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A B S T R A C T   

Droplet impingement has been intensively studied in recent years due to its wide range of applications. In the 
present study, a multi-component multiphase Lattice Boltzmann model is adopted to study the droplet 
impingement on conical obstacles. A modified non-slip bounce-back boundary condition is applied to simulate 
the wetting of droplets on the hypotenuse of the cones. The model is validated for its capability to achieve ac
curate results, and then the effect of gravity, as well as surface wettability and surface temperature is investi
gated. Three different droplet behaviours are observed upon the impingement, respectively, namely, rebounding 
and wrapping the vertex, sliding down against the hypotenuse, and sliding down levitated. The increase in 
gravity and hydrophilicity reduces the chance of the droplet wrapping the vertex, while the increase in hydro
phobicity and temperature increases the chance of the droplet sliding down levitated. A detailed snapshot is 
presented to indicate the influence of surface wettability on the droplet’s movement and morphology. In general, 
as the surface becomes more hydrophobic, the droplet gains a larger overall velocity, but the deformation also 
influences the movement of the droplet. The droplet in the Leidenfrost stage is also investigated, and the rela
tionship between the Jakob number and droplet velocity and temperature distribution is obtained. This study 
aims to reveal the characteristics of the impingement between a droplet and a conical obstacle and provide 
fundamental support to related engineering applications such as spray cooling.   

Introduction 

Droplet impingement is receiving a high volume of attention due to 
its wide applications, such as inkjet printing [1,2], spray cooling [3,4], 
surface coating [5], and oil recovery [6]. The behaviour of droplets upon 
impingement depends on many factors, such as the liquid property, 
droplet volume, impacting velocity, and temperature. Cheng et al. [7] 
studied the effect of impact velocity, surface tension, initial droplet 
radius, equilibrium contact angle, and liquid viscosity on droplet 
spreading and found that the droplet spreading rate will increase with 
the increasing impact velocity, surface tension, and initial radius, or 
decreasing equilibrium contact angle and liquid viscosity. Lin et al. [8] 
experimentally studied the effect of liquid viscosity, impact velocity, and 
surface wettability on the impact dynamics, and different droplet be
haviours, like depositing, rebounding, and splashing are observed by 
tuning these factors. Liu et al. [9] studied the influence of Weber number 
and surface temperature on droplet impingement. Both non-Leidenfrost 
and Leidenfrost droplets are investigated, and the relationship between 
temperature change and time, affected by the impact dynamics is given. 

As the impingement happens in various kinds of scenarios, the 

droplet does not always impinge on flat surfaces but could impinge on 
surfaces with complex structures. Many researchers have used both 
experimental and numerical methods to study droplet impingement on 
surfaces with different structures and found that surface geometry can 
affect impingement behaviours dramatically. Some of the most inten
sively investigated geometries are flat surfaces [10,11] and inclined 
walls [12,13], pillars [14,15], spheres [16–18], cylinders [19], and 
rectangular obstacles [20]. Our previous study also involves droplet 
impingement on surfaces with microstructures [21,22]. As one of the 
most representative geometric shapes, droplet impingement on conical 
obstacles is relatively less studied, yet is gaining interest from re
searchers. The pointy shape of cones makes the droplet more likely to 
rupture while impinging, resulting in a larger contact area as the droplet 
breaks into many smaller ones rolling downing the cone, hence a better 
heat transfer efficiency can be achieved. Also, as the vertical momentum 
of the droplet is redirected horizontally by the cone, the way the droplet 
interact with the surface would be totally different from that on a flat 
surface. Both those characteristics are of great benefit in cases such as 
spray cooling. Shen et al. [23] used both experimental and numerical 
means to investigate the impingement of a droplet on dome convex 
superhydrophobic surfaces, and pointed out that compared to a flat 
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superhydrophobic surface, the application of a convex surface can 
reduce the contact time of the droplet by 28.5 %. Also, the reduction in 
contact time is mainly determined by the retracting process. Liu et al. 
[24] studied the droplet impingement on a copper surface decorated 
with conical nanostructures. Pancake bouncing was observed upon the 
impingement, and the contact time was reduced by four times compared 
to the traditional complete rebound. Luo et al. [25] simulated the 
droplet impingement on a superhydrophobic cone, and found that the 
contact time can further be reduced to 54 % if the Weber number and the 
cone angle are chosen properly. A map of the phase diagram with Weber 
number and cone angle is also drawn. However, all those studies 
neglected the influence of temperature, and only impingement on 
superhydrophobic surfaces is studied, while the hydrophilic and neutral 
wetting surfaces are merely investigated. Besides, those studies focus 
more on how the contacting time can be reduced, while other behav
iours of the droplet such as rupturing and sliding, are not investigated. 

