d is the distance from the interface.
Local mean interface curvature and local interface normal are expressed

as [16, 17]:

k = ∇ · ∇ϕ
|∇ϕ|ϕ=0

(10)

−⇀n =
∇ϕ
|∇ϕ|ϕ=0

(11)
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2.2 Boundary Condition and Domain

A two-dimensional axisymmetric simulation is carried out. Figure 1 shows
the schematic of the computational domain and boundary conditions. In this
modeling, instead of a droplet falling because of gravitational force, the
droplet will impact the film from the initial height of h = 0.1D, where D
is droplet diameter and the initial speed of u. This initial height has been
chosen so as not to affect the accuracy of the result.

The computational domain is chosen in a way to include the impact region
mainly. Therefore, a rectangular field with a width of 4.75D and a height of
2.5D is generated where D is droplet diameter. In order to achieve a high-
quality mesh, the adaptive refinement method has been conducted to create
a better mesh grid in the liquid film and droplet impact regions (Figure 2).
Thus, mesh size in the refined areas is equal to 1/200 droplet diameter. The
grid study showed that the result does not change with the mesh grids, which
are finer than 1/200 drop diameter.

The PISO method was used to couple the pressure and velocity. The
Navier–Stokes equation and Level-Set function were solved by quadratic
upwind interpolation of convective kinematics. The VOF function and Level-
Set equation are solved by geo-reconstruction and MUSCL, respectively.

Figure 1 Schematic of droplet impact configuration, domain, and boundary conditions.
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Figure 2 Schematic of the discretized domain.

3 Results and Discussion

The numerical result is validated against the experimental study of Che and
Mattar [7]. Two different cases of fluids have been used in this simulation.
In the first case, the film liquid and droplet are from dio-ionized water. The
sodium dodecyl sulfate (SDS) has been added as a surfactant to dio-ionized
water for the second case.

Since surfactant mixture properties are dependent on the concentration
of surfactant in the solvent, the effect of surfactant on these properties
must be considered. Critical micelle concentration (CMD) is defined as the
concentration of surfactants above which micelles form, and all additional
surfactants added to the system go to micelles. CMC is a critical parameter
in determining surfactant properties. The surface tension of water decreases
due to added surfactant in the water. The viscosity of surfactant mixtures will
increases while surfactant concentration increases until surfactant concentra-
tion reaches the CMC. For the surfactant concentrations above the CMC, the
viscosity decreases with increasing the concentration of the surfactant. SDS is
a surfactant with a critical micelle concentration (CMC) of 8.2 mM. In Che’s
experiment, SDS is used at the 65.6 mM concentration, way above the CMC.
Thus, the viscosity of the mixture slightly decreases by adding the SDS to
dio-ionized water. In addition, viscosity changes are negligible. The added
surfactant does not change the density of the mixture significantly. Thereby,
the density of water will also remain constant [18, 19]. Table 1 shows
the range of properties of dio-ionized water and the water-surfactant
mixture.
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Table 1 Fluids properties
Properties Water Surfactant-Water
σ (N/m) 0.071 0.0344
µ (Pa.s) 0.001 0.00082
ρ (Kg/m3) 1000 1000

Figure 3 Crown rim diameter evolution vs. impact time at different Weber numbers in
experimental and numerical cases; (a) water and (b) surfactant-water; droplet diameter and
the film thickness is d = 3.15 mm, and h = 0.7 for case (a) and d = 2.47 mm and h = 0.7 for
case (b), respectively.

3.1 Effect of Weber Number (We)

Weber number is a dimensionless number that represents the ratio of inertia
and surface tension, and it is given below [20]:

We =
ρdropu

2d

σdrop
(12)

Where ρ, u, d, and σ are droplet liquid density, impact velocity, droplet
diameter, and surface tension of the droplet liquid, respectively.

