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Effect of non-condensable gas on a collapsing cavitation bubble near
solid wall investigated by multicomponent thermal MRT-LBM*
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A multicomponent thermal multi-relaxation-time (MRT) lattice Boltzmann method (LBM) is presented to study col-
lapsing cavitation bubble. The simulation results satisfy Laplace law and the adiabatic law, and are consistent with the
numerical solution of the Rayleigh—Plesset equation. To study the effects of the non-condensable gas inside bubble on
collapsing cavitation bubble, a numerical model of single spherical bubble near a solid wall is established. The temperature
and pressure evolution of the two-component two-phase flow are well captured. In addition, the collapse process of the
cavitation bubble is discussed elaborately by setting the volume fractions of the gas and vapor to be the only variables. The
results show that the non-condensable gas in the bubble significantly affects the pressure field, temperature field evolution,
collapse velocity, and profile of the bubble. The distinction of the pressure and temperature on the wall after the second
collapse becomes more obvious as the non-condensable gas concentration increases.

Keywords: multicomponent, cavitation bubble, non-condensable gas, lattice Boltzmann method

PACS: 47.11.Qr, 47.55.Ca, 47.55.dd, 47.55.dp

1. Introduction

Cavitation is ubiquitous in the natural and industrial
fields. A cavitation bubble collapsing near a solid wall will
lead the extreme conditions to form locally, such as high pres-
sure, temperature and velocity.[!l Owing to these cavitation
properties, research on the potential of cavitation exploitation
is currently an interesting topic. Some optimized applications
of cavitation have been established, such as cavitation degra-
dation, cavitation sterilization, and lab-on-chip. [2-4] However,
cavitation treatment is difficult to optimize because the mech-
anisms of the cavitation phenomenon are not completely illus-
trated in the presently reviewed literature.

Many numerical simulation methods have been suggested
to investigate the collapsing cavitation bubbles because exper-
iments are difficult to conduct and are deficient in capturing
the internal mechanism of cavitation bubbles. Computational
fluid dynamics (CFD) methods have been successfully em-
ployed for the simulation of multiphase flow.’] However, they
require complex interface-tracking or interface-capturing tech-
nology, and interactions among the constituent molecules on
a microscopic scale cannot be considered. In contrast to con-
ventional CFD methods, the lattice Boltzmann method (LBM)
based on the microscopic nature and mesoscopic characteris-
tics performs well in the numerical simulations of complex
gas-liquid phase change. The main advantages, such as clear
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physical background, perfect parallel computing scheme, lin-
ear convection term, and extraordinary capability of dealing
with complex boundaries, distinguish the LBM from other
numerical methodologies. The Shan-Chen!® pseudopoten-
tial method stands out in comparison with other multiphase
lattice Boltzmann (LB) models because of its simple imple-
mentation and automatic separation of phases or components
without interface-tracking or interface-capturing.

In the last two decades, many efforts have been made
to apply the pseudopotential LBM to investigating the phase
change and heat transfer phenomena, such as cavitation, evap-
oration, and boiling.”‘gl Several models have been estab-
lished by introducing thermal equations into LB multiphase

10—

models.!'%!2] Generally, thermal LB models are divided into

three categories: the multispeed approach,!!3! the double-
distribution-function (DDF) approach,!!'%!3] and the hybrid

16,171 Among them, the pseudopotential DDF model

approach. !
proposed by Zhang and Chen has been widely used in the sim-
ulation of multiphase flow with phase change.!'®! Later, Gong
and Chen improved the thermal LBM by adding a new form
of the source term to the temperature distribution function,

191 Meanwhile, multicom-

20,211

thus reducing the spurious currents.
ponent (MCP) LB models are being developed rapidly.!
Bao and Schaefer considerably improved the multicomponent
multiphase model, but thermal effects have not yet been incor-
porated into this model.[*?! Qin er al. studied the heat trans-
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fer of multicomponents by using a single temperature evolu-
tion equation.!>’! Tkeda et al. proposed a thermal immiscible
multicomponent LB model.[**! In their model, each compo-
nent employs the respective temperature equation, and then
the temperature is coupled at each node by using the density-
weighted combination. Later, one addressed many aspects of
the multicomponent thermal model, such as the large density
ratio, spurious current and numerical instability.[>>-28] This
advances the LBM closer to the realistic physical phenomena
in simulating multicomponent multiphase flow.

