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A fractal geometric boundary with natural wall features is introduced into a hybrid lattice-Boltzmann-method (LBM)
multiphase model. The physical model of cavitation bubble collapse near the irregular geometric wall is established to study
the thermodynamic characteristics of the bubble collapse. Due to the lack of periodicity, symmetry, spatial uniformity and
obvious correlation in the LBM simulation of the bubble collapse near the fractal wall, the morphological analysis based on
Minkowski functional is introduced into the thermodynamic investigation of cavitation bubble so as to analyze and obtain
the effective information. The results show that the Minkowski functional method can employed to study the temperature
information in complex physical fields hierarchically and quantitatively. The high/low temperature region of the cavitation
flow is explored, and thermal effect between irregular and fractal geometric wall and cavitation bubble can be revealed. It
illustrates that LBM and morphological analysis complement each other, and morphological analysis can also be used as
an optional and potential tool in research field of complex multiphase flows.

Keywords: lattice Boltzmann method, cavitation bubble, morphological analysis

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

1. Introduction

Cavitation bubble is an excellent aggregation microsys-
tem. The bubble collapses instantly when the internal and ex-
ternal pressure reaches a certain condition, resulting in an in-
stantaneous high temperature about 1900-5200 K and a high
pressure above 50 MPa. The temperature change rate can
reach 109 K/s to form high intensity shock wave.!!l The intri-
cate dynamics of cavitation collapse have garnered significant
attention due to their profound impact on phenomena such as
sonoluminescence, hydraulic erosion, and biomedical appli-
cations. Despite decades of research, understanding the un-
derlying mechanisms governing cavitation collapse remains a
challenging endeavor, particularly in the presence of complex
geometries.

Most cavitation applications involve the interaction of
cavitation bubble with solid surfaces. Many scholars have de-
voted to using numerical methods to study the collapse pro-
cess and interaction mechanism of cavitation bubble near solid
walls with regular geometric characteristics, such as flat wall,
curved wall, and perforated wall.’>-% Among many numerical
research methods, the lattice Boltzmann method (LBM) based
on mesoscopic perspective is prominent in describing thermo-
dynamics of bubble collapse near a wall. Yang et al. firstly
used the improved thermal lattice model of double distribu-
tion function (DDF) to construct a thermodynamic model of
collapsing cavitation bubble near a flat wall. The feasibility of
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establishing the thermodynamic lattice Boltzmann (LB) model
is verified by experimental data and numerical calculation.!”-8!
On the basis, Liu et al.°! adopted the improve DDF LBM to
simulate the evolution process of cavitation bubble under non-
isothermal conditions. The thermodynamic mechanism of the
bubble growth and collapse under three boundary conditions
of infinite domain, flat wall, and convex wall is studied. Peng
et al.!"% extended the thermodynamic model of single bub-
ble and double bubble collapsing near a rigid wall based on
the DDF thermal lattice model, and reproduced the thermo-
dynamic evolution process of cavitation bubble and the corro-
sion inhibition effect of the rigid wall. The above-mentioned
research results illustrate that the mesoscopic LBM can effi-
ciently integrate direct physical modeling, automatic evolution
of multiphase flow, thermodynamic description, and construc-
tion of complex boundary wall, which make it possible to es-
tablish a model of bubble collapse near the wall integrating
hydrodynamics and thermodynamics. With the extensive ap-
plication and in-depth research of LBM, the LB model coupled
with multiple particle distribution functions and the hybrid
model coupled with macro numerical modeling methods (such
as the finite element method, the finite difference method, and

V=141 1t provides a

the finite volume method) came into being. !
reference direction for the construction of stable, efficient and
accurate numerical model of cavitation bubble. However, al-
though the above-mentioned research involves the mechanism

between the bubble collapse and complex walls, the geomet-
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ric solid wall constructed is mostly regular, which is still not
enough to reveal the collapse mechanism of a bubble in real
physical environments.

Different models of cavitation bubble collapse near a wall
can be established by using the LBM numerical method. Ac-
cording to the geometrical characteristics of the wall surface,
the collapse process of the bubble can be divided into sym-
metric and asymmetric collapse. The early studies!'>~!8! have
shown that the simulated physical field is simple, intuitive and
symmetrical when the bubble collapses near a flat wall. The
interaction between fluid—fluid/fluid—solid and the thermody-
namic process can be effectively and conveniently described
only by LBM. However, when the wall surface is no longer flat
but has irregular complex geometry, such as the leaf surface,
the cell surface, the crack surface of metal and rock, which
have certain randomness and present the features of fractal ge-
ometry, the geometrical features of solid surface are not negli-
gible when cavitation occurs on the above-mentioned similar
surfaces. It will increase the difficulty of studying the inter-
action mechanism between the bubble and the solid wall. For
the solid wall with complex irregular geometric characteris-
tics, the collapse process lacks periodicity, symmetry, spatial
uniformity and obvious correlation. Therefore, there is an ur-
gent need for an effective tool that can reduce a large amount
spatial information to a limited number of relevant parameters,
which is able to extract effective information from the collapse
process of cavitation bubble near the complex wall.

