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Highlights

* The interfacial areas of droplets during impact on solid surfaces are analysed.

* A new correlation for predicting the maximum gas-liquid interfacial area is proposed.

*  The dynamic contact angle with local grid refinement is implemented in the CFD model.
*  The impact of droplets on both hydrophobic and hydrophilic surfaces are studied.

*  The inner flow field of droplets during impact onto a solid surface is described.

Abstract

A better understanding of the variation of the gas-liquid interfacial area during droplets impact on
solid surfaces in detail is extremely important for process intensification since this can lead to a much-
increased efficiency of the heat and mass transfer. At present, experimental observation is the most
popular method to investigate the droplet behaviours during the impact of the droplet. However, it is
difficult to measure the interfacial areas and observe the transient inner flow field in the droplet. The
CFD with VOF model is a powerful and efficient tool for investigating the visual dynamic behaviours,

interfacial areas and the detailed inner flow field of droplets. Therefore, effective and efficient CFD
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models are established to investigate the droplet impact onto solid surfaces through using the VOF
model with dynamic contact angle and local grid refinement techniques. The CFD predictions of the
dynamic behaviours of the droplets are in reasonable agreement with experimental data over a wide
range of surface and liquid properties. The simulation results showed that the gas-liquid interfacial area
decreases slightly at the kinematic stage, then increases at the spreading stage, and reaches its maximum
at the end of the spreading stage. The hydrophilic surface promotes the increase of gas-liquid interfacial
area through releasing the liquid-solid interface energy, while the hydrophobic surface promotes the
increase of the gas-liquid interfacial area by promoting droplet breakup. Finally, the energy conversion
of the droplet impact on the solid surface is analysed, and a new correlation for predicting the maximum

gas-liquid interfacial area of the droplet is proposed.
Keywords

Drop impact; Interfacial area; Dynamic contact angle; Dynamic local grid refinement; Process

intensification

1. Introduction

Droplet impact onto solid surfaces is a popular phenomenon in many industrial processes, including
rapid spray cooling of hot surfaces [1-3], spray and jet reactors [4, 5], fuel injection and combustion [6,
71, metal soldering and additive manufacturing [8, 9], etc. In these applications, the interphase heat and
mass transfer occur through the corresponding phase interface; therefore, increasing the interfacial area
is an effective way to enhance the interphase heat and mass transfer. In the process of a droplet normal
impact on a solid surface, the increase of gas-liquid interfacial area is mainly realized by two modes: (i)
Extend the surface of a droplet by the large deformation of the droplet. This is because the surface area
of a sphere is the smallest for the same volume liquid, as it changes from a sphere to another shape, the
interface area increases; (ii) Extend the surface of a droplet by droplet breakup. The specific surface area
of a spherical droplet is 6/D, where D is the diameter of the droplet, therefore, a big droplet breakup into
small droplets can increase the specific surface area of the droplet. Accurate prediction and control of

the interfacial area of droplets are crucial for optimizing the relevant industrial processes. At present,
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the impact behaviour of droplets on solid surfaces has been extensively studied, as discussed in several
reviews [10-13]. Among the investigations, the spreading dynamics and the splashing dynamics of
droplets are two important aspects. For the spreading of droplets, many efforts have been made to
understand the changes in droplet diameter and predict the maximum spreading diameter of droplets. A
series of experiments have been designed for observing and measuring the dynamic behaviours of
droplets with different substrates [14-16]. However, very few studies have focused on the change in the
area of the gas-liquid interface when the droplet impacts on a solid surface, mainly because it is difficult
to measure accurately.

As a supplement to the experimental techniques, CFD technology has the potential to obtain more
detailed information on the behaviour of droplets. Different numerical schemes have been developed to
track or capture the gas-liquid interface, such as level set methods, volume of fluid (VOF) methods,
front tracking methods, and phase-field methods, etc. Since the VOF model is naturally volume-
conserved, it has been popular for investigating the droplet impact dynamics [17-26]. When simulating
a droplet hitting a surface, the proper treatment of the moving three-phase (gas-liquid-solid) contact line
is very important for improving the simulation accuracy, and it is usually modelled by imposing a
contact angle. Since we are interested in the macroscopic motion of droplets, it is efficient to resolve
only this part of the flow through embedding an apparent contact angle model [27, 28]. The simplest
apparent dynamic contact angle model is the advancing—receding contact angle model, where the fixed
static advancing or receding contact angle is set to a boundary condition when the contact line spreads
or recoils [29, 30]. Further, several empirical formulas of the apparent dynamic contact angle as a
function of the contact line velocity and the prescribed static or dynamic contact angle have been
proposed [24, 31-34]. Among them, the Kistler model [32] is easy to be implement and it has shown the
ability to reproduce the experimental results accurately. In addition, Malgarinos et al. [35] implemented
a wetting force model [36] in VOF simulations, which can overcome the need of a pre-defined dynamic
contact angle law for the cases of low Weber number impacts. In order to accurately predict the
movement of the three-phase contact line and obtain a high-resolution gas-liquid interface, these regions
need very fine grids. However, it is very expensive to use a uniform fine grid considering the required

calculation time and computational resource. Thus, adaptive grid refinement technologies should be
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used. Theodorakakos and Bergeles [37] proposed a multi-level dynamic local grid refinement method,
which refines the cells that within a prescribed distance from the interface, and Malgarinos et al. [35,
38] proposed and tested a new wetting force model and an interface sharpening scheme using the
dynamic local refined grid. Also, Jian et al. [39] numerically investigated the droplet splashing
mechanism when it impacts on a solid substrate by using a dynamic local grid refinement method.
However, these researches are only performed in 2D simulations, which cannot capture the non-
axisymmetrical fierce crash of droplets. Recently, Cimpeanu and Papageorgiou [40] investigated 3D
high-speed droplets impact onto solid surfaces at arbitrary angles using VOF model with dynamic local
grid refinement. This method allows detailed study of droplet morphology ranging from tens to hundreds
of microns, which proves the power of the modelling method used. Similarly, accurately reproduce the
dynamic behaviour of the droplet and track the change of the interface area through CFD simulations
could be a good way to study the change of the interface area when a droplet impacts on a solid surface.

In addition to CFD simulations, it is more efficient to use a mathematical model to predict the
maximum gas-liquid interfacial area of a droplet when it impacts on a solid surface. At present, it is
estimated mainly by approximating the shape of the droplet at maximum spread. Different shape
approximations have been proposed, such as cylindrical disk [14, 41-45], spherical cap [46], ring-like
shape [47], harmonic average of a spherical cap and a cylindrical disk [48], rim-lamella shape [49], etc.
The prediction accuracy of these models depends on the similarity between the approximate shape and
the real shape [49]. In addition to the shape approximation methods, the maximum gas-liquid interfacial
area can be obtained through energy conservation analysis. The accuracy of this method depends on the
calculation of each energy component during droplet impact, especially the prediction of the energy
dissipation. It is worth mentioning that both of the two methods require the maximum spread factor of
the droplet, and different correlations have been established for predicting the maximum spread factor
based on different approaches, including momentum conservation [50], scaling analysis [51, 52] and
energetic analysis [14, 41-45, 48, 49, 53].