Figure 3 shows the crown rim diameter’s evolution at different Weber
numbers for water and surfactant-water mixture cases. Experimental and
numerical results are in good agreement. Crown rim diameter and crown
height increase with Weber number in both water and surfactant-water cases.
Inertia is a key factor in crown formation. The inertia will be transported
to liquid film during the impact process, leading to the crown formation.
Impacts with higher Weber numbers can be interpreted as higher inertia, and
this higher inertia results in larger crown heights and rim diameters. With a
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Figure 4 Weber number effect on droplet impact process and crown formation for water
case; Snapshot of crown formation at t = 7 ms after impact; (a) experimental case with Weber
number of 82 (u = 1.4 m/s) (b) experimental case with Weber number of 249 (u = 2.4 m/s)
(c) numerical case with Weber number of 82 (u = 1.4 m/s) (d) numerical case with Weber
number of 249 (u = 2.4 m/s); droplet diameter and the film thickness is d = 3.15 mm and
h = 0.7 mm, respectively.

sufficiently large Weber number, the crown rim eventually forms a secondary
droplet ring, which finally would be ejected from this ring [Figure 4]. The
formation of these secondary droplets can be described as a competition
between inertia and surface tension [21]. The interaction between kinetic
energy (inertia) and surface tension in crown evolution will be discussed in
the final section. It can also be seen that surface waves that propagate in the
liquid film after impact are only noticeable in the water case, and the film
beyond the Crown is flat and smooth in the surfactant-water case. However,
these surface waves are primarily created in low Weber number cases.

3.2 Liquid Film Thickness Effect

The liquid film thickness is a critical parameter in the droplet impact process
and crown formation. Crown rim and height reduce as the film thickness
grows. Crown thickness alternatively elevates with the increment of the film
thickness. Besides, the secondary droplets are eliminated or generated less
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Figure 5 Weber number effect on droplet impact process and crown formation for
surfactant-water mixture; Snapshot of crown formation at t = 7 ms after impact; (a) exper-
imental case with Weber number of 133 (u = 1.4 m/s) (b) experimental case with Weber
number of 404 (u = 2.4 m/s) (c) numerical water-water impact at Weber number of 133
(u = 1.4 m/s) (d) numerical water-water at Weber number of 404 (u = 2.4 m/s); droplet
diameter and the film thickness is d = 2.47 mm and h = 0.7 mm, respectively.

often as film thickness increases. The elimination of secondary droplets stems
from the fact that thicker film and subsequently thicker crowns are more
stable, and instabilities cannot form necking points in the crown rim regions.
Thus, secondary droplets are less common in the thick fluid films.

Crown evolution is slower in thick fluid films. The droplet has to over-
come the resistance of film for crown formation. Since the thicker film needs
larger inertia to form the Crown, with the same inertia (same Weber number),
the Crown will develop slower in the thicker films. It grows faster in a thin
film due to the slight resistance of the liquid film (Figure 6).

3.3 Effect of the Surface Tension

Three impact cases have been carried out with the same impact parameters
and different surface tensions to properly investigate the surface tension effect
on crown evolution. Figure 9 shows the snapshot of the surfactant-water mix-
ture case with three surface tension coefficients. Figure 10(a) illustrates the
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Figure 6 Crown rim diameter development vs. impact time at different experimental and
numerical film thicknesses; (a) water and (b) surfactant-water mixture cases; droplet diameter
and the Weber number are d = 3.15 mm, and We = 249 (u = 2.4 m/s) for case (a) and
d = 2.47 mm and We = 404 (u = 2.4 m/s) for case (b), respectively.

Figure 7 Effect of film thickness on crown formation for water case; a snapshot of crown
formation at t = 7 ms after impact; (a) experimental case with the film thickness of h = 0.7
mm (b) experimental case with a film thickness of h = 1.5 mm (c) numerical case with a film
thickness of h = 0.7 mm (d) numerical case with the film thickness of h = 1.5 mm; droplet
diameter and Weber number are d = 3.15 mm and We = 249 (u = 2.4 m/s), respectively.
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Figure 8 Effect of film thickness on crown formation for surfactant-water mixture case;
a snapshot of crown formation at t = 7 ms after impact; (a) experimental case with the
film thickness of h = 0.7 mm (b) experimental case with a film thickness of h = 1.5 mm
(c) numerical case with a film thickness of h = 0.7 mm (d) numerical case with the film
thickness of h = 1.5 mm; droplet diameter and Weber number are d = 2.47 mm and We = 404
(u = 2.4 m/s), respectively.