Morphological analysis was developed on the basis of the
phase space description method of statistical physics. It origi-
nated from the geometrical study of the permeability of porous
media and developed into a common image processing and
analysis technology later.[!?29 The effective information can
be analyzed and obtained from complex physical fields by us-
ing morphological analysis methods. In recent years, the mor-
phological analysis of Minkowski functional has been success-
fully applied to the study of complex multiphase flows. For
example, Gan et al.?!l introduced rheology and Minkowski
functional to study non-isothermal phase separation, and ana-
lyzed the influence of temperature field on phase morphology
and separation velocities. Xu et al.[*?! conducted a detailed re-
view and simulation verification of the Minkowski functional
morphology analysis method in phase space. Cavitation, as a
typical multiphase flow system, can also introduce Minkowski
functional morphology parameters to quantitatively describe
the physical quantities and morphological characteristics of
cavitation bubble collapse process as a whole.

In this paper, a hybrid thermal LB model is adopted to in-
vestigate the thermodynamic characteristic of cavitation bub-
ble collapse near the fractal solid wall. Meantime, the morpho-
logical phase space analysis method of Minkowski functional
is used to extract the characteristic behavior of the results of

discrete LBM simulation. The information in complex physi-
cal field is studied hierarchically and quantitatively from two
perspectives. The micro mechanism of the interaction between
irregular and complex geometric wall and cavitation bubble is
revealed. The rest of the paper is organized as follows: The
hybrid thermal lattice Boltzmann model and the morphologi-
cal measures are introduced in Sections 2 and 3, respectively.
The numerical investigation of cavitation bubble collapse near
the fractal wall is performed in Section 4. A brief conclusion
is given in Section 5.

2. Hybrid thermal model

The pseudopotential model is adopted to simulate the
flow field. By using the multiple-relaxation-time collision op-
erator, the lattice Boltzmann extension equation, which gov-
erns the evolution of the density distribution functions, can be

written as[23-24]

Soa(x+eqAt,t +At) — fo(x,t)
=— M "AM(fo(x,t) - f(@,0) + A, (D)

where fy(x,t) is the density distribution function at the lattice
site  and time ¢ along & directions, fy'(a,t) is the equilib-
rium distribution function, and AzS’ is the external force term
in the velocity space. Ax and At are the lattice space and time
step, respectively. The lattice speed ¢ = Ax/Ar = | and the
lattice sound speed ¢s = 1/ V/3.125] 1n this study, the standard
D2Q9 discrete velocity model is employed, and e is the dis-
crete velocities, where @ = 0, 1,..., 8. The diagonal matrix A
is given as

A=diag(r, o hr b ), @)
where the elements are the relaxation time factors for different
moments. The kinematic viscosities are v = (1/7y —0.5)c2At.
Here the relaxation times are chosenas 7, =7, =1, 7. = T =
1.25,and 7g =1/1.1.

M is the non-orthogonal transformation matrix, (1

11 1 1 1 1 1 1 1
-4 -1-1-1-1-12 2 2
4 -2-2-2-21 1 1 1
01 0-101 —-1-11
M=|0-20 2 0 1 —-1-11 3)
o0 1 0-111 -1-1
0O 0-20 21 1 —-1-1
01 -11-10 0 00
|00 0 00 1 -11 -1
Using the transformation matrix M, Eq. (1) can be trans-
formed to[26-27]

m* =m—A(m—-m)+At(I - A/2)S, 4

where m and m® are the equilibrium functions at the mo-
ment space via M f and M f°4, respectively, and I is the unit
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tensor. The forcing term vector in the moment space reads
S=MSie,

0
o|Ful?
v26,(7—03)
_ G‘Fm‘z
¥25 (1, -0.5)
F;
—F,
ij
—Fy
2(viFy — VyFy)
(viFy +vyFx)

(&)