Compared to numerical methods, experimental methods encounter 
problems such as the micro size of the droplet and short timescale, as 
well as the fabrication of complex surfaces. Moreover, numerical 
simulation can show details of the flow field, such as velocity field, and 
temperature distribution and the relevant parameters can be adjusted 
freely [26]. In the aforementioned numerical research, the Volume of 
Fluid (VOF) method is used. However, computational fluid dynamics is 
very complicated in dealing with the liquid–air interface, and it takes a 
lot of computational resources to solve the pressure field and velocity 
field [27]. Compared to VOF, the Lattice Boltzmann method (LBM) can 
track the liquid–air interface automatically by incorporating 
intermolecular-level interactions [28]. Especially in cases where the 
liquid is not surrendered by just air, but by a mixture of non-condensable 
gas and vapour, as saturated liquid-saturated vapour interface does not 
have a sharp interface, but a finite thickness [29]. Furthermore, the 
contact angle doesn’t need to be assumed constant, but adjustable by 
tuning the solid–liquid interaction force. LBM’s intermolecular nature 
and mesoscopic scale make it more suitable to simulate multicomponent 

multiphase flows, and the ability of parallel computing and easy 
boundary treatment give it even more advantages. Many researchers 
have proved that LBM has satisfactory performance in simulating cases 
involving droplet impingement. Two-colour LBM model was adopted by 
Gac and Gradoń [30] to simulate droplet impingement on spherical 
particles. They found that with the increase of Weber number, the 
droplet could go from merging with the particle to being ripped and 
Skirt scattering. Yan [31] proposed a scheme of Lattice Boltzmann 
model and validated by the simulation of droplet wetting on heteroge
neous surfaces. They further proved the capability of LBM as a tool for 
solving wetting related cases. Shen et al. [32] applied the famous Shan- 
Chen LBM model to study the droplet impact on a spherical obstacle. 
Different deformation processes were observed: moving, spreading, 
nucleating, and falling, and whether the droplet will splash or not de
pends on the impact velocity and the surface wettability. A. Merdasi and 
M. Bakhshan et al. [33,34] studied the droplet impingement on rect
angular obstacles in a channel. The He-Chen-Zhang method and multi- 
relaxation-time (MRT) collision operator are adopted respectively in 
their studies. The outcomes show that a higher gravity, a larger Weber 
number, an increased obstacle hydrophobicity as well as a lower vis
cosity would contribute to the droplet’s breaking up. 

In this paper, the multi-component multiphase pseudopotential LBM 
model is adopted to study the impingement of a droplet on the vertex of 
a conical obstacle. A modified method for boundary treatment is intro
duced to correctly represent the droplet’s wetting on the hypotenuses. 
The model is first validated through Laplace law, D2 law and equilibrium 
wetting test, and factors like gravity magnitude, surface wettability and 
surface temperature are studied for their influence on the droplet’s 
impingement. This study aims to reveal the characteristics of the 
impingement between a droplet and a conical obstacle and provide 
fundamental support to related engineering applications such as spray 
cooling. 

Nomenclature 

We Weber number 
Ja Jakob number 
Re Reynold number 
Bo Bond number 
t* Dimensionless time 
δt Time interval 
T 0-a Temperature 0-b0-c 
l 0-d Length 0-e 
fσ 0-f Distribution function for stream of the σth component0-g 
f eq
σ 0-h0-i Equilibrium distribution for stream of the σth component0- 

j component0-k 
gσ 0-l Distribution function for temperature of the σth 

component0-mcomponent0-n 
geq

σ 0-o Equilibrium distribution function for temperature of the 
σth component0-pcomponent0-q 

ei 0-r Lattice particle’s microscopic speed 0-s 
c 0-t Reference lattice velocity 
u 0-u Velocity 0-v 
U 0-w Real velocity 0-x 
p 0-y Pressure 0-z 
cp 0-aa Thermal specific heat at constant pressure 0-bb 
cv 0-cc Thermal specific heat at constant volume 0-dd 
H′ 0-ee Droplet initial height 0-ff 
d 0-gg Droplet diameter 0-hh 
g Gravity acceleration 0-ii 
F Interaction force 0-jj 

G 0-kk Coefficient for interaction forces 
R Ideal gas constant 
hlv 0-ll Liquid-vapor latent heat 

Greek symbols 
σ 0-mm Surface tension 0-nn 
ωi Weight coefficients 
α 0-qq Thermal diffusivity 0-rr 
β Weighting factor 
τ 0-ss Relaxation time for stream field 
τT 0-tt Relaxation time for temperature field 
ωi 0-uu Weight coefficients in i direction0-vv direction 
ϕ 0-ww Phase change source term 
ρ 0-xx Density 0-yy 
λ 0-zz Heat conductivity 0-aaa 
υ 0-bbb Kinetic viscosity 0-ccc 
ψ ,φ 0-ddd Effective mass of components 
κ Boundary force term tuning parameter 

Super- and Sub- scripts 
i 0-eee Lattice direction 
x Lattice location 
σ 0-fff Liquid/vapor component 
s 0-ggg Solid phase 
f Fluid node 
b Boundary node 
w Wall boundary  
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Numerical methodology 

In this section, the multi-component multiphase lattice Boltzmann 
method adopted in this study, which is based on the Gong-Cheng model 
[35] and Shan-Chen model [36], will be discussed. The model contains 2 
components: water and non-condensable gas, with the phase of the 
water component changing between liquid and vapour. The Bhatna
gar–Gross–Krook (BGK) collision operator is adopted as its simpler form 
can provide a more flexible boundary condition treatment. 