Based on single-component DDF LBM, Yang et al.l*!
used the improved thermal multiple-relaxation-time (MRT)-
LBM model to simulate a collapsing cavitation bubble and dis-
cussed the effects of the position offset parameter and pressure
difference on the maximum temperature of the bubble. How-
ever, cavitation bubble contains vapor and non-condensable
gas in real physical phenomena. Some studies indicate that
experiments with a small non-condensable gas concentration
inside the bubble show its strong influence on the dynamics

30311 However, the inter-

and thermodynamics of the bubble.!
nal influence of the non-condensable gas on the collapsing
cavitation bubble cannot be explained at a microscopic level.
Therefore, it is of great significance to study the effect of non-
condensable gas inside bubble on the bubble collapsing near
a solid wall by using numerical methods. To the best of the
author’s knowledge, little researches have been reported on
the dynamic and thermodynamic behaviors of multicompo-
nent cavitation bubble by using LBM in the literature.

In the present work, a developed multicomponent thermal
MRT-LBM is presented to numerically study the collapsing
cavitation bubble. The rest of this paper is organized as fol-
lows. The basis numerical model is presented in Section 2. In
Section 3 the model verification and computation domain are
described. In Section 4 the effect of the non-condensable gas
inside bubble on a collapsing bubble near a wall is illustrated.
In Section 5 the conclusions and discussion are presented.

2. Multicomponent lattice Boltzmann methods
2.1. Pseudopotential MRT-LBM

The multicomponent evolution equation of the density
distribution function with the MRT collision operator can be
given by (32,33]
fio(x+eibt,t+8t)— fis(x,t)

= M A M (fyoa,) — £ () + 818} o a,1), (1)

J,0

where f; s(x,?) is the density distribution function of the o-
th component, x is the particle position, & is the time step, i
is the number of discrete velocities, S} ; is the forcing term in

the velocity space, A is the relaxation diagonal matrix, and M
is the transformation matrix. For the D2Q9 lattice model, the
orthogonal transformation matrix M is given by 34!

1 1 1 1 1 1 1 1 1
4 —1 -1 -1 -1 2 2 2 2
4 2 2 2 21 1 1 1
0 I 0 -1 0 1 —1 —1 1
M=|0 -2 0 2 0 1 -1 -1 1[,Q®
0 0 1 0 —11 1 -1 —1
0 0 -2 0 2 1 1 -1 —1
0 I -1 1 =10 0 0 0
0 0 0 0 0 1 -1 1 ~—1I|

and the diagonal matrix is written as

. -1 -1 =1 -1 1 1 —1 —1 _—1
A:dlag(rp Te 77‘-; aT/ aTq aT] aTq )TV 7TV ) (3)

The macroscopic Naiver—Stokes (NS) equation can be de-

rived from Eq. (1). The mass and momentum equations of

each component are as follows: [33-3%]

aagtpc +V-(aspsv) =0, o=1.2, (4a)
W'FV' (dspsvv) =—=V-p+V-II, (4b)

where 0, is the volume fraction satisfying o + oo = 1. The
range of o and o are both 0—1. According to Eq. (4), we can
obtain the continuity equation for the mixture

ap _
=5, +V-(pv) =0, oy
a(gt’u)_’_v.(pv,u):_v.p_FV-H. (5b)

For the incompressible or slightly compressible fluids, the
viscous stress tensor is

IT = i [Vo+ (Vo)T —2/3(V-v)].

The average dynamic viscosity it = ol + 0 .
Using the transformation matrix, equation (1) can be
transformed into

mi =mes— A(ms —mg)+ 51— A/2)S, (6)

where m}; = (mf‘w7 LI m§70), I is the unit tensor, and
S is the forcing term in the moment space with S = M S’. The
streaming step of the MRT-LB equation can be formulated as

fi,o’(m+ei5ht+51):fl'TO'(mvt)a (7

where f/; = M‘lmf_a.
The multicomponent moment space can be obtained from
the following expression:

me = Mfs; = Mj,crfj,o = (pmem gcajx,oaCIx,cajy.G»CIy,mpxx,mpxy,G)Ta (8)
024701-2
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eq eq eq eq _eq - eq . eq _eq eq
mg = Mfs' = Mij.ij,,c = (pG>eo »So 7]x,GyQx,m]y,67Qy,67pxx,G7pxy,G)