This paper focuses on the analysis and prediction of the gas-liquid interfacial area for droplets
impacting on solid surfaces through CFD simulation and energetic analysis. The structure of this paper

is organised as follows: Section 2 describes the CFD modelling method of droplet hits a solid surface.
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Both the 2D axisymmetric and 3D CFD models using the VOF method with the dynamic contact angle
model and the local grid refinement techniques have been built to accurately capture the gas-liquid
interface and the moving contact line. In Section 3, the spread factor, interfacial area and inner flow
field of droplets in different impinging regimes with different liquid properties and surface properties
are analysed and discussed. Then, in Section 4, a correlation for predicting the maximum gas-liquid
interfacial area of a droplet is proposed based on the energetic analysis. Finally, conclusions are

presented in Section 5.

2. CFD simulation

2.1. The governing equations

In order to track the interface accurately, the VOF model proposed by Hirt and Nichols [54] is used.
Both the gas and liquid phases are assumed to be incompressible, then the conservation equations for

mass and momentum and the transport equation for the volume fraction are as follows:

V-u=0 (D
a - - - _,} N

a(pu) + V~(puu) =-Up+V- [,u(Vu+ Vu )] + 09+ foor ()
60( -

a—tL+u-l7aL=0 3)

where g is the gravitational acceleration, £, is the source term considering the effect of surface tension.
The fluid properties are the volume-averaged values, as follows:
p=ap,+(1—a)pg 4)
p=app, + 1 —aug (5)
Brackbill et al. [55] used the CSF model to convert the surface tension into the body force, and it is

expressed as:

p
5 (P + pg)

fror = 0gLEV a,

(6)

where o is the surface tension coefficient, k is the surface curvature, and it is defined in terms of the

divergence of the unit normal:
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where Ve is the gradient of the volume fraction of liquid.
The surface normal at the wall-adjacent cell is expressed as:
n= n,, cos B4 +t,, sinfy (®)

where n,, and ¢, are the unit vectors normal and tangential to the wall, respectively, and 6 is the contact
angle at the wall.

The Kistler’s dynamic contact angle model [32] and the wetting force model (WFM) [35] were
employed for specifying the contact angle at the wall 8. For the Kistler’s model, the apparent dynamic
contact angle is given as a function of the capillary number and the inverse of Hoffman's function:

Ba = fu(Ca+ £ (6)) ©)

where fi! is the inverse function of Hoffman’s function:

¥ 0.706
fu(x) = arccos {1 — 2tanh [5.16 (m) ]} (10)

where x = Ca + fi''(6.), and Ca = p;u/0gL,. Most surfaces are not smooth and are subject to the effect
of contact angle hysteresis, thus the equilibrium contact angle 8, is replaced by either the quasi-static
advancing contact angle 0,4, or the quasi-static receding contact angle 6,... based on the sign of the
contact line velocity vector [23].

The contact line velocity is calculated from the actual velocity at cells:

- ng
Uer = (Ucens * Mt) Tl (11)
t
The contact line direction is calculated by:
sign = u_c)l ‘n (12)

If sign is positive, then the contact line is receding. If sign is negative, the contact line is advancing.
2.2.  Dynamic local grid refinement

Level-set method is a popular interface-tracking method for simulating two-phase flows with
topologically complex interfaces [56], and the distance from the gas-liquid interface predicted by the
level-set method can be used as the criteria to refine the grids near the interface. The level-set function

(LSF) ¢@is defined as a signed distance to the interface, and the ¢ evolution can be given by:
6
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aa—(f+|7-(ﬂgo)=0 (13)

where the interface is the zero-level set, and @(x, ) can be expressed as:
+|d| if x € the primary phase
o(x,t) =40 if x € the interface (14)
—|d| if x € the secondary phase
where d is the distance from the interface.

In order to increase the calculation efficiency, the dynamic grid refinement region is restricted to a
certain region that is close to the gas-liquid interface. For the 2D axisymmetric domain, the refinement
region is within 0.2Dy to the interface, namely -0.2Dy < ¢ < 0.2Dy; for the 3D domain, the refinement
region is within 0.1Dy to the interface, namely -0.1Dy < ¢ < 0.1D,. The level of refinement for a region

depends on its distance to the interface, and the different refinement regions are marked using the level-

set function ¢. For example, the refined 2D axisymmetric domain is expressed as follows:

. 0.2D,

4 if || <

3 i 0200 00200
g sPl=77

Level = 0.2D, 0.2D, 15

2 if = < | < —= (15)
_0.2D,

1 if < |g| < 0.2D,

0 if others

where, Dy is the initial droplet diameter. Refined grids are produced by the method of hanging node
adaption. If the current level of the cell is lower than expected level, then the cell in the 2D domain is
split into 4 cells or the cell in the 3D domain is split into 8 cells. Conversely, if the current level is larger
than the expected level, then this grid is made coarser.

The 60 x 60 and 80 x 80 x 80 identical coarse-level quadrilateral cells were mapped in 2D
axisymmetric and 3D domains, respectively. Then, the local multi-level grid refinement around the

interface was applied, as shown in Fig. 1.



164
165

166
167

168
169
170

171

172

173

174

175

176

177

0.002 Interface, VOF of liquid: 0.05-0.95

0.0015

~0.001
=,

0.0005

0.001 0.002 0.003 0.004

(b)

Fig. 1. Geometry, boundary conditions and grid with the dynamic local grid refinement technique. (a)
eZoom of the 4-level of local grid refinement and the interface details of the 2D model, and (b) the 4-
level of the local refinement grid for the 3D model (only 3-levels shown).

For a 2D domain, it is found that the differences in the temporal evolutions of the spreading ratio
between the 4-level and 5-level refined grid is less than 2% which means that the 4-level refinement can
achieve a grid independent solution. Using this technique, the number of the cells can be reduced by
100 times compared with a uniform refined grid using the same grid resolution in the whole
computational domain. In addition, the minimum cell size around the interface is about 15 pum which

means there are more than 400 nodes on the 2D circumference of the initial droplet. For a 3D domain,
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a 4-level refined grid can achieve a grid independent solution for the different cases. The minimum cell
size around the interface is about 15 pm, and more than 120,000 nodes are employed on the sphere of
the initial droplet with a diameter of 3.0 mm. In addition, the number of the dynamic local refined cells
varies from 0.8 to 8.0 million, whereas the number of cells is 2,097 million for the whole-domain with
a uniform 4-level refined grid. In this study, for the purpose of saving computing time, this new local

refined grid is only created every 20 time steps.