The pseudopotential multi-component multiphase lattice Boltzmann model 

The Lattice Boltzmann Equation (LBE) for momentum is listed below, 
which contains collision and streaming steps [37]: 

fσ,i(x + eiδt, t + δt) − fσ,i(x, t) = −
1
τσ
(fσ,i(x, t) − f eq

σ,i (x, t)) (2.1.1)  

where τσ is the dimensionless collision relation time of the σth compo
nent, and it’s determined by the kinetic viscosity of the fluid. 

νσ =
1
3
c2(τσ,f −

1
2
)δt (2.1.2) 

In this system, there are two different components, respectively 
water (either in the vapour phase or liquid phase) and non-condensable 
gas. ei is the lattice velocity vector and i stands for the lattice velocity 
direction. For the D2Q9 model there are 9 directions, so i ranges from 
0 to 8. The discrete velocity for each direction is: 

ei =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(0, 0) i = 0

c
(

cos
(i − 1)π

2
, sin

(i − 1)π
2

)

i = 1, ..., 4

̅̅̅
2

√
c
(

cos
(2i − 9)π

4
, sin

(2i − 9)π
4

)

i = 5, ..., 8

(2.1.3)  

where c is the reference lattice velocity. 
fσ,i(x, t) and f eq

σ,i(x, t) are the distribution function and equilibrium 
distribution function of the σth component with the velocity ei at lattice x 
and timet, respectively. 

Corresponding to the D2Q9 model, the momentum equilibrium dis
tribution function is incorporated as [38]: 

f eq
σ,i = ωiρσ

[

1 + 3
ei⋅uσ

c2 +
9
2
(ei⋅uσ)

2

c4 −
3
2
(uσ)

2

c2

]

(2.1.4)  

where ωi is the weight coefficients, equalling to 4/9 fori = 0, 1/9 fori =

1 ∼ 4, and 1/36 fori = 5 ∼ 8. 
The density and velocity of each component can be calculated as: 

ρσ(x, t) =
∑

i
fσ,i(x, t) (2.1.5)  

uσ(x, t) =
∑

σ1/τσ
∑

ieifσ,i(x, t)
∑

σ1/τσ
∑

ifσ,i(x, t)
+

Fσ(x, t)
∑

σ1/τσ
∑

ifσ,i(x, t)
(2.1.6)  

where Fσ(x, t) is the sum of forces applying to the σth component at the 
location x and at timet. The real velocity can be acquired by averaging 
the velocity before and afterδt, incorporated as [39]: 

Uσ(x, t) =
∑

ieifσ,i(x, t)
ρσ(x, t)

+
δtFσ(x, t)
2ρσ(x, t)

(2.1.7) 

And the total density and velocity are written as [40]: 

ρ(x, t) =
∑

σ
ρσ(x, t) (2.1.8)  

U(x, t) =
1

ρ(x, t)
∑

σ
ρσ(x, t)Uσ(x, t) (2.1.9) 

In this simulation, four different forces are considered to apply on a 
fluid node: the attractive force between the same components, the 
repulsive force between different components, the interaction force 
between the solid substrate and fluid components, and the gravity force. 
The thermophoretic force was also considered but its magnitude is too 
minimal compared to other forces hence neglected in this case. The 
interaction forces between fluid components are calculated according to 
Gong and Cheng’s method [35]: 

Fσ,σ = − βψσ(x)
∑

x′
Gσ(x, x

′

)ψσ(x
′

) +
(1 − β)

2
∑

x′
Gσ(x, x

′

)ψ2
σ(x

′

) (2.1.10)  

Fσ,σ′ = − φσ(x)
∑

x′
Gσ′ (x, x

′

)φσ′ (x
′

) (2.1.11)  

where σ′ stands for the other component and x′ stands for the neigh
bouring lattice. β is the tuneable weighting factor. And the solid–fluid 
interaction force is shown below: 

Fσ,s = − (ψσ(x))
2
∑

x′
Gs(x, x

′

)s(x
′

) (2.1.12) 

for s(x′

) the value varies from 0 to 1, depending on whether the 
lattice on x′ is fluid phase or solid. In Eq., and, the value of Gx,x′ ,s(x, x

′

) is 
determined by the distance between the fluid nodes. The relationship 
between them is listed below [41]: 

Gσ,σ′ ,s(x
′

) =

⎧
⎨

⎩

2gσ,σ′ s |x′

− x| = 1
gσ,σ′ s/2 |x′

− x| =
̅̅̅
2

√

0 otherwise
(2.1.13) 

ψσ(x) represents the effective mass of the σth component at nodex. In 
the Shan-Chen model, the effective mass is given as [42]: 

ψσ(x) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(pσ − c2
s ρσ)

c0gσ

√

(2.1.14) 

By comparing Eq. with Eq., it can be found that the force coefficient 
gσ is cancelled out. Different from pseudo-potential ψσ(x), φσ(x) is cho
sen as φσ(x) = ρσ(x) to enforce a proper component distribution. 

Zhang et al. [43] compared different methods to calculate the gravity 
force. In this paper, to ensure the conservation of the average mass ve
locity, the gravity force is given as: 

Fσ,g = (ρσ − ρavg)g (2.1.15)  

where ρavg is the average density of the computational domain. 