= ps(1,-2+3 |v|2 ,1-3 |v|2 Vi, — Vi, Vy, —vwv)zc - vg,vxvy)T. 9)

The macroscopic density ps of the o-th component can
be obtained from ps =Y. f; 5, and the velocity v is calculated
i

by
Zeifi,c +(6:/2) Fo

Vo —

LPs ’ 10
o

where Fs = (Fy 5, F, o) refers to the total force of the fluid—
fluid interaction acting on the system. Both the intramolecu-
lar force and intermolecular force exist in the multicomponent
system. The intramolecule force can be expressed as

N
Foo(z) = —Goo Yo (T) ZW(|ei‘2)‘Ifo($+ei)ei, (11)
i=1

where Ggs is the intramolecule interaction strength. In this
study, the subscripts 6 = 1 and ¢ = 2 represent the gas phase
and liquid phase, respectively. The gas is regarded as the ideal
fluid and thus G|; = 0. The liquid is the non-ideal fluid. The
weight w; = 1/3 for |e;|*> = 1 and the weight w; = 1/12 for
le; \2 =2 on D2Q9 lattice for the nearest-neighbor interactions.
The interaction potential W, () is adopted to mimic the inter-
action force of liquid, which is given by[*”]

¥a(x) = \/2(peos — pc2) [Gne?. (12)

in which ¢ = 1 is the lattice constant, and ¢s = ¢/ V/3 is the lat-
tice sound speed; the only function of G2; = —1 is to ensure
that the whole term inside the square root of Eq. (12) is pos-
itive; pgos is a prescribed non-ideal equation of state (EOS).
In this study, the Carnahan—Starling (CS) EOS8! is adopted
for the liquid and given as follows:

L+bp/4+(bp/4)° = (bp/4)*
(1-bp/4)’

where a = 0.4963(RT.)?/pc, b = 0.1873RT./p., and Ry, =1
is the gas constant, with 7; being the critical temperature, and

ap?, (13)

PEOS = PRT

the critical pressure. The constants @ = 1 and b = 4 are used in
the present study. For the gas component, the pseudopotential
is equal to its density. The intermolecule force is determined
byl39!

Fos(z) = —Gosds(x) Y w(lel*)ps(x +er)es,  (14)

M=

Il
=

where Gg5 (0 # G) is the inter-molecule interaction strength
and is positive in different components; ¢, and ¢s are ex-
pressed as

05 (p5) =1 —exp(—ps/ps.0), 15)

T

05 (Ps) = ao —exp(—pPs/Ps.0), (16)

where the parameters ag, ps,0, and ps o depend on the simu-
lation conditions. We set G5 = G5 = 0.0005, ag = 0.005,
Po.0 = —0.0008/log(ap), and ps,o = 0.0003 in this paper.

The improved forcing scheme proposed by Li et al.[4]
is adopted in the present model. An adjustable coefficient &
as shown in Eq. (17) is employed to adjust the pseudopoten-
tial LB model to achieve good thermodynamic consistency and
improve the mechanical stability of the model. In this work,
based on the investigation of the thermodynamic consistency,
€ is set to be 1.86 for the liquid component. For the gas com-
ponent, just set € = 0.

0
0.75¢ |F|?
6(viFx + v Fy) + —5e———
bt wh) + Y26 (. —0.5)
0.75¢ |F|?
—6(vFy +VFy) — e
(VX x+v) }) WZSI(TQ—O-S)
S = F, .an
—F,
Fy
_}«}
2(vaFx —wyFy)
I (veFy + vy k%) |

2.2. Thermal MRT-LBM

The temperature in an EOS can be derived by solving the
target temperature equation*!]

%+V.(UT):V-(05VT)+¢, (18)

where o = k/pcy is the thermal diffusivity, & is the thermal
conductivity, p is the macroscopic density, ¢y is the specific
heat at a constant volume, and ¢ is the source term of the tem-
perature.

In order to solve the target temperature equation, an im-
proved thermal LB model based on the MRT collision operator

1.1421 To simulate the temperature evolution

is used in this mode
process of gas—liquid two-phase component, the temperature

distribution function of the o-th component is given by

8i,c (x +ei6tvt+ 5!) —8ic (:I:,t)
= ~Aijo (810 &5%) len +8Qio (@.0),  (19)

where g; (1) is the temperature distribution function for the
o-th component. A; jo = (M A M )l.]. is the collision ma-
trix, and Q) ; is the source term in the discrete velocity space.
The streaming process is

8i,c (w+ei6tvt+5t):gza (:DJ), (20)
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where g7 o = M~ 'n} .