7]
I

where o is an parameter used to tune the mechanical stability
condition, and the macroscopic velocity v can be obtained via
|v| = {/vZ+v3. The density p can be calculated via

p=) fa (©6)
o
6
pv=> eafat 5 F, ™
o
where F' = (F,,F,) is the total force acting on the fluid system.
Noted that only the fluid-fluid force is adopted to present the

intermolecular interaction force, which is given by[?%-3%

where V is the pseudopotential, which is expressed as y(x) =
\/ 2(pros — pc2)/Ge2. 31321 G is the interaction strength, and

o(|eq|?) is the weights, in which @(1) = 1/3 and ®(2) =
1/12. The stream process is given as

fa(x+eqAr,t +Ar) = fo(x,1), )

where f; = M ~'m,.
The temperature equation is solved by the finite-
difference method in this work. The target temperature equa-

tion modified by Gong and Chen is written as!!?]

1
AT+ (o) = 5 V- (AVT)
+T[l— ! (@) }V-v (10)
pcy \ AT Jp ’

where A is the thermal diffusivity, ¢, represent the specific heat
capacity at a constant volume. For simplicity, the right-hand
side of Eq. (10) is denoted by K(T'). The classical fourth-order

Runge—Kutta scheme is adopted for time discretization,[14-33]

Lo
T+ = +5 —(hy +2hy +2h3 + ha), (11)

where hy, hy, h3, and hy reads

hy = K(Tt)7 hy =

I :K(T’+%h2>, hy = K(T' + &h3). (12)

For spatial discretization, the spatial gradient of a quantity
¢ is calculated by the following second-order isotropic differ-
ence schemes:

9 (x) ~ 2522wa¢ © +ead)ea, (13)
2
V(@) ~ s Ywald(z+ead) —9()l. (14

where wo = 4/9, wi_4 = 1/9, and ws_g = 1/36. The pseu-
dopotential model for the flow field and the finite differ-
ence method for temperature field are coupled using the non-
ideal equation of state (EOS) in the pseudopotential function
V() = \/2(pros — pc2)/Gc?. The Carnahan-Starling (C-S)
EOS is used: !
1+bp/4+ (bp/4)* —
(1-bp/4)°
where G = —1, a = 0.4963(RT;)?/pc, b = 0.1873RT; /p.. In
the present work, we choose a = 1, b =4, R = 1. Thus, the

(bp/4*

PRT ap”, (15)

Pros =

critical temperature can be calculated to be 7, = 0.09433, the
critical pressure is p. = 0.00441644 and the critical density is
pe = 0.13044.

Note that all units in this work use lattice units of the
LBM framework, as shown in Table 1.

Table 1. Basis parameter units (under the LBM system).

Name Variable Units Dimensions
Length ox lu L
Time ot ts T
Mass m mu M
Velocity u lu/ts L/T
Pressure p mu/(ts?-1u) M/(T?L)
Dendity p mu/lu’ M/L3
Viscosity u 1u?/ts LY/T

3. Morphological measures

Morphology is a theory for analyzing spatial structure.
It is developed on the basis of set theory, integral geometry,
grid algebra and other disciplines, and it gradually becomes a
commonly used image process technology. In recent years, the
morphological analysis method has been applied to the field of
physics such as phase separation and phase transition process
of complex fluids. It has developed into a tool for effectively
processing and extraction data and information from complex
physical fields. 343!

In statistical physics, the Minkowski functional, also
known as morphological measure, is a functional based on the
morphological representation of geometric features of sam-
ples with different dimensions. In D-dimensional space, the
number of the Minkowski function is D+ 1. For the two-
dimensional (2D) space, the Minkowski functional mainly in-

cludes the coverage area A, the total length U of the boundary,
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and the Gaussian integral curvature X that is also called Eu-

[36] The main idea of the

ler eigenvalues or Euler connectivity.
morphological analysis method based on the Minkowski func-
tional aims to set a threshold for the physical quantities to be
analyzed, such as temperature, density, and pressure thresh-
old. The area above the threshold is white, and the area below
the threshold is black. Therefore, almost all continuous pat-
terns can be decomposed into small-scale patterns composed
of white and black, also known as Turing patterns. ’]

For the D2Q09 lattice, the pixels can be imagined as reg-
ular quadrilateral plates centered on lattice nodes. The gray
level can be associated with the local temperature 7' (x) in
each corresponding node. Due to the discrete lattice direction
o =0,...,8 and the lattice space of 1, there are 0 < T(x),
Tih < Tmax = 9. The first step in describing the morphological
characteristics of the physical field is to set the threshold. The
purpose of this paper is to explore the temperature distribution
and thermodynamic effect of the collapsing bubble. Therefore,
the temperature is used as a reference. The binary domain of
the temperature threshold Ty, can be defined as

