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Abstract: The interaction between cavitation bubbles and solid surfaces is an important issue when
investigating the mechanism of collapsing cavitation bubbles. The property of a solid surface has
a great effect on the inception, development and collapse of the bubbles. In this work, we aim to
investigate the effect of wettability on collapsing cavitation bubbles using the multi-relaxation-time
lattice Boltzmann model. First, the pseudopotential multi-relaxation-time lattice Boltzmann is
improved by involving the piecewise linear equation of state and the improved forcing scheme
modified by Li et al. The improved pseudopotential model is verified by the Laplace law. Next,
the fluid–solid interaction in the model is employed to adjust the wettability of the solid surface.
Moreover, the simulation of the collapse of the cavitation bubble near the solid surface is compared
by the experiment results. Finally, the simulation of the collapsing cavitation bubbles near the
solid surface with different wettability is also investigated. We find that the numerical results of
the collapsing bubble are in good agreement with the experimental results. The simulation results
show that the hydrophobicity of the solid surface can accelerate the cavitation bubble collapse.
The hydrophilicity of the solid surface has little effect on the collapsing bubbles.
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1. Introduction

Cavitation is a unique physical phenomenon occurring in a liquid, which is a perpetual research
subject due to its specific dynamic effects [1–3]. Collapsing cavitation bubbles usually produce extreme
physical phenomena, such as high velocities, high pressures and high temperature in partial areas.
While a collapsing cavitation bubble is close to a solid surface, these physical phenomena cause
serious damage to the surface of the material, which is called cavitation erosion. On the other hand,
collapsing cavitation bubbles have been widely used in various applications, such as material surface
modifications [4–6] and medical fields [7–9]. From these applications, we can extract a valuable and
general issue, i.e., the investigation of the interaction between cavitation bubbles and a solid surface
with different properties.

Many research papers have discussed the interaction between a surface and a cavitation bubble
from different perspectives, including the roughness of the surface, interfacial wettability, and surface
tension. With their experiments, Li et al. studied the effects of nozzle inner surface roughness on
the cavitation erosion characteristics of high-speed submerged jets [10]. Their findings showed that
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geometric characteristics of the surface have great effects on cavitation erosion intensity at standoff
distances around or exceeding the optimum. Belova et al. explored the controlled effect of ultrasonic
cavitation on hydrophobic/hydrophilic surfaces [11]. They developed a selective control scheme
of ultrasonic cavitation on metal surfaces with different hydrophobicities. Their findings from the
experiments showed that cavitation prefers to dominate on hydrophobic surfaces due to the low
nucleation barrier. Due to the limitations of the experiment, the microcosmic mechanism of interaction
between the cavitation bubble and the solid surface was not discussed in their work.

The lattice Boltzmann method (LBM), as a mesoscopic approach based on the kinetic Boltzmann
equation, has been rapidly developed in recent years [12]. LBM has been employed in research on
the interaction between the cavitation and surface of solid surface materials due to its convenience
in multiphase and fluid–solid surface modeling [13]. In References [13], Ezzatneshan discussed the
effects of wettability on cavitation inception using LBM. The study showed that the pseudopotential
LBM was robust and efficient for predicting cavitation phenomena with surface wettability effects
considered. It was also accurate enough for cavitation flow under different conditions. However,
the above researchers’ works do not involve the stage of the collapsing cavitation bubble, which is
critical for the interaction between cavitation and the solid surface.

The challenge of the simulation of the collapsing cavitation bubble near the solid surface is
the stability of the lattice Boltzmann (LB) model. For the pseudopotential multiphase model [14],
the stability is closely related to the thermodynamic consistency, and many efforts have been made for
this issue [15–17]. Recently, Shan et al. [18] studied the evolution of the collapsing cavitation bubble
near a rigid boundary using LBM. They established a collapsing bubble model using an improved
forcing scheme based on that of Li et al. [16]. The numerical results were compared with experimental
results. Shan’s research demonstrated that the pseudopotential multi-relaxation-time (MRT) LB could
successfully simulate the collapsing cavitation bubble near the solid wall. However, there is no
fluid-solid interaction added in the simulation model.