2.3.  Boundary conditions and numerical schemes

For the droplet normal impact onto a dry solid surface, the axisymmetric pattern was simulated in
the 2D axisymmetric computational domain for the purpose of saving grids, and the non-axisymmetric
pattern was simulated in the 3D computational domain. In this study, the ranges of the initial velocity
and diameter of the droplets are 0.85 - 4.1 ms™ and 2.28 - 3.17 mm, respectively. Further, the maximum
spread diameter is less than 6 times that of the initial diameter. Thus, the computational domains are set
to be 15 mm x 15 mm for the 2D axisymmetric model and 20 mm X 20 mm X 20 mm for the 3D model.
The initial condition in the computational domain is a spherical droplet with a uniform velocity where
the initial distance from the centre of the droplet to the wall is equal to its diameter. For the 2D model,
one of the vertical boundaries is set to be the axisymmetric boundary. For the 3D model, the droplet is
located at the middle of the x-y plane. The wall is a no slip stationary boundary and the wall adhesion is
specified by dynamic contact angle model. The other lines or faces in the computational domain are set
to be the pressure-outlet boundary, and the static pressure is specific as 0 Pa.

The PISO algorithm was used to solve the transient pressure and velocity coupling, the body force
weighted discretization was used for the pressure equation, and a second-order upwind scheme was
adopted for the momentum equations. The Geo-Reconstruct scheme was employed for tracking the gas-
liquid interface. Both the level-set functions and the transient schemes were solved using the first-order
upwind scheme, and all the nonlinear equations were linearized and solved using the algebraic multigrid
method [57]. The volume fraction was calculated using the explicit scheme, and the time steps of 0.05
us, 0.2 ps, 0.5 pus and 2.0 ps have been chosen to test the time step independence, and 0.5 ps was

regarded as the suitable time step size considering both the accuracy and the computational speed. The
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criterion of convergence is that the residuals of all equations are less than 10™*. The gas-liquid interfacial
area Ag; was calculated through integrating the gas-liquid interfacial area in each gas-liquid boundary
cell. In order to eliminate the error at the liquid-solid interface, a; = 0.1 was regarded as the gas-liquid

interface.
2.4. Case descriptions

Eight representative cases [14-16, 22-24] were selected for performing the simulations. The
selected experimental cases have detailed experimental conditions, including liquid properties, surface
properties and contact angle parameters, as well as clear figures and quantitative results. In addition, in
order to verify the adaptability of the established CFD model, the selected parameters of experimental
conditions cover a wide range. The important parameters of these cases are presented in Table 1, and
the fluid properties of the employed liquid and gas phases are listed in Table 2. In Table 1, uo is the initial
velocity of the droplet, Dy is the initial diameter of the droplet, 8.4, and ... are the quasi-static advancing
and receding contact angles, respectively. If they were not given in literature, they were assumed equal
to the static contact angle. We is the Weber number, which was calculated by We=puo*Do/o. Re is the
Reynolds number, which was calculated by Re=uoDopo/ 1. Oh is the Ohnesorge number, which represents

a dimensionless number that relates the viscous forces to the inertial and surface tension forces, Oh =

u/+/paDy = VWe/Re.

Table 1 Parameters employed in the simulation cases.

. Uuo DO gadv grec
No. Liquid/Wall We Re Oh Ref.
(m/s)  (mm) (°) (%)
Case 1  Water/Wax 1.18  2.75 105 95 523 3,238.5 0.00223  Rioboo [15]
Case2  Water/Wax 085 2.70 97 97 267 2,290.4 0.00225  Mao [14]

Case3  Water/Silicon 1.0 2.28 114 64 31.2 2,275.4 0.00245  Yokoi [24]
Case4  Water/Glass 1.17 2.7 10 6 50.5 3152.7 0.00225  Sikalo [16]
Case 5 Glycerin/Wax 4.1 2.45 97 90 797.5 105.6 0.26732  Sikalo [23]

Case 6  Glycerin/Wax  1.41 245 97 90 943 36.3 0.26732  Sikalo [23]
Case 7  Water/Wax 3.6 3.17 105 95 561.7 11,389.2  0.00208 Rioboo [15]
Case 8  Tin/Steel 3.0 2.7 140 140 3223 29,504.1 0.00061 Bussmann [22]
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Table 2 Properties of the liquids and gas that were used in the simulations.

Liquid/Gas oc(Nm') 4 (mPa.s) p (kg m™) Caatuqg=1 ms’
Water 0.073 1.0 998 0.0137

Glycerin 0.063 116 1220 1.841

molten tin 0.530 1.93 7030 0.0036

Air - 0.0179 1.225 -

Upon considering all the simulated cases, the contact angle is within the range of 6° - 140°, the
Weber number is within the range of 26.7 - 797.5, and the Reynolds number is within the range of 36.3
-29,504.1. Specifically, Case 1 - 3 are concerned with the water droplet impact on hydrophobic surfaces.
Case 4 is about the impact of a water droplet on a hydrophilic surface. Case 5 and 6 refer to the glycerin
droplet impact on hydrophobic surfaces, where the glycerin has a higher viscosity than water, and
therefore this results in a bigger value of the Ohnesorge number Oh and the capillary number Ca. In
addition, Case 7 and 8 are about the water and molten tin droplets impact on hydrophobic surfaces with
high Re numbers, which result in non-axisymmetric patterns, therefore they were simulated using 3D

models.

3. Simulation results and discussion

3.1.  The impact of water droplets on hydrophobic surface

3.1.1. The droplet dynamics and 2D axisymmetric model validation

Water droplets impacting hydrophobic surfaces is a typical process in many applications [58-60].
Accurately reproducing the dynamic impact process through CFD simulation is very important for
analysing their detailed behaviours. Comparisons of the simulation and the experimental results of Cases
1-3 are shown in Fig. 2. It shows that the simulated spatial-temporal evolutions of the spread, recoil,
rebound and breakup behaviours are in good agreement with the experimental results [14, 15, 24]. The
time evolution of the impact process can be divided into four stages: the kinematic, spreading, relaxation
and wetting/equilibrium stages. At the kinematic stage, the droplet is like a truncated sphere, and no

lamella forms and spreads. With the increase of time, the droplet begins to spread, and it is governed by

11
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inertia. At the same time, the surface tension and viscosity combine to damp the droplet spreading, and
a rim of the spreading lamella appears at the edge of the spreading droplet film. At the end of the
spreading stage, the droplet reaches its maximum spreading. Then, the gas-liquid-solid contact line of
the droplet begins to recede, and this is called the relaxation stage, where the surface tension minimizes
the gas-liquid interface of the droplet. Take Case 1 as an example, during the relaxation stage, the droplet
goes from a pancake shape (at t = 6.02 ms, ¢ = 2.58) to a truncated sphere on the hydrophobic surface
(at r = 10.26 ms, " = 4.40), as shown in Fig. 2 (a). Then, depending on different kinetic energies
contained, there are different movement regimes. If the droplet contains sufficient kinetic energy, then
part of the droplet can bounce back from the solid surface as shown in Fig. 2 (a) and (b). Otherwise it

sticks to the surface and reaches equilibrium after several oscillations, as shown in Fig. 2 (c).
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Fig. 2. Experimental and CFD simulation results of the dynamic droplets during the spreading, recoiling
and bouncing regimes: (a) Case 1, based on Rioboo et al. [15], (b) Case 2, based on Mao et al. [14], and
(c) Case 3, based on Yokoi et al. [24].