The temperature distribution function g (a,f) and the
equilibrium distribution function gg'(x,t) can be projected
onto the moment space via ng = Mgy and ng = Mgg,

. B T eq _
respectively, where go = (80.6,81,6:---,88,6) and gg =

T
(gg?a, 8 g;?c) . For the D2Q9 model, ng is given by

ngq:TG(la _27 27 Vxy, —Vx; Vy, —Vy, 07 0)T7 (21)

where T = Z 8i.c- Equation (19) can be implemented in the

moment spacle as
né :nG_A(nc_ngq) +8Qo, (22)

T
where ng = <n3 o Mlgr - 7”30) and Qs is the source term
in the moment space, given by

QG = (Q0,0', Oa 07 Oa Oa 07 07 07 O)Ta (23)

where Qo ¢ = ¢g + 0.56,d,¢5. The source term of o-th com-

ponent can be written as
1 [(d
( pEOS) V.o 24)
pey \ 975 o

d0s =~ [Ps(t) —

¢6:Tc [1—

In numerical
¢o(t—8)]/ 8.

Unless otherwise specified, the unit adopted in this paper
is the lattice unit of the LBM. The basic units of length, time,
and mass are lu (lattice unit), ts (time step), and mu (mass

implementations,

unit), respectively. Thus, the units of density, pressure, veloc-
ity, and viscosity are expressed as mu/lu?, mu/(ts”-lu), lu/ts,
and lu?/ts, respectively.

3. Verification of spherical cavitation bubble
3.1. Validation of Laplace law

For the cavitation bubble case, Laplace law shows that
the pressure difference between both sides of the bubble is in-
versely proportional to the bubble radius, which can be ex-
pressed as

0

Ap = pin — Pout = Ry (25)
0

where pji, and poy are the pressure inside and outside the bub-
ble, respectively, Ry is the initial bubble radius and 0 is the sur-
face tension. An approximately pure gas bubble surrounded
by liquid is placed in the center of the periodic domain in a

gravity-free field. The density field is initialized into!*’!
__ Pin + Pout , Pin — Pout
p (xvy) - 2 + 2
2(\/(x—x0)2 +(y=y0)* = Ro)
X tanh [ W ,  (26)

where pi, and poy are the density inside and outside the bub-
ble, respectively. (xo,yo) is the center position of the domain.
The width of the phase interface W = 5. The hyperbolic tan-
gent function tanh(x) = (e* —1)/(e* 4 1). The computa-
tional domain is a 201 %201 lattice system. Initially, the den-
sity of gas (liquid) is 0.003 (0.00001) and 0.000001 (0.42) in-
side and outside the bubble, respectively. The initial radius
Ry is set to be 20, 25, 30, 35, and 40. The results at the dif-
ferent reduced temperatures are shown in Fig. 1. The linear
relation between the pressure difference Ap and 1/Ry can be
clearly observed, indicating that the simulation results accord
well with those from the Laplace law.

8 T T T
s T=0.6T.
T=0.5T,
6 - -
o
o
Z 4t J
2
<
2 - -
0.02 0.03 0.04 0.05

1/R

Fig. 1. Plots of Ap versus 1/Ry, showing validation of Laplace law.

3.2. Comparison between simulation results from RP

equation and Rayleigh bubble collapse

The Rayleigh—Plesset (RP) equation can be used to de-
scribe the dynamical behavior of cavitation bubble growth and
collapse. In order to verify the consistency of the LBM sim-
ulation results of the cavitation bubble collapse with the nu-
merical solution of the RP equation, a model of a spherical
cavitation bubble with radius R(¢) in an infinite liquid field is
established as shown in Fig. 2. The bubble is assumed to be
a mixture of non-condensable gas and vapor. The liquid tem-
perature 7., is considered to be homogeneous. The pressure
inside the bubble py, (7) includes the vapor pressure py and the
partial pressure of non-condensable gas p,. The pressure far
from the bubble is p. (¢), which is regarded as a known input
parameter to control the growth and collapse of the bubble.