_J0, T(x) < Ttn,
P(x77}h) - { 1, T(x) 2 nh’ (16)

where P(x,Ty,) represents the binary image, 7' (x) represents
the gray level of the original image, and 7T (x,Ty) = O repre-
sents the black pixel, corresponding to the ‘low temperature
area’. T(x,Ty) = 1 is the white pixel, corresponding to the
‘high temperature area’. The first Minkowski measure is the
white coverage area A(Ty, ), which defined as the total area of
white pixels,

N, 1
A(Tn) =t = 5 LP (T, (a7)

N
where Nr, is the number of white pixels, and N is the total
number of pixels.

The second Minkowski measure is the boundary length

U (T ), which defined as the total length of the boundary con-
necting the white and black regions,

Br, 1

U(Ty) = =N

=38
N Z Z 'P(T‘f‘eomTth)» (18)

T (x,Tp)=0 =1

where By, is the total boundary length of the black and white
regions. The third Minkowski measure is Euler eigenvalue
X(Ty) representing the difference between the number of
white areas and the number of black areas,

X(Ty) =Ny, — N7, , (19)

where the Euler eigenvalue cannot be obtained by calculated
the binary function P (x, Ti,) directly. In this paper, it is calcu-
lated by the connected domain recognition algorithm.

The collapse process of the bubble near the wall lacks
periodicity, symmetry, spatial uniformity and obvious cor-
relation, especially when the wall is complex and irregular.
Through the morphological analysis method, we can more
conveniently and intuitively observe the distribution and evo-
lution of the temperature field in time and space, and quanti-
tatively describe the heat transfer law of the flow field. Thus,
a large amount of data generated during the collapse model of
cavitation bubble near the wall can be processed and acquired,
and the internal mechanism can be summarized.

4. Numerical simulation

As mentioned above, cavitation is an extremely complex
process. Although many studies have been carried out suc-
cessfully under the LB framework for simulating liquid-vapor
phase change, the LB modeling of cavitation heat transfer phe-
nomena is still in its infancy. Up to date, the modeling of the
thermodynamics of cavitation bubble collapse near a complex
wall has not been realized. In this section, we make an attempt
to simulate the thermodynamics and dynamics of the cavita-
tion bubble collapse near a fractal wall by using the proposed
hybrid thermal LB model. In addition, the morphological anal-
ysis method is introduced to extract the characteristic behavior
of the discrete LBM simulation results, and quantitatively de-
scribe the thermodynamic of cavitation bubble collapse near
the fractal wall.

4.1. Simulation setup

The domain of the numerical model is I, x [, = 401 x 401.
As shown in Fig. 1, the initial setting of the computational do-
main is such that a vapor bubble with radius 80 is in the center
of the liquid, and the initial temperature is the corresponding
coexistence temperature 7o, = 0.67;. The periodic boundary is
defined in the x-axis, the Zou—He pressure boundary condition
is applied at y = [/, and the solid wall is applied at the bottom
region.

Zou—He boundary

Periodic boundary
Periodic boundary

b Solid

|| I ; wall
e |

Fig. 1. Computational domain.
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In this work, the 2D model of the fractal solid wall with
the characteristics of natural rock wall is transformed by the
fracture synthesis software SynFrac.!38! The fractal dimension
of the curve is used to describe the complexity of the curve,
and the value range is between 1 and 2. Li et al. ’*! proposed
a ‘sliding window’ method to modify the fractal dimension
model of the curve. The core is to set a certain scale in ad-
vance. A sliding template is formed to divide the object space
by overlapping or connecting with each other. The modified
model is applied to the model of cavitation bubble collapse
near the fractal wall, and the schematic diagram is shown in
Fig. 2. The chord length L of the dotted line is obtained by
calculating the first coordinate of the solid wall, and then the
sliding window method is used to calculate the scale number.
The scale polyline in this model is a sliding window, and its
length is a grid unit distance d. The fractal dimension D of the
wall can be obtained by covering the scale polyline to the solid
wall: 0N (d)

n
D=in/ay 20)
where N(d) is the scale number. L is the length of the straight
line, which connects the starting and ending points of the
curve. Based on this, the different fractal dimensions can be
calculated and introduced into the numerical model.

Fluids

< d >

Solid wall

e Chord length

Scale polyline

Fig. 2. Schematic diagram of the fractal dimension calculation model.