The spread factor D* is defined as D/Dy, where D is the diameter of the liquid-solid contact
interface, and Dy is the initial droplet diameter. For a further validation of the 2D axisymmetric model,
the time evolution of the spread factor D* in Case 1 is presented in Fig. 3. The development stages of

D* matched well with the experimental measurements [15] when employing the Kistler model [32] or

13
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the wetting force model (WFM) [36]. The simulated maximum spread factor D,," is 2.96 with the Kistler
model and 2.69 with the WFM method, and the experimental result is 2.62. The difference between the
simulated maximum spread factor D, and the experimental measured D,," is within 13%, which
indicates that the 2D axisymmetric CFD model is acceptable for investigating the detailed behaviour of
the droplet impact. Since the Kistler model is more robust for simulating the impact at different
conditions, it was used to produce the CFD results in this paper. In addition, the time evolution of the
dynamic contact angle when employing the Kistler model is plotted in Fig. 3, and the values of the
experimental measured advancing contact angle 6.4, and receding contact angle .. are also marked in
the figure. An interaction between the fluid viscosity, the surface tension, the inertia and the substrate
leads to the real-time dynamic contact angle é; being a function of the velocity of the contact line u,;,

which is very important for reproducing the dynamic impact process in the simulation [61].

| " " PSR | " " PR | 140
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e 4130
1 DEE m
° 000
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2.0 o ¢ L . Ouir | 1o
- L g ------1 o
% 53]
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0.5 B D" -WFM ] o
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0.0 e ———

0.01 0.1 * 1
t =tuy/D,

Fig. 3. Time evolutions of the spread factor of a water droplet and the dynamic contact angle in Case 1
using both the Kistler model [32] and the wetting force model (WFM) [36] for the hydrophobic surface.
3.1.2. Variations of the interfacial areas

The interfacial areas are crucial parameters for affecting the interface heat and mass transfer. In
order to analyse and compare the variations of the gas-liquid interfacial area and the solid-liquid
interfacial area in different impact regimes, two interfacial area factors were proposed. (i) The gas-liquid
interfacial area factor Ag; * is defined as Agr* =Acir/Acro, where Agt is the real-time gas-liquid interfacial

area and Acip is the initial gas-liquid interfacial area of the spherical droplet; (ii) The solid-liquid
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interfacial area factor A, * is defined as As; * =Asi/Acro, where Ag; is the real-time solid-liquid interfacial

area. Variations of Ag.*, As.* and the spread factor D of the droplets in Case 1-3 are presented in Fig.
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Fig. 4. Variation of the spread factor and gas—liquig?nterfacial area factor: (a) Case 1, based on Rioboo
et al. [15], (b) Case 2, based on Mao et al. [14], and (c) Case 3, based on Yokoi et al. [24].

As shown in Fig. 4, Ag.* can be divided into five stages by four changing points according to the
variation of its value. Accordingly, the morphologies of the droplets at the four Ag.* changing points
are shown in Fig. 5. From observing Fig. 4 and Fig. 5, at the kinematic stage, Ag.* slightly decreases
due to the droplet changing from a sphere to a truncated sphere and part of the gas-liquid interface being
replaced by the solid-liquid interface As;. Then, at the spreading stage, the gas-liquid interfacial area
increases with the shape of the droplet changing from the truncated sphere to the lamella, and the
increase of the gas-liquid interfacial area keeps pace with the increasing of the droplet diameter. At the
end of the spreading stage, the D*, Ag.* and Ag.* almost reach their maximum value at the same time,
and the Agr,* (maximum A *) of Cases 1-3 are 2.47, 1.88 and 1.82, respectively. Then, the gas-liquid-
solid contact line begin to recede under the action of surface tension, and the regained kinetic energy
makes the droplet rebound. During the rebound process, Ag.* first decreases to its minimum value, then
it increases with the longitudinal stretch of the droplet. When Ag.* decreases to its minimum value, the
droplet is similar to a conical shape as shown in Fig. 5. Before it reaches its minimum value, the surface
tension acts as a driving force for the drop rebound, while with the increase of Ag.*, it becomes a
resistance for the droplet prolonging. If the droplet has a tall rebound, then the surface tension can shrink
the prolonged liquid column and squeeze out a small droplet at the top of the liquid column, as shown

in Fig. 5 (a) and (b). Before the droplet separate from the liquid column, the gas-liquid interfacial area
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321  reaches its second extremum. Then, the gas-liquid interfacial area decreases and oscillates before the
322 droplet reaches a balanced state. Looking at the whole process, it can be found that D* and Ag.* have
323  different variation trends, which means the variation of the gas-liquid interfacial area A, cannot be
324  simply represented by the variation of the droplet diameter. Comparing Fig. 4 (a) and (b), it can be found
325  that with a higher impact velocity, A,* becomes bigger, which is one of the ways for process

326 intensification.

327
t=0.3 ms t=0.6 ms t= 0.46 ms
t*=0.13 t*=0.19 t*=0.20
t=5.4 ms t=4.85 ms t=3.40 ms
t*=2.32 t*=1.53 t*=1.49
t=12.9 ms t=11.35ms t=10.90 ms
t*=5.54 t*=3.57 t*=4.78
=23.4 ms t=25.4 ms t=13.91 ms
*=10.04 t*=7.98 *=6.10
a b) c
378 (@) ( (©)

329  Fig. 5. Morphologies of the droplets at the Ag.* changing points shown in Fig. 4: (a) Case 1, (b) Case
330 2, and (c¢) Case 3.
331
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3.1.3. Inner flow field of the droplet during impact
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Fig. 6. The velocity vector and the vorticity distribution of the droplet during spreading, recoiling and
bouncing regimes in Case 1.

Parameters of the droplet inner flow field, such as the velocity vector, the vorticity distribution and
the thickness of the boundary layer, significantly affect the calculation of viscous dissipation in the
droplet [41-43, 45, 48] and the interfacial heat and mass transfer [62]. However, these parameters are
very difficult to be measured by experimental methods, therefore they are analysed through using the
accurately reproduced results from CFD simulation. Fig. 6 shows the velocity and vorticity vertical
cross-section diagrams of the droplet in Case 1 at the spreading, recoiling and bouncing regimes. At t =
1.31 ms (t* = 0.56), the droplet is in the spreading stage, as shown in Fig. 6 (a). Under the action of
inertial force, the sphere is stretched into a pie disk shape, and the larger liquid surface is exposed to the
gas phase. In addition, a small bubble can be observed under its centre, and a detailed explanation about
this phenomenon can be seen in the literature [11]. The leading edge of the rim is unstable soon after
impact, and a hemispherical ring is formed due to the solid surface being hydrophobic. The maximum
velocity is located at the ring groove (in 3D view) between the truncated sphere and the hemispherical
ring. As shown in the vorticity contour diagram of Fig. 6 (a), during the spreading stage, there is a thin
layer with a high vorticity in the near-wall region, where the viscous dissipation mainly occurred. In this