Under the above assumptions, the RP equation is written
asl1]

pe—p=(l) | P (RO>3VRR+ éR2+4LR+&, 27
pi pr \ R 2 R piR

where the dot denotes a time derivative such as R = dR/d¢
and R = d’R/dr?, pu = (1, — })c28t is the dynamic viscosity,
and p, is the partial pressure of non-condensable gas that is
regarded as an ideal gas. For the ideal gas adiabatic equation,
the adiabatic coefficient is shown to be

Y=cp/cvy. (28)

024701-4
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According to the Meyer equation
cp—Cy =Ry, (29)
the relationship between ¥ and ¢, can be obtained by combin-
ing Egs. (28) and (29) as follows:

= K (30)
CV?Y—I'

Py

P

Fig. 2. A spherical cavitation bubble in infinite liquid field.

The specific heat at constant volume is chosen to be ¢y =3
in this paper. Thus, the adiabatic coefficient is ¥ = 1.3. For
this calculation comparing the numerical and RP equation so-
lutions, the solution of the RP equation is obtained by substi-
tuting the corresponding LBM parameters into Eq. (27). The
initial densities of the system are the same as those in Subsec-
tion 3.1, and the surface tension is chosen to be 6 = 0.01426.
The pressure difference Ap = p. — pp = 0.0325 is obtained
by artificially setting a density difference to trigger bubble
collapse. Meantime, the single-component (SCP) model is
added as the control group, that is, the bubble containing non-
condensable gas is replaced by the vapor bubble in the com-
putation domain. The initial densities of vapor and liquid are
py = 0.00306 and p; = 0.406 at 0.6T, respectively. The nu-
merical simulation domain is 201x201. Periodic boundary
conditions are adopted in all directions. The instantaneous
radius is normalized by the initial radius Ry, and the time is

non-dimensionalized by the total simulation time step.

(=] -
&~
<
L]
0.4r e vapor bubble ° 1
e gas bubble
0.2r RP equation ° 1

0 L . . . o,
0.2 04 06 08 1.0

Fig. 3. Comparison among radius evolutions with time of collapsing bubble,
obtained from three calculation methods.

Figure 3 shows that the MRT-LBM simulation results ac-
cord with the results from the law of Rayleigh bubble col-
lapse. It is verified that the multicomponent LBM method can
simulate the dynamic behavior of a cavitation bubble contain-
ing non-condensable gas. Additionally, the slope of the blue
dot curve is higher than that of the red dot curve. It is illus-
trated that the collapse velocity of the bubble containing non-
condensable gas is lower than that of the vapor bubble. Thus,
the non-condensable gas weakens the collapse velocity of a

cavitation bubble.

3.3. Validation of adiabatic law

In this section, it is shown that the thermal model can be
used to simulate the temperature evolution of the collapsing
bubble. Because the collapse time of the cavitation bubble
is nearly instantaneous (on the order of microseconds), it is
generally considered that the process from cavitation bubble
shrinkage to complete collapse is adiabatic. The formula for
calculating the maximum temperature at the instant of bubble

collapse under the adiabatic law is given by!!]

- Ry 3(r—1)
T-L(R) , (31)

where T.. is the ambient temperature in the liquid, Ry is the
initial bubble radius, and y = 1.3 is a constant representing
the adiabatic coefficient of the ideal gas. The pressure differ-
ence Ap = 0.0325. The evolution process of the temperature
field of a collapsing cavitation bubble in an infinite domain
and the corresponding central temperature curve of the bubble
are shown in Fig. 4. The instantaneous temperature is nor-
malized by the critical temperature 7;, and the time is non-

dimensionalized by the total simulation time step.

3.0 T T T T T

e LBM simulation
theoretical solution

Fig. 4. Plot of T /T versus t*, showing verification of adiabatic law.

It is worth mentioning that the maximum temperature of
the bubble collapse can theoretically reach infinity. This is be-
cause the theoretical model usually neglects the effects of heat
dissipation and viscous dissipation. However, such a high tem-

perature cannot be reached due to dissipation and other factors

024701-5
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in the experiment or the LBM simulation. These methods have
a common trend of temperature increase. As shown in Fig. 4,
the trend of the LBM numerical simulation is consistent with

that of the theoretical solution.