In the present work, the pseudopotential MRT LB with the improved forcing scheme proposed by
Li Q et al. [17,19,20] is applied to investigate the cavitation bubble collapse near the hydrophobic or
hydrophilic surface. The fluid-solid interaction is adapted to the pseudopotential MRT LB to achieve
the fluid-solid boundary. The simulation using LBM was validated through the comparison between
the numerical results and experimental results. The effect of hydrophilicity and hydrophobicity on the
inception and the collapsing cavitation bubble is also discussed.

2. Pseudopotential MRT LB Model

The pseudopotential LB model with MRT operation collision was employed in the present
work [21,22]. The evolution equation can be given as [23]:

fα(x + eαδt, t + δt) = fα(x, t)− (M−1ΛM)αβ

(
fβ − f eq

β

)
+ δtF′α (1)

where fα denotes the density distribution function, f eq
α is its equilibrium distribution, t is the time,

x denotes the spatial position, eα is the discrete velocity along the αth direction, δt is the time step,
F′α is the component of forcing term F′ in the velocity space, M is an orthogonal transformation matrix,
and Λ is a diagonal matrix given by (for the D2Q9 lattice) [24]

Λ = diag
(

τ−1
ρ , τ−1

e , τ−1
ξ , τ−1

j , τ−1
q , τ−1

j , τ−1
q , τ−1

v , τ−1
v

)
(2)

The τ−1
ρ , τ−1

e , τ−1
ξ , τ−1

j , τ−1
q and τ−1

v is related to density, energy, energy squared, components
of momentum flux, energy flux components and stress tensor. These relaxation times were chosen
as τv = τρ = τj = 1.0, τ−1

e = τ−1
ξ = 0.8 and τ−1

q = 1.1 in this paper. Through the transformation matrix
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M [25], the fα and feq
α can be projected onto the moment space via m = Mf and meq = Mfeq. Thus,

the collision step of Equation (1) can be rewritten as:

m∗ = m−Λ(m−meq) + δt

(
I− Λ

2

)
S (3)

where the I is the unite tensor, and the S is the forcing term in the moment space with (I− 0.5Λ)S = MF′.
In D2Q9 lattice, meq can be given by [20]:

meq = ρ
(

1,−2 + 3|v|2, 1− 3|v|2, vx,−vx, vy,−vy, v2
x − v2

y, vxvy

)T
(4)

where the ρ = ∑
α

fα is the macroscopic density, v is the macroscopic velocity calculated by:

v =

(
∑
α

eα fα +
δt

2
F

)
/ρ (5)

Here, F =
(

Fx, Fy
)

is the total force acting on the system for two-dimensional (2D) space and
|v|2 = v2

x + v2
x. Then the steaming step of the MRT LB equation can be formulated as:

fα(x + eαδt, t + δt) = f ∗α (x, t) (6)

where f∗ = M−1m∗.
In the pseudopotential LB model, the intermolecular interaction force is defined via a

pseudopotential ψ, which depends on the local density. It is given as [26]:

Fm = −Gψ(x)∑
α

wαψ(x + eα)eα (7)

where G is the interaction strength, and wα is the weight. The weight wα = 1/3 for |eα|2 = 1 and the
weight wα = 1/12 for |eα|2 = 2 on D2Q9 lattice for the nearest-neighbor interactions.