stage, there are two reasons for enhancing the interfacial heat and/or mass transfer: (i) due to the
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existence of the high vorticity region, the thermal resistance of the liquid-solid interface can be
significantly reduced by the strong convective heat transfer; (ii) the dramatically increased gas-liquid
and liquid-solid interfaces are favourable for the interfacial heat and/or mass transfer. At t = 6.02 ms (t*
= 2.58), the droplet is at the beginning of the (receding) relaxation stage, as shown in Fig. 6 (b). The
liquid at the outer edge of the disk is in a recoiling motion under the action of the surface tension, while
the liquid near the axisymmetric axis is still in a spreading motion. Thus, there are induced vortices
inside the spreading lamella, as shown in Fig. 6 (b), and these vortices generate viscous dissipation. The
small vortices near the gas-liquid interface can enhance the surface renewal, thus enhancing the
interfacial heat and/or mass transfer, and the large vortices in the droplet facilitate the internal convective
heat and/or mass transfer. At t = 20.54 ms (t* = 8.82), the droplet is at the bouncing stage, as shown in
Fig. 6 (c). The inertia overcomes the gravity and makes the droplet rebound from the wall. Under the
action of surface tension, the inherent instability of the liquid column leads to the appearance of thin
necks, where the velocity is maximum, and the liquid column may break into two or more small droplets.
The breakup stage is investigated by the results obtained in Case 2.

In the rebound and breakup stages, the velocity vectors and vorticity distribution of the liquid phase
of Case 2 are plotted in Fig. 7. At the beginning of the breakup, as shown in Fig. 7(a), a neck is found
connecting the two spheres. The liquid in both the upper and lower spheres moves away from the neck,
and this leads to the breakup at the narrow neck. In Fig. 7(b), these two spheres are completely broken,
and the induced vortices appear inside both the two small droplets. The lower one adheres to the wall,
whereas the upper one flies away. After several milliseconds, the induced vortices disappear and the
upper droplet begins to fall down, as shown in Fig. 7(c). In this stage, the surface tension plays a

dominant role in the droplet breakup and vortex generation.
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Fig. 7. The velocity, vorticity and streamlines of the droplet during the breakup regime of Case 2.

3.2.  The impact of water droplet on hydrophilic surface

Case 4 is used for analysing the droplet dynamics and the variation of the interfacial areas when a
droplet impacts on a hydrophilic surface. The measured .4 and .. are 10° and 6° respectively [16],
and the characteristic time ¢. is equal to 2.31 ms. The time evolution of the droplet morphology is shown
in Fig. 8(a), and the spread factor D*, the gas-liquid interfacial area factor Ag.* and the solid-liquid
interfacial area factor As.* of the water droplet during the impact are shown in Fig. 8(b). During the
kinematic stage, the shape of the droplet changes from a sphere to a disk; the solid-liquid interfacial area
keeps increasing while the gas-liquid interfacial area keeps slightly decreasing. Then, at the spreading
stage, both the gas-liquid interfacial area and the solid-liquid interfacial area increases rapidly. There is
no obvious recoil stage for the hydrophilic surface. Finally, the droplet enters an equilibrium state, and
the Ag.* and Ag.* are almost identical, which means that the liquid is almost shaped like a flat film.
With the diameter of the droplet increasing by 4.4 times, the gas-liquid interfacial area increases by
about 4.8 times. For the hydrophilic surface, the ratio of the increased area to the increased diameter is
much larger than that of the hydrophobic surface at the similar initial condition, as shown in Case 1 by
Fig. 4(a). This is because the solid-liquid adhesive force is a driving force for increasing the gas-liquid

interfacial area for the hydrophilic surface.
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Fig. 8. (a) The time evolution of the droplet impact on a hydrophilic surface in Case 4, and (b) The time
evolution of the spread factor D*, the gas-liquid interfacial area factor Ag.* and the solid-liquid
interfacial area factor As.* of the water droplet in Case 4.

3.3.  The impact of a high viscous droplet on hydrophobic surface

The viscosity of the liquid phase is a crucial parameter for influencing the droplet impact dynamics
and the variation of the gas-liquid interface. The impact of glycerin droplet on wax surface was
investigated. Glycerin has a much higher viscosity (116 mPa.s) than water. The initial velocity was set
to up = 4.1 m/s and 1.41 m/s. The detailed parameters are listed in Table 1 as Cases 5 and 6. Both the

simulation and the experimental results of the time evolution of the spread factor D* and the dynamic
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contact angle 6, of Cases 5 and 6 are shown in Fig. 9(1a) and (2a). It can be seen that D* and 6, match
well with the experiments [23], which means that the CFD model can reproduce the high viscosity
droplet impact process accurately. Compared with the water droplet, the high viscosity liquid droplet
has a bigger change of the dynamic contact angle ¢, during the impact. Taking Case 5 as an example, as
shown in Fig. 9(1a), during the kinematic and spreading stages, &;is about 140°. When the droplet goes
into the receding stage, 6; decreases quickly to around 60°. This is because the high viscosity glycerin

has a large viscous force, making the contact angle hysteresis more obvious than water.
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Fig. 9. Variations of spread factor D*, the dynamic contact angle 6,, and the interfacial area factors A, *
and Ag.* in Cases 5 and 6.

The variations of Ag.* and As.* in Case 5 and Case 6 are analysed based on the simulation results,
as shown in Fig. 9(1b) and (2b). After impact and before reaching the equilibrium state, the droplet
oscillation is much weaker compared to water. For Case 5, as shown in Fig. 9(1b), with a high impact
velocity 4.1 m/s, the maximum gas-liquid interfacial area factor Agr.* is 1.71. For Case 6, with the

impact velocity at 1.41 m/s, Agr.* is 1.12, which means that the gas-liquid interfacial area only increased
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slightly. For high viscosity liquids, although the impact velocity and static contact angle are both large
enough, the viscous dissipation absorbs a large amount of kinetic energy, making the bounding and
breakup behaviours difficult to occur. The results show that the normal impact is not a good way to
increase the interface area of high viscosity liquid, while due to the obvious contact angle hysteresis,

oblique impact may be a better way to stretch the droplet and increase the area of the interface.