The lattice Boltzmann model for thermal filed with phase change term 

The energy lattice Boltzmann equation used in this paper is given as 
[44]: 

gσ,i(x + eiδt, t + δt) − gσ,i(x, t) = −
1

τσ,T
(gσ,i(x, t) − geq

σ,i(x, t))+ δtωiϕσ

(2.2.1) 

In Eq., τσ,T is the temperature relaxation time, which is related to the 
thermal diffusivity: 

ασ =
1
3

c2(τσ,T −
1
2
)δt (2.2.2) 

geq
σ,i(x, t) is the corresponding thermal equilibrium distribution func

tion that can be obtained as: 
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geq
σ,i(x, t) = ωiT

[

1 + 3
ei⋅U
c2 +

9
2
(ei⋅U)

2

c4 −
3
2
(U)

2

c2

]

(2.2.3) 

The phase change source term ϕσ is given below, as obtained by C. 
Zhang et al. [45]: 

ϕσ = Tσ

[

1 −
1

ρσcv,σ

(
∂pσ

∂Tσ

)

ρσ

]

∇⋅Uσ +

[
1

ρσcp,σ
∇(λσ∇Tσ)

− ∇⋅
(

λσ

ρσcp,σ
∇Tσ

)]

(2.2.4)  

where λ is the thermal conductivity, cv and cp are the thermal specific 
heat at constant volume and pressure respectively. In this simulation, for 
the non-condensable gas component, the thermal specific heat is set to 
be 1, so the first term in Eq. will be 0. For the macroscale temperature, 
the temperature for each component can be obtained as below: 

Tσ(x, t) =
∑

i
gσ,i(x, t) (2.2.5) 

and the temperature for the mixture is 

T(x, t) =
1

ρ(x, t)cv

∑

σ
ρσ(x, t)cσ,vTσ(x, t) (2.2.6)  

The equation of state 

The Peng-Robinson equation of state (P-R EOS) is adopted in this 
simulation to couple the momentum with the thermal LB model. The 
equation is given as 

p =
ρRT

1 − bρ −
aρ2ε(T)

1 + 2bρ − b2ρ2 (2.3.1) 

where a =
0.457235R2T2

c
pc

, b = 0.077796RTc
pc 

andε(T) =
[
1 + (0.37464 +

1.54226ω − 0.26992ω2)
(

1 −
̅̅̅̅̅̅̅̅̅̅
T/Tc

√ )]
, where the subscript c denotes 

critical state. ω is the acentric factor and is set toω = 0.344 , and a, b,R 
are set to 3/49, 2/21 and 1 respectively [35]. In this case, β in Eq. equals 
to 1.16 for the water component. To improve the numerical stability at 
larger density ratios, Hu et al. [46] introduced a coefficient k to modify 
the EOS, so the model can remain its stability when simulating cases 
with larger density ratios. The EOS after the modification is written as 

p = k
(

ρRT
1 − bρ −

aρ2ε(T)
1 + 2bρ − b2ρ2

)

(2.3.2)  

where 0 < k < 1. 
For the non-condensable gas component, the ideal gas equation is 

used, as listed below: 

p = ρRT (2.3.3) 

Correspondingly, the β in Eq. equals 1. 

Geometry setup and boundary conditions 

The simulations in this study are performed in a 2D rectangular 
domain in order to save computation resource, with the dimension 
ofLx × Ly. The conical obstacle is placed in the centre of the bottom 
substrate, with the angle of its vertex being90◦ . The left and right 
boundaries of the computational domain are set as periodic boundaries, 
while non-slip bounce-back boundaries [47] are adopted for the top and 
bottom boundaries, as well as the upper surface of the obstacle. The half- 
way bounce-back scheme proposed by Zou et al. [48] is used at the non- 
slip boundaries. For the left and right boundaries, the boundary equa
tions go as fσ,i((0 − 1, y), t) = fσ,i((Lx, y), t) for the left boundary and 
fσ,i((Lx + 1, y), t) = fσ,i((0, y), t) for the right boundary. For thermal 
boundary conditions, gσ,i((0 − 1, y), t) = gσ,i((Lx, y), t) and gσ,i((Lx + 1, y),

t) = gσ,i((0, y), t) can be obtained. 
The non-slip bounce-back boundary conditions applied to the sub

strates can be written in the following forms. Taking the bottom sub
strate as an example: fσ,2(x, t) = fσ,4(x, t), fσ,5(x, t) = fσ,7(x, t)
+0.5(fσ,3(x, t) − fσ,1(x, t)) − 0.25(Fσ,x + Fσ,y) andfσ,6(x, t) = fσ,8(x, t) +
0.5(fσ,1(x, t) − fσ,3(x, t)) + 0.25(Fσ,x − Fσ,y). For the hypotenuses of the 
obstacle, due to its inclined angle, the boundary condition is achieved by 
coupling the tuned non-slip bounce-back scheme with Filippova and 
Hänel’s scheme [49]. 