According to Yuan and Schaefer [27], the pseudopotential ψ is taken as:

ψ =
√

2(pEOS − ρc2
s )/Gc2 (8)

in which pEOS represents a prescribed equation of state. The parameter G is set as G = −1 to ensure
the whole term is inside the square root positive. The parameter c is the lattice constant, and cs = c/

√
3

is the lattice sound speed. The piecewise linear equation of state (EOS) proposed by Colosqui et al. [28]
is applied in the model and is given by:

p(ρ) =


ρθv i f ρ < ρ1

ρ1θv + (ρ− ρ1)θm i f ρ1 < ρ < ρ2

ρ1θv + (ρ2 − ρ1)θm + (ρ− ρ2)θl i f ρ > ρ2

(9)

where θv =
√
(∂p/∂ρ)v and

√
θl =

√
(∂p/∂ρ)l represent the speeds of sound the vapor phase and

liquid phase, respectively; θm is the slope in the unstable branch (∂p/∂ρ < 0). The variables ρ1 and ρ2

can be obtained by solving a set of two equations. One equation is ensured for mechanical equilibrium:∫ ρl

ρv
dp = (ρ1 − ρv)θv + (ρ2 − ρ1)θm + (ρl − ρ2)θl = 0 (10)
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and the other is ensured for chemical equilibrium:

∫ ρl

ρv

1
ρ

dρ = log
(

ρ1

ρ2

)
θv + log

(
ρ2

ρ1

)
θm + log

(
ρl
ρ2

)
θl = 0 (11)

where ρl and ρv represent the density of vapor and liquid, respectively.
With the pseudopotential ψ, the pseudopotential LB model usually undergoes thermodynamic

inconsistency. Subsequently, Li et al. [20] found that the thermodynamic consistency can be
approximately achieved by adjusting the mechanical stability condition via an improved forcing
scheme [17]

S =



0

6v·F + 12σ|Fm|2
ψ2δt(τe−0.5)

−6v·F− 12σ|Fm|2

ψ2δt(τξ−0.5)

Fx

−Fx

Fy

−Fy

2
(
vxFx − vyFy

)
vxFy + vyFx



(12)

where |Fm|2 =
(

F2
m,x + F2

m,y

)
. The parameter Fm in Equation (12) denotes the intermolecular

interaction force, and F is the total force of the system; and σ is used to tune the mechanical stability
condition. In this work, from the investigation of the thermodynamic consistency [20,24], σ is set as
0.11625 in the case of cavitation bubble and 0.084 in the case of a droplet on the surface, respectively.

The adhesive force at the solid surface should be considered in the pseudopotential MRT LB
model. The wettability of a solid surface is decided by the adhesive force in the model. The following
fluid–solid interaction [29] to mimic the adhesive force is given by:

Fads = −Gwρ(x)∑
α

ωαS(x + eα)eα (13)

where Gw is the adsorption parameter, ωα = c2
s wα and the switch function S(x + eα) is ψ(x)s(x + eα)

which is equal to 1 or 0 for a solid or a fluid phase, respectively. The total force in Equation (12) is
given by F = Fm + Fads.

In this paper, the lattice units for LB are adopted. The basic units of length, time and mass are
lu(lattice unit), ts(time step) and mu(mass unit), respectively. Thus, the units of velocity, pressure,
and density are expressed as lu/ts, mu/(ts2 lu) and mu/ts2, respectively.

3. Numerical Simulation and Analysis

3.1. Laplace Law and the Contact Angle

Laplace law is the validation of the multi-phase model. For the case of the cavitation bubble,
the Laplace law can be given as:

∆p = pin − pout =
γ

R0
, (14)

where the pin and pout are the pressures inside and outside of the bubble, respectively. R0 is the
radius of the bubble, γ is the surface tension. The computational domain is 700 × 700 lattice system.
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The periodic boundary condition is applied in two directions of the boundary. The density field is
initialized as [18]:

ρ(x, y) =
ρl + ρv

2
+

ρl − ρv

2
× tanh

2
(√

(x− x0)
2 + (y− y0)

2 − R0

)
W

, (15)

where W is the prescribed width of the phase interface and it is 5 in the present work; ‘tanh’ is a
hyperbolic tangent function and it is set as tanh(x) =

(
e2x − 1

)
/
(
e2x + 1

)
.