3.4.  The impact of a droplet on hydrophobic surface at a high speed

At a high impact velocity, perturbations can be observed on the rim, which can result in fingering
or splashing [15, 22]. These behaviours are asymmetrical; therefore, they can only be simulated by the
3D models. Cases 7 and 8 are used to investigate the fingering and splashing, respectively, and both the
experimental results and the simulation results are shown in Fig. 10. In Case 7, the impact velocity of
the water droplet is 3.6 m s™!, the static @4, and G of the water droplets on the hydrophobic wax surface
are 105° and 95°, respectively, and the characteristic time ¢. is equal to 0.88 ms. The flow appearance
of the water droplet is shown in Fig. 10(a). During the whole impact process, no splash occurs, but the
minimum film thickness is less than 50 pum. Therefore, the 4-level dynamic refined grid, which makes
the minimum cell size 15 pm (1/200 of droplet diameter), is necessary for accurately simulating the 3D
fingering impact process. As a result, a good agreement in the appearances between the numerical results
and the experimental photographs was achieved. Several fingers appear soon after impact, and then both
the size and number of the fingers gradually increase until the rim reaches its maximum spreading. The
experimental and numerical D,,” are 5.03 and 5.16, respectively. After the maximum spreading (¢ = 3.80
ms, ¢, =4.32), the surface tension force pulls the fingers back with coalescence, and eventually makes
the rim recoil and bounce. It is worth noting that there is a time lag for the simulation results after 10
ms, which might be due to the effect of the roughness on the dynamic contact angle. However, the
simulation results were still more accurate than the previous simulation results as shown in Ref. [63],
where the non-physical splashing occurred along the circumference of the droplet after the maximum

spreading.
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Fig. 10. The simulation and experimental results for droplet impact at the fingering and splashing regime:
(a) Case 7, based on Rioboo et al. [15], and (b) Case 8, based on Bussmann et al. [22].

The flow appearance of the molten tin droplet in Case 8 is shown in Fig. 10(b), where the molten
tin droplet has an initial velocity of 3.0 m s!, the characteristic time z. is 0.90 ms, and the droplet reaches
the maximum spread diameter at about ¢ = 3.2 ms. The 3D velocity vectors and vorticity distributions in
the liquid phase of Case 8 are plotted in Fig. 11. At r = 1.0 ms, the droplet is at the spreading stage as
shown in Fig. 11 (a). Due to the instability and a higher velocity of the rim, the vorticity at the outer
region is higher than that in the central region of the droplet during the spreading stage. At ¢ = 5.5 ms,

the rim begins to splash and recoil as shown in Fig. 11 (b). Then the central liquid film recoils faster
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458  than the fingers, which leads to the pinching off of the secondary droplets. Because of their low speed,
459  these satellite droplets tend to stay where they were cut off. At r = 9.0 ms, there is a big snowflake
’460 droplet in the central region of the computational domain, which drags the surrounding satellite droplets
461 together to form a new core as shown in Fig. 10(b) and Fig. 11 (¢).

Vorticity [5.1]

0

- 3 N S % : ‘
(¢) £=9.0 ms - |)

463  Fig. 11. The 3D velocity vectors and vorticity distributions in liquid phase during the fingering and
464  splashing regimes in Case 8.

462

465 The variations of the gas-liquid interfacial area index Ag.* of Cases 7 and 8 are shown in Fig. 12.
466  The Agr* curves are similar for the two cases during the spreading stage. The Ag.* sharply increases,
467  which means that the gas-liquid interfacial area is greatly increased due to the high-speed impact. Then,
468  only one peak appears on each curve during the observing period. This is because the fingering or
469  splashing consumes a large amount of energy, which damps the oscillation. During the receding stage,
470  the Ag.* of Case 8 goes down faster than that of Case 7 due to the bigger surface tension and droplet
471  splash. Finally, the Ag.* in Case 8 is bigger than that in Case 7 due to the generation of many satellite
472 droplets. It is difficult to form a thin film with a large surface area after droplet impact on hydrophobic
473  surfaces; therefore, promoting droplet breakup is a good choice for enhancing the gas-liquid interfacial

474 area.
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Fig. 12. The variations of the A, * in Cases 7 and 8.

4. Energetic analysis of the maximum gas-liquid interfacial area

4.1.  Derivation of the correlation

As has been observed from the CFD simulation results, during the impact of droplet on solid surface,
the droplet has the biggest gas-liquid interfacial area almost at the end of the spreading stage. According
to the law of conservation of energy, the change of the total surface energy AE, during the spreading
stage of the impact process can be expressed as follows:

AE; =Ex+Ep—W (16)
where E}, is the initial kinetic energy of the droplet, Ep is the released potential energy, and W is the
energy dissipation.

The change of the total surface energy AE; is composed of three parts, as follows:

AEs = 06, AAgL + 05, AA5, + 056AAsg (17)
where og;; is the interfacial energy between the gas and the liquid phase, that is, the surface tension
coefficient of the liquid; og;, is the interfacial energy between the solid surface and the liquid phase; gg¢
is the interfacial energy between the solid surface and the gas phase. AAg;;, AAg; and AAg; are the
change of the gas-liquid interfacial area, the change of the solid-liquid interfacial area and the change
of the solid-gas interfacial area, respectively.

During a droplet impact on a solid surface, the increase of the solid-liquid interfacial area is equal
26
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to the decrease of the solid-gas interfacial area, that is AAg; = —AAg, therefore, AE can be expressed
as follows:

AEs = 05 Mgy, — (05 — 051 )AAgy, (18)

According to the Young equation [64, 65], the relationship between og;, 05, and og; can be
expressed as follows:

056 — Osi, = 06L,COS By (19)
where Oy is the theoretical Young’s contact angle, which represents solely the energetic effect of the
surfaces [49].

Substituting Eq. (19) into Eq. (18), AE can be expressed as follows:

AE; = 05 (AAg, — AAg;, cos 6y) (20)

In order to investigate the variation of the gas-liquid interfacial area, combining Eq.(16) and Eq.

(20), AA;;, can be expressed as follows:

_Ex+Ep—W
AAg, = ———  + AAg; cos By (21)
0GL

In order to resolve the value of AAg;;, the parameters on the right-hand side of Eq. (21) are
calculated as follows:

(1) The initial kinetic energy E}, is calculated by

D3
E = O.SpToug (22)

(ii) During the spreading process, the released protentional energy Ep is

D3
Ep=p TOgAH (23)

where AH is the decreased value of the centre of mass of the droplet. At the maximum spreading state,
the thickness of the droplet can be calculated by equating the volume of the spherical droplet with

diameter Dy to that of a cylinder with height h,, and diameter D,, [42], then

_ 2D}

=== 24
7 (24)

m

The height of the centre of mass of the droplet can be assumed to be 0.5 h,,, therefore
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D
AH = H, — # (25)
m

where H, is the initial height of centre of mass of the droplet, and Eq. (23) can be expressed as:

D} D}
AEp=p——9 HO—W (26)
m

(iii) The AAg; is the change of the solid-liquid interfacial area; before impacting, it is zero; after
impacting, the solid-liquid contact area is assumed as a circular cross section; therefore, it is calculated
through:

D2
AASL = Tm (27)

(iv) According to the recent research [45, 49], the dissipation work W is composed of three parts:
W = Wyis + Wy + Wey, where Wy, is the viscous dissipation within the boundary layer, Wy, is the
spontaneous dissipation associated with the “interfacial relaxation”, and W,; is the contact line
dissipation due to the moving three-phase contact line.