4. Effect of non-condensable gas in bubble on
collapsing bubble near solid wall

Due to the complexity and unpredictable nature of cav-
itation, the progress of revealing its thermal behavior and
consequences need to be analyzed by multicomponent ther-
mal LBM. The thermal effect of the collapsing bubble can be
described more accurately by considering the action of non-
condensable gas. In order to study the thermodynamic mecha-
nism of the bubble containing non-condensable gas, a numeri-

cal model of cavitation bubble near a solid wall is established.

4.1. Computational model

The computational simulation domain of the cavitation
bubble collapse near a solid wall is set to be a 201 x 201 lattice
as shown in Fig. 5, where Ry is the initial radius of the bub-
ble, b is the distance from the bubble center to the solid wall,
and the offset parameter A = b/Ry is defined as the standoff
distance between the bubble center and the lower wall. The
bottom boundary is set to be a rigid plane boundary with a
bounce-back boundary condition.** Periodic boundary con-
ditions are adopted in the left and right direction. Additionally,
an anti-bounce-back approach is adopted at the top of the com-

putational domain by the open boundary.

Open boundary

P

Ry

Periodic boundary
Periodic boundary

Py |
|
)
\
v
Non-silp solid boundary

Fig. 5. Computational domain.

The initial bubble volume is constant, and thus the vol-
ume fraction of the gas and vapor are important adjustable pa-
rameters. Three cases of the initial volume fractions of the
non-condensable gas and vapor in the bubble are given in Ta-
ble 1. They are used to investigate the different morpholo-

gies and thermodynamics of collapsing under different volume

ratios of the gas to the vapor. In this study, only the non-
condensable gas and vapor volume in the bubble are consid-
ered to be variable, and the remaining initial conditions are in-
variant. In the simulation, the initial radius of the bubble is de-
termined to be Ry = 40. The initial liquid density is p; = 0.406
at 0.67;. The pressure difference Ap = pe, — pp = 0.0358. In

44431 the obvious secondary collapse can be

our present work, !
observed when the offset parameter A = 1.4 of the SCP bub-
ble collapses near the wall. Therefore, the offset parameter is
chosen to be A = 1.4 as the reference parameter in this MCP

model.

Table 1. Initial volume fraction of non-condensable gas and vapor in
bubble.

Volume fraction Volume fraction

Case

of gas (100%) of vapor (100%)
0.113 0.887
2 0.500 0.500
3 0.982 0.018

4.2. Cavitation bubble collapse near solid wall

The results are presented, with the pressure field on the
left and the temperature on the right, and due to the symmetry
of the cavitation bubbles in Figs. 68, emphasis is placed on
the temperature field.

The cavitation bubble in case 1 can be considered as an
almost vapor-filled bubble. As shown in Figs. 6(a)-6(c), the
bubble deforms from a spherical bubble to an elongated bubble
in a direction perpendicular to the solid wall. The radial liquid
flow is retarded because of the solid wall, and a region with
reduced pressure/temperature is formed near the solid wall. A
conical high-pressure region is formed above the bubble due to
the rebound of the liquid and the relatively high liquid veloc-
ity. The temperature inside the bubble is observed to increase
gradually. The bubble collects the energy from the surround-
ing liquid, resulting in a lower temperature at the interface be-
tween the bubble and liquid. A micro-jet flow is formed on
the top of the bubble as shown in Fig. 6(d). The first col-
lapse occurs as shown in Fig. 6(e), and the jet directs toward
the boundary and hits the lower bubble wall. Hence, the bub-
ble becomes toroidal. Owing to the driving effect of the jet,
the toroidal bubble rapidly collapses as shown in Fig. 6(f),
which is called the second collapse. Because the time inter-
val between the first collapse and the second collapse is ex-
tremely short, the high-temperature and high-pressure shock-
waves created by the second collapse hit the wall almost si-
multaneously with the first collapse as shown in Figs. 6(g) and
6(h). The waves damage the wall and form a hotspot as shown
in Figs. 6(i) and 6(j). Then, the residual wave diffuses into the
surrounding liquid until it vanishes.