To mimic the experimental value, the density ratio is set as 500 with ρl = 500 and ρv = 1.
The other parameters including ρ1, ρ2, θv, θm and θl are set as 1.36, 481.04, 0.2133,−0.01333 and 0.33333,
respectively. The lattice constant c and the time step δt are both set as 1. The bubble is placed at the
center of the computational domain. The radius R0 is set as 60, 65, 70, 75 and 80, respectively.

Figure 1 shows the linear relationship between the ∆p and 1/R0. It indicates that the simulation
results agree well with Young-Laplace law and verify the improved pseudopotential MRT LB model.
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In this paper, the wettability of the surface was measured by the achievable contact angle. It is
a general practice that wettability is obtained by measuring the contact angle of a droplet on the
solid surface. The contact angle θ > 90

◦
means the surface is hydrophobic and θ < 90

◦
means the

surface is hydrophilic. In the computational domain, the 400 × 400 lattice system was adopted in
our simulations. The open boundary condition was employed at the top boundary. The nonslip
boundary scheme [30] was applied at the button boundary f5 = f7 − 0.5( f1 − f3)− 0.25δt

(
Fx + Fy

)
,

f6 = f8 + 0.5( f1 − f3) + 0.25δt
(

Fx + Fy
)

and f2 = f4. The density field was initialized as [17]

ρ(x, y) =
ρl + ρv

2
− ρl − ρv

2
× tanh

2
(√

(x− xl)
2 + (y− yl)

2 − Rl

)
W

, (16)

where (xl , yl) is the center of the droplet and is (200, 40).
The parameter Rl which represents the radius of the droplet is initialized as 40. The initial density

ratio is 500 with ρl = 500 and ρv = 1.
In the simulations, the intermolecular interaction force and the fluid-solid interaction force are

used at the solid surface. Consequently, a contact angle of θ = 90
◦
. can be analytically achieved

when Gw is 0 which represents the neutral wettability. The results of contact angles corresponding
to different Gw are shown in Figure 2. The obtained contact angle θ is 91.5

◦
when Gw is set as 0. This
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means that the numerical result was in good agreement with the analytical solution. As is shown in
the results, the contact angle was approximately proportional to the parameter Gw. It may be said that
the wettability of the solid surface can be adjusted by Gw in the simulation.Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 12 
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3.2. Verification of the Collapsing Bubble Near the Solid Surface

In this section, the pseudopotential MRT LB with the fluid–solid interaction is used to investigate
the collapsing bubble near the solid surface. The simulations are verified compared with the
experimental results.

In present work, the computational domain for the collapsing bubble near the solid surface
is established in 700 × 700 lattice system which is shown in Figure 3. The open condition [31] is
applied in the top boundary and the periodic boundary conditions are employed in a vertical direction.
The bottom boundary uses the nonslip boundary scheme. The density field is the same as that in the
Equation (16). In Figure 3, R0 represents the radius of the bubble and b0 denotes the distance between
the center of the bubble and the solid surface. The dimensionless position offset parameter λ0 = R0/b0

which represents the ratio of the radius to the distance between the bubble and the solid surface, was
adopted to compare the dynamic process of cavitation bubbles collapsing near the solid surface in
different cases [32]. The parameters p∞ and pv represent the ambient pressure and the vapor pressure
in the bubble, respectively.