The viscous dissipation W,,;; can be calculated as follows [41]:
tm
Woyis = J J ddQdt = dQt,, (28)
0o Ja

where @ is the viscous dissipation function, () is the volume where the dissipation occurs, and t,, is the
elapsed time for a droplet to reach its maximum spread from the beginning of the impact. Chandra and

Avedisian [41] suggested that the viscous dissipation function can be estimated by using

d=pu (g—:)z (29)

where U, and L. denote the characteristic velocity and the characteristic length, respectively. Initially,
Chandra and Avedisian [41] took the droplet initial velocity ug as U, the droplet height at the maximum
spread h,, as L., and the cylindrical disk volume D2 h,,/4 as Q. Later, Pasandideh-Fard et al. [42]
modified the parameters by assuming the viscous dissipation occurs in a boundary layer with thickness
8 = 2D,/ Re, therefore they took L. = &8, and Q = mD28/4. Mao et al. [14] and Park et al. [46]
pointed out that the boundary-layer thicknesses for low- and high- viscosity liquids need to be
considered separately. For low viscosity liquids, § < h,,,, it is reasonable to take L. = § and 1 =
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D2 5 /4. For high viscosity liquids, § > h,,,, it is more reasonable to take L. = h,, and Q = D2 h,, /4
due to the viscous dissipation occurring within the whole droplet. Yonemoto and Kunugi [48] believed
that the shear stress occurs in the liquid film that spreads along the solid surface, therefore they took the
radial liquid velocity along the solid surface ug as U, and they estimated that ug = 3u,/8. From the
CFD simulation results, as shown in Fig. 6 (a), for the low-viscosity fluid, the shear stress mainly exists
in a thin liquid film near the wall. Therefore, we consider that it is reasonable to adopt the radial velocity
ug as the characteristic velocity. However, ug is not a constant along the radial direction, and it changes
over time in the spread stage, making it difficult to predict its value. In the vicinity of the centre of the
droplet, ug is smaller than the initial impact velocity u,, but at the outer edge of the droplet, up is larger
than u,. Therefore, it is reasonable to assume that the average radial velocity of the droplet is equal to
the initial velocity, that is, ug = uy. Based on this assumption, the t,, can be estimated by t,, =
Dy, /2up = Dy, /2ug, which is the same as the t,,, adopted by Yonemoto and Kunugi [48], Huang and
Chen [45] and Wang et al. [49]. According to the above analysis, the parameters in this paper are defined
as follows: L, =68, U, = uy, Q = nD26/4, t,, = D,,,/2u,, where § = 2D,//Re. Therefore, the

viscous dissipation is as follows:

213
T pugD
Wyis = _p S (30)
16 VRe
In addition, the spontaneous dissipation is as follows [45, 49]:
23
T puzD;,
Wy, = a— 31
Sp 16 Rec ( )

where u, is the critical velocity and Re, is the associated critical Reynolds number, Re, = pDyu./u. «
is the coefficient to denote the portion of the whole spontaneous dissipation. For uy < u., a = 1; for

Ug = U, @ = U /Uy. The u. can be estimated through [45]:

2/3
4O'GL 4
U, = —2(1—cos@, )+ cos 6, sin?6 (32)
c (p‘uDO)O.SIBsph ,ngh ( Dm) D Dm

1/3
where Bgpn = (4/(2 —3cos 0p,, sin? Op,, — 260539Dm)) , Op,, is the apparent contact angle at the

maximum spread. Because 6, is difficult to measure and the 6,  is very close to the advancing contact
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angle 6,4, for many surfaces as shown in [49], ), is assumed to equal to 84, in this paper.

During the spreading process, the contact line dissipation caused by the friction force at the contact

line can be calculated through [49]:

7'[D2
W, = TO'GL (cos by — cos Oy4y) (33)

Therefore, summing up Eqgs. (30), (31) and (33), W can be expressed as:

T pu0D3 I8 puCD3 1TD2
~ 16 VRe “16 /Re

Then, substitute Eqs. (22), (26), (27) and (34) into Eq. (21), and introduce the maximum spread

——0ag(cos By — cos6,4,) (34)

factor D,y,, which is defined as D;,, = D,;,,/Dy, AAg,, can be expressed as:

p”_Dg 0.5u2 +g( Dy ) m pugD3Dy’ al puZDi Dy’
6 0 - 3D;%)) 16 JRe “T6 " Re,  nDZD? 35)
Mg, = + coS B4y
OcL 4

The dimensionless maximum gas-liquid interfacial area is defined as Ag; ., = Agrm/Agro =1+
AAgy/AgLo, Where Agro = mDy%, Agpm is the maximum gas-liquid interfacial area. Therefore, A%, can

be expressed as:

% 3 * 3
pDy 2 ( Dy ) PuoDoD puzDoDpy
—| 0.5u; +g|Hy — -«

6 ( 0T I\fo~3p.2 16 VRe 16 JRe. D> (36)
+ €0S 0,4y

Aty =1+
GLm oL 4

4.2.  Results comparison

The maximum spread factor Dy, is a critical factor for calculating the Ag;,, by Eq. (36). In addition
to the experimental measurements, a series of models for predicting D;;, have been developed based on
different approaches [14, 41-45, 48-53]. Several widely used or recently established models [43, 48, 53]
were selected for predicting the D;,, in Case 1-6, and the predicted results were compared with the results
from the experimental measurements and CFD simulations, as shown in Fig. 13. Cases 7 and 8 were not
used for comparison because of the asymmetry and fragmentation of the droplets. In Cases 1-4, the
difference of the predicted Dy, by the Ukiwe and Kwok model [43] and the experimental data is within
20% , but D, is underestimated in Cases 5-6, where a high viscosity liquid was used. The Vadillo et al.

model [53] gave a slightly better prediction of D;, than the Ukiwe and Kwok model for Cases 1-4, but
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D;,, was also underestimated in Cases 5-6. This means the above two models are not suitable for high
viscosity liquids. The Yonemoto and Kunugi model [48] overestimated D,,, by about 25% in all the cases
except Case 4, where the D,,, was massively underestimated. In the Yonemoto and Kunugi model [48],
the simple averaged contact angle of the static and advancing contact angles are used. Since the
static contact angles were not reported in the references for the experimental data, they were calculated
according to the Tadmor model [66], which might produce some deviations. The Huang and Chen
model [45] gave a better prediction of D,, compared with the other theoretical models except Case 4,
where a hydrophilic surface was used. For Case 4, the predicted D;;, by the Huang and Chen model [45]
was about 16% higher than the experimental data, but it was close to the CFD simulation result. The
error is likely a result of the difficulty in accurately measuring the very small contact angle of the
employed hydrophilic surface. Therefore, the model developed by Huang and Chen [45] was

recommended for predicting Dy, in this paper, and it is expressed as follows:

Z(;’Tie + ;‘%) Diy* + 3(1 — o5 0,4p)D;° — (We + 12)D; + 8 = 0,up < ug,

(37)
3(Wec Rec | We 1, 4 _ £3_ * _
Z(Tec = T \/1@) D" +3(1 = cos0,4,)Dy" — (We +12)D;,, +8 = 0, ug = u,

where We* = pDyu.?/0g., Re. = pDyu./u and u, is expressed in Eq. (32).