Figure 9 Crown formation snapshot of surfactant-water mixture (a)–(c) surface tension:
0.0344; (d)–(f) surface tension: 0.0520 and (g)–(i) surface tension: 0.0700 at 4, 5, 6 (ms).
Droplet diameter and film thickness and impact velocity for the three cases are d = 3.15
(mm), h = 0.7 (mm), u = 2.4 (m/s), respectively.
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Figure 10 Crown height vs. impact time for three different cases of surface tension coeffi-
cients.

crown height against the impact time. The crown height increases as surface
tension decreases. It can be seen that the highest Crown is created at the
surfactant-water mixture with the lowest surface tension coefficient. Crown
height in the third case (g)–(i) is the lowest since it has the largest surface ten-
sion coefficient. Figure 10(b) demonstrates the crown rim progress through
the impact time. The crown rim diameter evolution does not change with the
surface tension, and it is entirely independent of the surface tension [22].

To decipher the underlying process, the energy balance equation is written
for droplet and fluid film before and after the impact during the crown
formation. Droplet’s initial energy is [23]:

Edrop = KE i + SE i =
ρπd3u2

12
+ σπd2 (13)

Where KE i and SE i are droplet kinetic energy and surface energy,
respectively. For drop case with initial parameters of d = 3.15 (mm), u = 2.4
(m/s) and σ = 0.07 (n/m), these energies can be calculated as:

KE i = 471.08×10−7(J), SE i = 21.80×10−7 (J)

The surface energy of the droplet is less than %5 of its total energy
(Edrop). Thus, it is a reasonable assumption to neglect the surface energy
in the three droplet case studies:

Edrop
∼= KE i (14)
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Figure 11 Droplet impact and crown formation for cases with (a) σ = 0.0344 (b) σ =
0.0700; at t = 4 (ms) after impact. Secondary droplet and de-wetting region can be seen for
the case with low surface tension.

After the impact and during the final stage of crown formation, the
droplet’s kinetic energy will transform into four different forms of Crown
and fluid film’s kinetic energy (KEC), Crown gravitational potential energy
(PEC), Surface energy of Crown and fluid film (SEC) and Viscous dissipa-
tion through the liquid film (DE).

Efinal = KEC + PEC + SEC +DE (15)

The Crown’s gravitational potential energy has been reported to be less
than %3 of the initial total energy and logically negligible [24]. Thus, the final
stage of the energy equation can be written as:

Efinal = Edrop = KE i = KEC + SEC +DE (16)

KEC = KE i−SEC −DE (17)
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Equation (17) describes the relationship between different forms of
energy transformation during the crown evolution. Given that KE i and
DE are constant, crown surface energy (SEC) is controlling the crown
kinetic energy. Consequently, in lower surface tension cases, surface energy
decreases and Crown’s kinetic energy proliferates, and crown height subse-
quently is elevated.

At low surface tensions, the formation of secondary droplets and surface
de-wetting happens at earlier stages because surface tension cannot resist the
kinetic energy at the top of crown rims, and secondary droplets are eventually
ejected from the crown rim (Figure 11). Hence, in situations where de-wetting
and secondary droplets are problematic for a system, surface tension must be
high enough in order to omit these unwanted outcomes.

4 Conclusions

A CFD model has been carried out to study the droplet impact and crown
formation outcomes. Crown height and rim diameter are explored in different
situations. The effect of different Weber numbers and film thicknesses has
been discussed. The surface tension effect is also investigated by adding
a surfactant to dio-ionized water in order to reduce the surface tension of
water while keeping the other properties constant. Weber’s number plays
a significant role in the crown formation. It is described as the ratio of
inertia to surface tension. A higher Weber number (higher velocity) means
higher inertia, leading to a larger crown rim and heights. Crown rim diameter
increases with the Weber number in both water and surfactant-water cases.

Crown forms faster in thinner liquid films due to the lower resistance
of the thinner liquid film. In the thicker film cases, the secondary droplets
disappear. This behavior comes from the fact that the thicker liquid films
lead to thicker crown rims. Rim diameter escalates as film thickness elevates.
Surface energy is noted to be the controlling factor of kinetic energy in crown
evolution. Thus, at lower surface tensions, the kinetic energy of the crown rim
surges and creates higher crowns.

Nonetheless, crown rim diameter does not changed, suggesting the con-
stant radial inertia for various surface tensions. For low values of surface
tensions, secondary drops and de-wetting areas started at an earlier stage of
post-impact. Thus, in order to avoid the de-wetting and secondary droplets
surface tension must be high enough to resist the crown’s kinetic energy.
A threshold can also be computed considering the energy balance equation in
future research works.
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