In the simulation, the initial R0 and λ0 were 80 and 1.3, respectively. The constant pressure
difference ∆p = p∞ − pv was 18.334 to ensure the bubble collapse. The density ratio was 500 with
ρl = 500 and ρv = 1. The parameter Gw in fluid–solid interaction was 0 for this case [33].
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Figure 4 shows a comparison between the numerical and experimental results. It is clearly shown
that the numerical results were in good agreement with the experiment. The spherical bubble shrank
from the top pressure in the initial state. As time passes, the sunken region of the bubble grows, and,
in the final stage, the jet of the bubble will form when the bubble is collapsing.
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3.3. Effect of Wettability on Cavitation Inception

The effect of wettability of the surface on the cavitation inception is investigated by changing
wettability with setting the negative pressure in the liquid domain. The parameters of the EOS are the
same as the parameters in Section 3.1. The cavitation inception is produced by setting the negative
pressure at the computational domain. The negative pressure is used to simulate the conditions of
cavitation such as the process of an internal tear. The negative pressure can be acquired by reducing
the initial density of the equilibrium state. Subsequently, the paper discusses the time of cavitation
generation under different negative pressure conditions. Thus, the paper studies these cases where the
negative pressure is set as −6.02, −5.69, −5.36, −5.02, −4.69 and −4.36, respectively.

The simulation results about the effect of the hydrophobicity on the cavitation inception are
shown in Figure 5. It shows that the time of cavitation inception is short with the enhancement of the
hydrophobicity of the surface. It means the hydrophobicity can accelerate the cavitation inception.
There is no cavitation inception when the surface is hydrophilic in our simulation results. These
simulation results verify the conclusion of Reference [11] from the perspective of numerical analysis.
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4. The Effect of Wettability on the Collapsing Bubble near the Solid Surface

In this section, the effect of wettability on the collapsing bubble near the solid surface may be
studied by comparing the shape of the bubble and collapsing time. The parameter λ0 in Figure 3 is set
as 1.0, 1.1 and 1.2, respectively to study the bubble near the solid surface. The contact angle θ of the
hydrophobic and hydrophilic surfaces is set as 26.87

◦
, 50.93

◦
, 91.50

◦
, 133.32

◦
and 158.84

◦
, respectively.

The other parameters are the same as those described in Section 3.2.
The discussion about the results of the simulation is divided into three parts. In the first part,

we investigate the density evolution of the collapsing cavitation bubble. Secondly, the time of the
collapsing cavitation bubble with different wettability is compared. Finally, the effect of wettability
on the density, pressure and velocity distribution of the collapsing bubble near the solid surface
is discussed.

Figure 6 shows the density evolution of the collapsing cavitation bubble with the parameter λ0 set
as 1.0. Each row represents the every wettability of the solid surface. The evolution of the collapsing
cavitation bubble includes the density distribution when the time steps are 500 and 600. The density
distribution of the collapsing bubble is also included in the evolution.
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In Figure 6, the cavitation bubble sticking to the surface collapses from the pie shape to the
bowl shape. There was a high-density region on the bubble. We found that the profile evolutions
of cavitation bubbles were almost identical under different hydophoilicities—that is, hydophoilicity
almost does not affect the collapsing process of cavitation bubbles. However, there are some changes
when the wettability of the surface is hydrophobic. With the increase of the hydrophobicity, the bottom
of the cavitation bubble spreads at the surface in a wider range. In the same time step, the size
of the cavitation bubble became smaller when the hydrophobicity was stronger. It also means the
hydrophobicity accelerated the evolution of the cavitation bubble compared to hydrophilicity. The solid
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surface had a retarded effect in the fluid system, which was similar to the Poisson flow effect. When
the cavitation bubbles collapsed (volume reduction), the fluid flow and velocity in the direction of the
solid surface and the fluid area above the bubbles are different, respectively. Then asymmetry occurs.