As shown in Fig. 2.2, the relative distance between the fluid node 
that is closest to the solid node and its closest neighbouring physical 
boundary is represented by a variableq, given as 

q =

⃒
⃒rf − rw

⃒
⃒

⃒
⃒rf − rb

⃒
⃒
, 0 < q < 1 (2.4.1)  

where rw represents the location of the actual physical boundary. 
To calculate the boundary momentum distribution function, a virtual 

equilibrium distribution function is constructed, written as: 

fi(rb, t) = wiρ(rf , t)
[

1 +
3
c2ei⋅ubf +

9
2c4(ea⋅uf )

2
−

3
2c4uf ⋅uf

]

(2.4.2)  

where ubf is a virtual velocity to de determined. 
The momentum distribution function after colliding with the 

boundary can be obtained as: 

fi(rb, t) = (1 − χ)fi(rf , t)+ χfi(rb, t) + 2ωiρ
3
c2ei⋅uw (2.4.3)  

where uw is the velocity of the wall, and it equals 0 in this case. 
In Eq. (2.4.2) and (2.4.3), the values of ubf and χ are related to the 

value ofq: 
⎧
⎪⎪⎨

⎪⎪⎩

ubf = uf (rf + eiδt, t), χ =
2q − 1
τ − 2

q < 1/2

ubf =
q − 1

q
uf +

1
q
uw, χ =

2q − 1
τ q⩾1/2

(2.4.4) 

It can be observed that in this case, fi(rb, t) matches the standard 
bounce-back scheme whenq = 1/2. However, the standard bounce-back 
boundary condition suffers from problems such as low numerical ac
curacy, and the lack of anti-slip terms causes the droplet unable to 
achieve a stable wetting condition. Hence, the modified non-slip 
bounce-back scheme is applied here as an alternative. Taking the left- 
side hypotenuse as an example, the modified non-slip bounce-back 
boundary condition can be written as:f6(x, t) = f8(x, t), 
f2(x, t) = f4(x, t)+0.5(f7(x, t) − f5(x, t))+Fx/κx +Fy/κy andf3(x, t) = f1(x,
t) + 0.5(f5(x,t) − f7(x,t)) + Fx/κx + Fy/κy, where κx and κy are adjustable 
parameters related to the angle of the hypotenuse and the solid–fluid 
interaction force coefficientGs. While for fluid nodes with other values 
ofq, the algorithm - is adopted. By introducing the modified boundary 
condition treatment method, a steady wetting condition for droplets on 
hypotenuses can be achieved. 

For the thermal boundary condition, constant temperatures are 
applied to the lower solid substrates. The lower substrates are set at 5 
different temperatures throughout this study as Tb = Ts + dT, with dT 
being 0, 0.05Tc, 0.1Tc, 0.2Tc and 0.3Tc respectively. The upper substrate 
adopts the thermal non-equilibrium extrapolation scheme in all cases. 

Results and discussion 

Model validation 

In this section, the model will be validated through 3 different sim
ulations: the Laplace law, the D2 law, and its capability to achieve a 
stable wetting condition on an inclined surface. 
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The Laplace law 
The Model is compared to the Laplace law for verification. The 

Laplace law reflects the relationship between the pressure difference 
across the vapour/droplet interface Δp and the droplet radiusR, that the 
pressure difference is inversely proportional to the droplet radius with 
the proportionality coefficient equal to the surface tensionσ. The simu
lation is conducted in the above-mentioned geometry setup but without 
the conical obstacle. The droplet is placed in the centre of the domain, of 
which the density is initialized as 

ρσ(x, y) =
ρσ,in + ρσ,out

2
−

ρσ,in − ρσ,out

2
tanh

⎡

⎣
2(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x0)
2
+ (y − y0)

2
√

− R0)

W

⎤

⎦

(3.1.1)  

where ρσ,in and ρσ,out are the density of the σth component inside and 
outside of the dropwise, R0 is the radius of the droplet and W is the 
thickness of the initial interface width. The simulation is carried out at 
the temperature ofT = 0.8Tc, T = 0.85Tc andT = 0.9Tc, with the satu
rated liquid and vapour density listed in Table 1. 

The initial density of the non-condensable gas is set at 0.0017, so a 
weight fraction of around 0.025 % can be achieved. The droplet radius 
ranges from 20 lattice units (l.u.) to 50 l.u. at an interval of 10 l.u. and 
the relationship between radius and pressure difference is displayed in 
Fig. 3.1. It can be found that the model satisfies the Laplace law. 

The D2 law 
The D2 law tells that the square of the droplet diameter should be 

linear to time throughout the evaporating process, given the thermal- 
physics parameters are kept constant [50]. A simulation is carried out 
to check the model’s capacity to simulate cases with phase change. The 
simulation setup is similar to that in section 3.1.1, except that the 
temperature of the surrounding vapour is set at a higher value 

Fig. 2.1. Schematic of the computational domain.  

Fig. 2.2. Illustration of the hypotenuse boundary treatment using Filippova 
and Hänel’s scheme. 

Table 1 
Saturated density distribution at different temperatures.   

0.8Tc 0.85Tc 0.9Tc 

ρliquid  7.2039  6.6293  5.9079 
ρvapor  0.1971  0.3413  0.5801  

Fig. 3.1. The relationship of pressure drop between the liquid and gas com
ponents and droplet radius for T = 0.8Tc, T = 0.85Tc and T = 0.9Tc. 