Figure 7 shows the simulation results for case 2. The
evolution processes of the pressure and temperature fields be-

024701-6



Chin. Phys. B Vol. 30, No. 2 (2021) 024701

fore the first collapse are displayed in Figs. 7(a)-7(c) and
are similar to those in Figs. 6(a)-6(e). After the first col-
lapse (Figs. 7(d) and 7(e)), the high-temperature and high-
pressure shockwaves hit the solid wall perpendicularly. The
second collapse is shown in Fig. 7(f). The visible bubble
wall disappears completely, and a high-pressure and high-
temperature toroidal bubble is formed. Meanwhile, owing
to the water hammer effect, a clear high-pressure and high-
temperature domain is formed on the solid wall. The central
temperature of the toroidal bubble is reduced. As shown in
Fig. 7(g), when the waves created by the high-pressure and
high-temperature toroidal bubble propagate outward, another
low-pressure toroidal region is formed in sifu due to the re-
bound effect of the liquid.

As shown in Figs. 7(g)-7(j), the pressure waves created
by the second collapse are converged and superimposed on
the symmetry axis, forming a high-pressure region, which im-
mediately diffuses upward and downward. The temperature
waves first diffuse the radiation waves from the collapse points
to the surroundings. Then, the high-temperature waves reach
the solid wall together with the high-pressure waves. There-
fore, a hotspot region is formed on the wall, which intensifies
the cavitation erosion. According to the second law of ther-
modynamics, energy can be transferred spontaneously from

p
0.09

0.07

0.05

0.03

0.0

EINED

a high-temperature region to a low-temperature region. The
high-temperature waves created by the bubble radiate in all di-
rections and eventually vanish. The lower temperature region
of the toroidal bubble gradually reaches the surrounding liquid
temperature.

Figure 8 shows the evolutions of pressure and temperature
in case 3. The bubble is considered to be a non-condensable
gas-filled bubble with little vapor. The evolution processes in
Figs. 8(a)-8(f) before the second collapse are similar to those
in Figs. 7(a)-7(f). Except the collapse time increasing. The
pressure wave and jet flow formed by the first collapse reach
the bottom wall and rebound immediately (Fig. 8(e)). Subse-
quently, a high-pressure and high-temperature toroidal bubble
is formed at the second collapse as shown in Fig. 8(f). The
interval between the first collapse and the second collapse is
longer. There is no timely liquid replenishment in the bottom
region near the wall after the pressure waves has been created
by the first collapse rebound (Fig. 8(g)). A low-pressure re-
gion is formed on the bottom wall below the bubble. The pres-
sure waves hit the wall driven by the liquid pressure gradient.
Meanwhile, the high-temperature waves radiate outward and
arrive at the solid wall together with the pressure waves, until

Fig. 6. Evolutions of pressure field and temperature field around collapsing bubble near solid wall (case 1).

t =00
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Fig. 7. Evolutions of pressure field and temperature field around collapsing bubble near solid wall (case 2).
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The above results indicate that the bubbles in all three
cases undergo secondary collapse. However, the pressure
field, temperature field evolution and collapse velocity of the
bubble are different, and the damage to the wall is particularly
diverse. Due to the percentage of gas volume in the bubble
is the only variable in the simulation, the influencing factor
for the cavitation bubble collapse is determined. Furthermore,
the damage effects on the wall are analyzed in the following

subsection.

4.3. Effects of damage on wall

The crucial roles of pressure and temperature in wall
damage are shown by a comparison in Fig. 10, which illus-
trates the time sequences of the two parameters py, and Ty,
which are the pressure and the temperature against the rigid
boundary, respectively. In order to explain and understand the
phenomena shown in Fig. 10, the bubble profiles and tempera-

(al) case 1

(bl) case 1

n""”“ i
L. J»!@ii

(a2) case 2
(a) first collapse

(b2) case 2

T/T,

1.4
1.2
1.0
0.8
0.6

a2

Fig. 8. Evolutions of pressure field and temperature field around collapsing bubble near solid wall (case 3).

ture field images of the first and second collapse are displayed
in Fig. 9.

As can be seen from Fig. 10(a), it is seemed that only
one shock wave reaches the solid wall. However, as shown in
Fig. 9(a), under the same pressure difference, the bubble col-
lapse velocity is fastest in case 1. The volume of the toroidal
bubble is relatively small in Figs. 9(al) and 9(b1), so the col-
lapse time of the toroidal bubble is relatively short. The time
interval between the two collapses is essentially related to
the deformation velocity of the collapsing cavitation bubble,
which is also referred to as the collapse time of the toroidal
bubble. Therefore, because the time interval between the first
collapse and the second collapse is extremely short, the high-
temperature and high-pressure shock waves created by the sec-
ond collapse hit the wall almost simultaneously with the first

collapse.