The collapsing time of the cavitation bubble is shown in Figure 7. The hydrophobic solid surface
obviously affected the collapsing time of the cavitation bubble. With the hydrophobicity being stronger,
the collapsing time was shorter. Compared to hydrophobicity, hydrophilicity had little effect on the
collapsing time. The collapsing time was shorter when the parameter λ0 was larger.
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Figure 8 shows the density and pressure distribution of the collapsing cavitation bubble. The left
part of the small graph represents the density distribution and the right part represents the pressure
distribution (Figure 8). Each column represents the different wettabilities, and each row represents the
collapsing cavitation bubble near the solid surface with different λ0.
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Firstly, unlike the bubble adhesive on the surface, the collapsing cavitation bubble near the solid
surface becomes small in size. The high-density region above the bubble becomes small, but the value
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of the region becomes high when the hydrophobicity of the surface increases. Another phenomenon is
that there are some new arch-like cavitation bubbles generated adhesively to the solid surface when
the wettability of the surface is hydrophobicity. The farther the bubble is away from the solid surface,
the more obvious these phenomena are.

Secondly, the evolution of pressure is similar to the process of the density distribution.
The high-pressure area is distributed in the upper part of the picture, and the low pressure is in
the lower part. With the hydrophobicity of the solid surface enhanced, the low-pressure region around
the bubble expands, and the high-pressure region is reduced as shown in Figure 8. The pressure of
the high-pressure region with strong hydrophobicity is higher than that with strong hydrophilicity.
The hydrophilicity has little effect on the cavitation bubble. The phenomenon is visible as the parameter
λ0 is increasing.

To investigate the impact of the jet center on the solid surface and the rules of the velocity changes
in numerical value aspect, we used the presentation of the velocity in Figure 9 and it shows the
velocity of perpendicular bisector of x-axis in y-direction with the parameter λ0 set as 1.0, 1.1 and 1.2.
The velocity increased first, then dropped to the valley and finally came to a steady value. As the
parameter increased, the phenomenon was obvious. The hydrophilicity of surface had a minimal
effect on the velocity. However, when the hydrophobicity increases, the peak of the velocity becomes
higher and the valley becomes lower. It also meant that the peak represented the edge between the
new arch-like bubbles and the liquid. The valley represented the collapsing cavitation bubble.
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These phenomena can explain the difference between wettability of the surface and the
intermolecular interaction force. Particularly, the change from hydrophilicity to hydrophobicity
of the solid surface was adjusted by the parameter Gw from −1.0 to 1.0 in the fluid–solid interaction
in the model. When the parameter Gw is less than zero, this means the property of the solid surface
is hydrophilic. The parameter G in Equation (7) was set as −1. Thus, the total force F at the bottom
boundary was the superposition of the intermolecular interaction force and fluid–solid interaction
force. After multiple iterations, the density and pressure at the bottom boundary become higher.
However, when the property of the solid surface is hydrophobic, the parameter Gw is greater than
zero. The total force F at the bottom boundary is the counteraction of the intermolecular interaction
force and fluid-solid interaction force. After multi-iterations, the density and pressure at the bottom
boundary become lower.

In general, the hydrophobicity accelerates the evolution of the cavitation bubble while the
hydrophilicity has minimal effect on the bubble. In the evolution of the collapsing bubble, the new
arch-like cavitation bubble is generated near the solid surface when the wettability of the surface
is hydrophobic.
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5. Conclusions

In this paper, the pseudopotential multi-relaxation-time lattice Boltzmann model is used to study
the wettability on the collapse of the cavitation bubble. The bubble profile in the simulation is in good
agreement with the experimental results. The wettability of solid surface can be adjusted by changing
the parameter Gw in the fluid-solid interaction force. The results of collapsing bubbles are shown
with different hydrophobicity and hydrophilicity of the solid surface. The hydrophobicity of the solid
surface can accelerate the cavitation bubble collapsing. However, the hydrophilicity of the solid surface
has minimal effect on the cavitation bubble. It results from a difference between wettability of the
surface and the intermolecular interaction force. The new arch-like bubble can be generated close to the
solid surface when the property of the solid surface is hydrophobic. Our work demonstrates that LBM
is an effective tool to simulate a cavitation bubble near different hydrophobicities and hydrophilicities
of a solid surface. The influence from the hydrophobicity of a solid surface can provide some insight
for the engineering of bubble collapsing applications.
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