L. Wang et al.                                                                                                                                                                                                                                   



Thermal Science and Engineering Progress 37 (2023) 101586

6

Tvap = Tliq +ΔT than the liquid droplet. Also, a non-equilibrium 
extrapolation momentum boundary condition is applied to all bound
aries, to allow the vapour to escape from the simulating domain so the 
density and the pressure of vapour can remain constant. Other thermal- 
physics parameters, such as thermal diffusivity and specific heat ca
pacity, are kept constant. A droplet with an initial radius of 40 l.u. is 
placed in the centre of the domain, and after the first 106 timesteps, the 
relation between R2/R2

0 and timesteps is shown in Fig. 3.2. 
It can be observed that the evaporating curve obeys the D2 law, 

meaning that the model is capable of simulating phase change cases. 

Wettability on inclined surfaces 
As we adopted a modified boundary treatment method in this study 

for simulating the droplet wetting on inclined surfaces, the corre
sponding simulations are carried out to prove that the droplet can 
achieve a stable contact angle. The droplet with a radius of 30 l.u. is 
placed in the centre on a hypotenuse inclined at 45◦, which is the same 
as the geometry setup in this study. The upper and lower boundaries are 
using the half-way bounce-back boundary conditions, while the left and 
right boundaries are periodic boundaries. The modified boundary con
dition treatment method introduced in section 2.4 is adopted for the 
inclined surface. There are no external forces applied to the domain, and 
the temperature is set constant. Surrounding the droplet is vapour and 
non-condensable gas. The different contact angles of the droplet can be 
achieved by tuning the interaction force coefficient Gs in the formula as 
well as κx andκy. The relationship of Gs and the equilibrium contact 
angle are shown in Fig. 3.3, proving that stable wetting conditions can 
be achieved using this method. 

Droplet impingement on the vertex of a conical obstacle 

The way that a droplet behaves upon impinging against a vertex 
depends on many factors, like the property of the droplet and the angle 
of the impingement. Cases like off-centre impingement and impacting 
with an angle even increases the possibility of different outcomes. As we 
cannot investigate each of them in this paper, we selected the most 
representative case, which is a symmetric impact on a cone with a fixed 
vertex angle at 90◦ The geometry setup is as that shown in Fig. 2.1, and 
the initial temperature of the system is set at the saturated temper
atureTs = 0.85Tc. A droplet with a radius of 30 l.u. is initially set at the 
height of 225 l.u. and stabilized for 5000 timesteps before gravity force 
is applied, for the system to reach a thermodynamic equilibrium state. 
The effect of different factors, like the magnitude of gravity, the surface 

wettability of the obstacle, and the temperature of the obstacle are 
studied. Due to the limitation of the 2D model, the effect of surface 
tension on horizontal direction is not considered in this simulation. 

The effect of gravity 
When studying the droplet impingement scenarios, two different 

approaches are usually considered. The first one is to ignore the gravity 
force while giving the droplet an initial velocity. The second one is not 
giving the droplet initial velocities while letting the droplet free fall, 
driven by the effect of gravity. Since in this paper, both upper and lower 
boundaries are bounce-back boundaries, the first approach cannot reach 
the ideal effect as the drag force will stop the droplet from accelerating. 
Thus, the second approach is adopted in this paper. 

According to the research of Rahmati et al. [51], the parameters 
associated with the impingement, like the impingement velocity, Rey
nold number, Weber number and Bond number can be given in the 
following forms: 

v0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2g(H ′

− r)
√

(3.2.1)  

Re =
v0d
υ (3.2.2)  

We =
ρlv2

0d
σ (3.2.3)  

Bo =
ρld2g

σ (3.2.4)  

where H′ is the initial height of the droplet centre, d is the droplet 
diameter, υ is the kinematic viscosity of the droplet. Also, the dimen
sionless time is given as 

t* =
t
̅̅̅̅̅̅̅̅
d/g

√ (3.2.5) 

Note that in this study, the dimensionless time counts from the 
moment that gravity is applied. 

In this simulation, three different magnitudes of gravity are consid
ered, respectively 1× 10− 5, 2 × 10− 5 and 3× 10− 5. As the initial height 
is fixed at 225 l.u. as well as the initial fluid properties, the corre
sponding dimensionless parameters are given in Table 2. 

For each gravity magnitude, three different stages of the impinge
ment process are investigated: the first stage is when the droplet fully 
wraps the vertex, and the second stage is the moment before the droplet 
breaks apart and disconnects at the vertex. The third stage is when the 
droplet slides down against the hypotenuse with its advancing and 
receding contact angles reaching a relatively equilibrium state. The 
substrates are of neutral wettability and no heating condition is applied. 
As shown in Fig. 3.4, forg = 1× 10− 5, the droplet rebounds after 
impinging against the vertex and eventually stops while wrapping the 
vertex with the contact angle on each side equal to approximately 84◦. 
That’s because, for a small gravity force, the momentum of the droplet is 
too weak to overcome the interaction force between the liquid molecules 
wrapping the vertex. While for g = 2 × 10− 5 and g = 3× 10− 5, the 
gravity force and momentum can overcome the interaction force at the 
vertex and allow the droplet to rupture. Besides the fact that under a 
stronger gravity force the droplet gains a larger vertical velocity, the 
droplet also appears to be flatter while sliding down along the hypote
nuse. The advancing and receding contact angles in stage 3 are 91.4◦ and 
78.1◦ forg = 2× 10− 5, while those for g = 3 × 10− 5 are 96.5◦ and 69.3◦. 