(a3) case 3

(b3) case 3

(b) second collapse

Fig. 9. Density field (left) and temperature field (right) at first and second collapse in three cases.

024701-8



Chin. Phys. B Vol. 30, No. 2 (2021) 024701

A

Py (mu/(ts2lu)

260 280 300 320 340
Time step (ts)
(a) pw sequences with case 1

300 320 340 360 ¢
Time step (ts)

(c) pw sequences with case 2

Y
A ‘
/
/
S/
v

o
e o e @
o o o o
o B & ®©
py (mu/(ts?1u)

320 340 360 380 400 ®
Time step (ts)
(e) pw sequences with case 3

Fig. 10. Time sequences of py, and Ty,

When the volume non-condensable in the bubble is larger,
the bubble is not easily broken down by the jet flow, and the
time step of the first collapse is longer. This indicates that the
non-condensable gas has an impeding effect on the collaps-
ing bubble. A larger volume of the toroidal bubble is shown
in Fig. 9(a3), and the corresponding collapse time increases.
Although the bubble profiles in Figs. 9(b2) and 9(b3) are sim-
ilar, the surrounding density distributions are quite different.
As the interval increases, the shockwaves created by the first
collapse already rebound off the bottom wall in all directions.
There is no timely liquid replenishment in the bottom region
near the wall. The pressure waves created by the second col-
lapse hit the wall, driven by the liquid pressure gradient, which
causes py to increase sharply as shown in Fig. 10(c). In ad-
dition, as the collapse time increases, the temperature dissi-
pation and exchange between the bubble and the surrounding
liquid also increase. The internal temperature of the bubble
decreases. Therefore, the maximum Ty, for case 1 is the high-
est, and the maximum 75, for case 3 is the lowest in the three
cases.

Thus, the non-condensable gas in the bubble can affect
the deformation velocity and the profile of the bubble, which
results in variations in the thermodynamic and kinetic behav-

260 280 300 320 340
Time step (ts)

(b) Ty sequences with case 1

300 320 340 360
Time step (ts)
(d) Ty sequences with case 2

320 340 360 380 400
Time step (ts)

(f) T sequences with case 3

on solid wall for different cases (A = 1.4).

ior of the bubble. When the non-condensable gas concentra-
tion increases, the distinction of the pressure and temperature
on the wall after the second collapse are more obvious. In
addition, it is found that the thermodynamic behavior of the
bubble is not completely synchronized with the dynamic be-
havior due to the thermal dissipation in the collapse process
that needs further considering.

5. Discussion and conclusions

In this study, a multicomponent thermal MRT-LBM
method is adopted to investigate cavitation bubble collapse
with non-condensable gas. The temperature changes of
the two-component two-phase flow are well-captured by the
LBM. Furthermore, it is demonstrated that the multicompo-
nent thermal MRT-LBM method is an effective tool for sim-
ulating multicomponent multiphase flow. Some conclusions
can be drawn as follows.

(i) The numerical results obtained by the present model
comply with the Laplace law and adiabatic law. In addition,
the LBM simulation results of cavitation bubble collapse are
consistent with the numerical solution of the RP equation for
the partial pressure gas.
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(i) A numerical model of cavitation bubble near a solid
wall is established. Three cases of different initial volume
fractions of non-condensable gas and vapor in the bubble are
considered in the simulation to investigate the different mor-
phologies and thermodynamic behavior of collapsing bubble.
The pressure and temperature field evolution provide clear
physical pictures for understanding the mechanism of bub-
ble collapse near the wall. The results show that the non-
condensable gas concentration in the bubble significantly in-
fluences the collapse consequence.

(iii) The pressure and temperature against the solid wall
during the first collapse and the second collapse are explained
by analyzing the bubble profiles of each collapse in detail.
When considering the non-condensable gas, the thermody-
namic and kinetic behavior of the bubble vary. The distinction
of the pressure and temperature on the wall after the second
collapse are more obvious as the non-condensable gas concen-
tration increases. Therefore, it is of great importance to study
the effect of non-condensable gas inside bubble on cavitation.

The influence of the non-condensable gas in the bubble
can provide an insight into the engineering or industry of the
cavitation applications. Future work will focus on the cavita-
tion bubble with mixture non-condensable gas and vapor col-
lapse near a thermal/cold wall.
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