5.0
1| ® Experimental data
4.5 ® CFD data 4
J| A Huang and Chen's model (2018)
4.04| ¥ Yonemoto and Kunugi's model (2017)
| Vadillo et al.'s model (2009) L
3.5 - Ukiwe and Kwok's model (2005)
) v
3.0 4 Py v
* [ ] v v v
QE 2.5+ ¢ P
] o
: t
2.0 1 A
1 8
1.5
1.0
0.5+
0.0

Casle 1 I Casle 2 I Casl.e 3 I Casle 4 I Casl.e 5 I Casl.e 6
Fig. 13. Comparison of the Dy, predicted by different theoretical models [43, 45, 48, 53] with the
experimental and CFD simulation results for the investigated cases [14-16, 23, 24].

At present, the widely used maximum gas-liquid interfacial area model is the cylindrical model
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[43], which assumes that the droplet spreads into a cylindrical disk with a base diameter D,, at the
maximum spread. The gas-liquid interfacial area is the sum of the top surface area and the side area of

the cylinder, and Ag;,, is expressed as follows:

nD,,* 2D}
—F = +nDp— .
_Agim _ 4 om 3D2, _ sz 4 2 (38)

AGLm = = =
T Aguo 1Dy’ 4 3Dy

In addition, similar to Eq. (36), different Af;;,, models can be derived by using different
combinations of dissipation works and contact angles. Two models were developed by us based on the
equations in literatures [43, 53], and the predicted results by these models are shown in Fig. 14. The Dy,
used in these models were calculated by Eq. (37). Since there was no available experimental data of the
gas-liquid interfacial area, the CFD simulation results were used as a reference for comparisons. Since
most of the models were not applicable to high viscosity droplets, only Cases 1 — 4 were used for
comparing the prediction results. The predicted results from all these models show a consistent variation
trend. In addition, the difference between the Ay, ,,, predicted by Eq. (36) and from CFD simulations is
within 12%. The maximum differences between the prediction results based on the models of Vadillo et
al. [53] and Ukiwe et al. [43] and the simulation results are 20% and 25%, respectively. For the
cylindrical model Eq. (38), the differences between the predicted Ay, and the CFD simulation results

are within 16%.

6
m  CFD data
® Proposed model Eq.(36) °
59 | v Vadillo et al's model (2009) .
Ukiwe and Kwok's model (2005)
Cylindrical disk model Eq.(38)
v
4 4
*
< v
2 : M
] ’ %
1 -
0 T T T T T T T
Case 1 Case 2 Case 3 Case 4

Fig. 14. Comparison of the A1, from the CFD simulation and different models.
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4.3. Remarks on the maximum gas-liquid interfacial area model

In this paper, a maximum gas-liquid interfacial area correlation is derived from analysing the
energy conversion of the droplet when it impacts on a solid surface, which has shown a good prediction
performance. Compared with the shape approximation methods, the energetic modelling method can
clearly identify the main factors that affect the change of the gas-liquid interfacial area. It can be seen
from the model that increasing the impact velocity, reducing the surface tension of the liquid, and
reducing the gas-liquid advancing contact angle can promote the increase of the gas-liquid interfacial
area. The higher the viscosity of the liquid, the more energy is dissipated during the impact, which
weakens the increase in the gas-liquid interfacial area. In engineering applications, identifying major
and minor factors that affect the change of the interfacial area can provide guidance for optimization.
The accuracy of the model depends largely on the calculation of the dissipative work. Therefore, further
efforts should be made to better describe the effect of dissipation. Also, accurately describing the
evolution of the dynamic contact angle during the droplet impact on the solid surface is a way to improve
the accuracy of the model, which is currently still a topic of ongoing research. In addition, D,,” is a
critical parameter for influencing the accuracy of all the interfacial area predictive models. Therefore,
developing high reliability D,," models with a broad adaptive condition is very important for predicting

the gas-liquid interfacial area accurately.
5. Conclusions

(i) Both 2D and 3D CFD simulations have been performed to investigate the variation of the
interfacial areas when droplets impact on solid surfaces. In order to obtain the accurate data of interfacial
areas, the VOF model with the dynamic contact angle and the local grid refinement techniques have
been used, and the dynamic behaviours of the droplets have been accurately reproduced. The CFD model
was validated through comparing with the available experimental data from experiments conducted over
a wide range of surface properties and liquid properties.

(i1) The simulation results show that the gas-liquid interfacial area slightly decreases at the kinetic
stage, then increases at the spreading stage, and it reaches the maximum at the end of the spreading

stage. A large initial impact velocity leads to a large increase in the gas-liquid interfacial area, while a
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high viscosity weakens the increase in the interface area due to the increase in dissipation work. For the
droplet impact on a hydrophilic surface, the hydrophilic surface can promote the increase in the gas-
liquid interfacial area by releasing the liquid-solid interface energy. Meanwhile, for the droplet
impacting on a hydrophobic surface, the gas-liquid interfacial area can be enhanced by breaking up the
droplet into small droplets.

(iii) By analysing the energy conversion of the droplet impact on a solid surface, a new correlation
for predicting the maximum gas-liquid interfacial area of the droplet has been proposed. The accurate
dissipative work equation is the basis of the accurate prediction of the gas-liquid interface area.
Compared with the CFD simulation results and other models, the new correlation has been shown to be
a good prediction of the performance. In addition, this study leads to a much better understanding of the

behaviour of the interface areas when droplets impact on a solid surface.
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Nomenclature
AgL gas-liquid interfacial area
Agq solid-gas interfacial area
Agp. solid-liquid interfacial area
Ao initial gas-liquid interfacial area of the droplet
A* gas-liquid interfacial area factor
D the diameter of the liquid-solid contact interface
Do initial droplet diameter
D, maximum spread diameter
Dy maximum spread factor
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Ep the initial kinetic energy

Ep the potential energy

E; the total surface energy

frol surface tension source term

hp, hight of the droplet at the maximum spread
k the curvature of the interface

N unit normal vector

p pressure

r dimensionless time

I the characteristic time

tm time at the end of the spreading stage
b maximum spreading dimensionless time
u velocity

U contact line velocity

Uo initial impact velocity

w the energy loss due to dissipation
Greek symbols

A volume fraction

Onav advancing contact angle

ba dynamic contact angle

Orec receding contact angle

& liquid holdup

u dynamic viscosity

kinematic viscosity

P density

OqlL surface tension coefficient of liquid
Osc the solid-gas interfacial energy

Osl, the solid-liquid interfacial energy

7 signed distance to the interface in level-set method
o] viscous dissipation function

Q the volume where the dissipation occurs
é thickness of the boundary layer
Subscripts

G gas phase

L liquid phase
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Abbreviations

Ca capillary number

Oh Ohnesorge number

Re Reynolds number

We Weber number

WFM wetting force model
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