The effect of surface wettability 
As the droplet impinges and slides down the hypotenuse, the surface 

wettability would have a significant effect on the behaviour of the 
droplet. However, it’s very difficult to change the surface wettability in 
real life without changing other parameters of the surface, like the 

Fig. 3.2. Normalized square of droplet diameter versus the evaporating time.  
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geometry, while the simulation approach doesn’t meet such limitations. 
Ma et al. [52] used the LBM method to study the droplet impingement 
on an inclined surface with different wettability, but the ZSC model 
applied in the study needs improvement in terms of thermodynamic 
consistency. In this study, we applied 4 different wetting conditions by 
changing the value of Gs in Eq. (2.1.12). The gravity is set at g = 2×

10− 5, and no heating condition is added. The results are shown in the 
snapshot below. As the geometry setup is symmetric, here only the right 
half of the obstacle is shown. 

In Fig. 3.5, (a)-(d) refer to the value ofGs = − 0.05, 0, 0.05 and 0.1, 

Fig. 3.3. Different wetting conditions of the droplet on an inclined surface.  

Table 2 
Corresponding parameters of different gravity magnitudes.  

g v0 Re We Bo  

0.00001  0.05  18.00  4.09  0.98  
0.00002  0.07  25.46  8.18  1.96  
0.00003  0.09  31.18  12.28  2.95  

 Stage 1 Stage2 Stage3 

51 10g −= ×  

52 10g −= ×  

53 10g −= ×  

Fig. 3.4. Droplet impingement on the cone vertex under different gravity magnitudes.  

Fig. 3.5. Snapshot of the droplet impinging on surfaces of different wettability.  
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with the corresponding contact angle of the droplet on a flat surface 
being 69.9◦, 88.5◦, 104.5◦ and120.4◦. These 4 snapshots with outlines of 
different colours are taken at: t* = 2.31 for green, t* = 3.46 for red, t* =

4.91 for blue and t* = 8.08 for black. Att* = 2.31, it can be found that 
the difference between advancing contact angle is quite minor, as the 
interaction between the droplet and the surface just started. As time 
proceeds tot* = 3.46, the effect of surface wettability becomes obvious, 
and the advancing contact angle gradually reaches a stable value. While 
on the vertex of the obstacle, the droplet starts to rupture. Fort* = 4.91, 
the droplet fully breaks apart and as the interaction force with the other 
part disappears, the force acting on the receding contact line becomes 
the interaction force between the liquid and the surface, which is much 
smaller than the interaction force between liquid molecules on a hy
drophobic surface. That results in the receding contact line moving 
quickly downwards, so does the centre of gravity of the droplet. A 
phenomenon similar to weightlessness appears, and the height of the 
droplet’s advancing contact line merely moves on hydrophobic surfaces. 
On hydrophilic surfaces however, there is no such phenomenon 
observed, as the interaction force between the liquid molecules is 
weaker than that between liquid and surface. In the last snapshot, the 
droplet slides down the surface with both advancing and receding angles 
relatively stable. From the figure, it can be found that the velocity of the 
droplet on a hydrophilic surface is more linear, but on a hydrophobic 
surface due to the weightlessness phenomenon the velocity profile goes 
through a stall when the droplet rupture on the vertex. And the droplet 
on hydrophobic surface has a larger overall velocity than on a hydro
philic surface, due to a smaller interaction force with the surface. This is 
further proved in Fig. 3.6, in which the relationship between the droplet 
centre point and dimensionless time is shown. 

The effect of surface temperature 
Despite that the impingement of droplets has been studied by a lot of 

researchers, the effect of temperature is seldomly considered. One of the 
reasons is that the process of impingement happens in a very short time, 
hence the evaporation of droplets can be ignored. However, we have 
noticed that the temperature of the obstacle surface has a significant 
influence on the behaviour of the droplet, especially when the temper
ature is high enough when the famous Leidenfrost effect can be 
observed. Hence in this section, the surface of the conical obstacle is set 
at different temperatures, and the behaviour of the droplet is studied. 

In Fig. 3.7 the snapshots of the droplets impinging on surfaces of 
different temperatures are presented. All other parameters are kept the 
same, with gravity force being g = 2 × 10− 5 and surface wettability 
being neutral (Gs = 0). The temperature of the surface is written asTb =

Ts + dT, as introduced in section 2.4, with dT = 0.05 in Fig. 3.7 (a), 
dT = 0.1 and 0.2 in (b) and (c), dT = 0.3 in (d) correspondingly. Jakob 
number which can be written as 

Ja =
(Tw − Ts)cp

hlv
(3.2.6) 

is used to measure the influence of the substrate temperature, where 
hlv is the liquid–vapour latent heat. For picture (a)-(d), the Jakob num
ber are 0.04, 0.075, 0.15 and 0.23 respectively. The time intervals are 
kept the same as in section 3.2.2, and the dropwise at different moments 
are marked in the same colours as above. It can be found that in Fig. 3.5 
(a) and (b), the dropwise is similar to that in Fig. 3.5(c) and (d), as a 
higher temperature reduces the density of droplets around the contact 
line thus reducing interaction force between the liquid and solid sub
strate. If the temperature keeps increasing, as shown in picture (c), the 
droplet detaches from the solid surface, which can be explained by the 
Leidenfrost phenomenon: the evaporation process is so fast that a vapor 
layer appears between the droplet and the hot surface, making the 
droplet float above the surface [53]. The existence of the vapour layer 
removes all the interaction force between the droplet and the surface, 
making the droplet slide down at the maximum rate possible. From 
picture (c) and (d) one can find that there is no major difference between 
those two cases, the reason is the vapour layer works as a heat insulation 
cushion in the Leidenfrost phenomenon, and vapour has a much lower 
heat conductivity than water. As a result, the increase in surface tem
perature doesn’t affect the impingement process significantly. Also, 
there is merely any influence on the droplet velocity as the droplet is 
already levitating. 

Fig. 3.8 shows the temperature counter of the flow field at for 
ranging from 0.04 to 0.23. Apart from the difference in the shape of the 
dropwise, one can also notice that in Fig (a) and (b), the temperature at 
the junction line between the droplet and the solid surface is nearly the 
same as the substrate temperature, while it gradually decreases with the 
increase of the distance from the obstacle surface. In Fig (c) and (d), the 
temperature in the dropwise is almost constant as the droplet is in the 
Leidenfrost stage, the vapour layer prevents the heat of the substrate 
from directly entering the droplet. Moreover, the velocity of the droplet 
is rapid enough for preventing the droplet from absorbing too much heat 
in the process, so apart from the vaporized part, the liquid remains 
relatively cool compared to the surrounding vapour. 

Fig. 3.9 presents the relationship between the droplet’s mean tem
perature and dimensionless time. For different values that aren’t 0, the 
droplet is heated in the impingement process at different rates. Overall, 
the mean temperature when tops all the scenarios, followed by and, and 
has the lowest mean temperature. It’s noticeable that the droplet has a 
lower temperature in the Leidenfrost stage even though the number is 
much higher, which proves that the vapour layer is blocking heat from 
entering the droplet. Also, the deformation of the droplet causes minor 
temperature fluctuations, as can be seen from the curve for, the reason 
behind this is the viscous dissipation caused by the deformation during 
the process of impacting. The mean temperatures of and raises at a 

Fig. 3.6. Relationship between the droplet position and dimensionless time.  
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higher rate when, and when moves closer to 4 the rate slows down 
gradually. This can be explained by the droplet morphologic figures in 
Fig. 3.7, where one can see that the contact line between the droplet and 
the surface has decreased sharply when approaches 4.91, and a reduced 
heat exchange size results in the reduced temperature rising rate. For 
and, a sharp increase in the droplet temperature can be observed be
tween and, and according to Fig. 3.7, the droplet is impinging on the 
vertex of the obstacle and bottom substrate respectively during that 
time. The effect of impact could bring a reduced vapour layer thickness, 
if not a temporary connection between the droplet and the superheated 
substrate. After that, both droplets get heated up at lower rates. 

Conclusion and prospection 

In this paper, a multi-component multiphase Lattice Boltzmann 
model is developed to study the process of a droplet impinging on the 
vertex of a conical obstacle. The model is modified with a mixed non-slip 
bounce-back boundary treatment method and validated being able to 
simulate the droplet’s wetting on hypotenuses. The effect of different 
factors, such as gravity magnitude, surface wettability and substrate 

temperature, is studied. The present investigation fucuses on the 
morphology of the droplet, its velocity profile and temperature distri
butions. The following can be concluded: 

1. Three different behaviours of droplet are observed in the impinge
ment process, namely: wrapping the vertex, sliding down against the 
hypotenuse, and sliding down levitated. Wrapping the vertex is more 
likely to happen when gravity is low, and the surface is hydrophobic, 
while a more hydrophilic surface increases the chance of the droplet 
sliding down against the hypotenuse. A higher temperature and a 
more hydrophobic surface make the droplet more likely to detach 
from the surface and slide down levitated.  

2. An increased surface hydrophobicity in general increases the sliding 
velocity of the droplet, however on hydrophobic surfaces, the non- 
equilibrium wetting condition on the receding edge at the moment 
of rupturing would cause a temporary weightlessness phenomenon 
that stops the droplet from sliding down.  

3. Leidenfrost effect happens in cases where Ja⩾0.15. The heat transfer 
rate is then reduced as the vapour layer between the droplet and 
substrate has a lower heat conductivity. The highest droplet mean 
temperature is observed when Ja = 0.075. On the other hand, the 
droplet in the Leidenfrost stage has a higher velocity as the inter
action force between the droplet and surface disappears. 
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Fig. 3.7. Snapshot of the droplet impinging on surfaces of different temperatures.  

Fig. 3.8. Temperature profiles of the flow field at t* = 3.46 for different surface temperatures.  

Fig. 3.9. Mean temperature of the droplet during the impingement process.  
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