In addition, the standard bounce-back boundary condi-
tion is used to deal with the bottom fractal wall. The grid of
bounce-back boundary layer is adjacent to the solid boundary.
Table 2 shows the basic idea of boundary processing flow.

In Table 2, LabelArray (x| +egg,) denotes the value of the
label array corresponding to the current fluid particle along its
motion direction to the next node. LabelArray (x; +egqs) =0
indicates that the node is a fluid node, otherwise it is a solid
node. Here f,, represents the distribution function of particles
moving towards the bounce-back boundary, and f_ is the dis-
tribution function of particles moving in the opposite direction

to fo.

It should be noted that both the complexity of the solid
wall and the distance between cavitation bubble and the wall
impact the bubble collapse process. In order to study the effect
of complexity on the numerical model, it is necessary to study
the collapse process of the bubble under the condition that the
distance between the bubble and the wall remains unchanged
based on the idea of the control variable research method. In
the previous works,*7! we used the dimensional position off-
set parameter A = b/R to measure the distance between the
bubble and the flat solid wall (the fractal dimension D = 1).
In the present work, an ‘equivalent distance’ A is introduced
to define the distance between the bubble and the bottom wall.
When the first collapse time obtained by simulating the fractal
wall model is equal to the first collapse time of the model of
the flat solid wall, the A in the flat wall model can be consid-
ered to describe the distance between the bubble and the fractal
wall. The equivalent distance A can be regarded as A, = A.
Furthermore, the mechanism between the cavitation thermal
effect and the fractal wall can be explored.

Table 2. Boundary processing flow of the fractal geometric solid wall.

Input: Marking the array LabelArray (x1 +egs,)
Output: Distribution functions
1. if LabelArray (x1 +eqs) = 1 then

2. feqxr,t+68) = fa(x,1);

3. else

4. fra(x,t+8) = fa(xi,t + 8,1+ 6);
5. end if;

6

. return f_g (x1,7+ &)

4.2. Dynamic model verification and analysis

In order to verify the effectiveness and feasibility of the
near-fractal solid wall collapse numerical model of a cavita-
tion bubble, this paper compares the experimental data with
the LBM simulation results to determine whether the shape
evolution processes described by the two methods are consis-
tent. The model can introduce fractal solid walls with arbi-
trary geometric features. Through 3D printing technology, the
same solid solid wall as the numerical model (surface com-
plexity D = 1.1389) can be constructed. Figure 3 shows the
comparison between the numerical results and the experimen-
tal data. Figure 3(a) shows the shape evolution process during
the collapse of the cavitation bubble captured by a high-speed
camera. The cavitation bubble radius R = 0.5 mm, and the
relative distance between the cavitation bubble and the wall is
1.6. Figure 3(b) is the pressure and velocity distribution cloud
diagram obtained by the LBM numerical simulation. In the
simulation, the cavity radius is set to R = 0.80 lu, and the po-
sition parameter is set to A, = 1.6. In comparison of the two
sets of figures, it is found that the cavitation bubble shape evo-
lution process obtained by the LBM simulation is consistent
with the experimental results. After preliminary verification,
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this numerical model can be used to simulate the collapse pro-
cess of cavitation bubbles near any fractal solid wall, to study
the evolution of its shape, density field, pressure field and ve-
locity field, and to explore the microscopic mechanism of their
interaction.

The dynamic mechanism is investigated by the evolution
of the pressure and velocity field. Note that we focus on the
key regions in the flow field. The pressure field phase diagram
only shows the flow field near the solid wall of the bubble.
Initially, cavitation bubble shrinks inward under the action of
Ap, and the pressure of the fluid near the solid wall becomes
lower, which makes the bottom curvature of the bubble larger.
At t =400, the bubble is elongated under the impacting effect
of the solid wall.
mation of the bubble is not symmetrical due to the surface of

Meanwhile, it is observed that the defor-

the solid wall is concave-convex, disordered and uneven. The
bubble boundary near the convex of the wall deforms faster
and the profile changes more obviously. At ¢t = 500, a depres-
sion is formed at the top of the bubble, indicating that there is
a relatively concentrated high-pressure region above the bub-
ble, and the fluid velocities on the top region increase to form
a primary micro-jet. Subsequently, the top concave degree of
the bubble increases (at + = 560), and the collapse velocity
also increases. The micro-jet is about to hit the bubble when

AR

—

t=0.47ms

t=0.06ms ¢t=0.32ms t=0.41ms

t =400 t =500

t =560

the first collapse occurs (at + = 620). In the meantime, it is
found that the direction of the micro-jet does not penetrate the
bubble vertically but points on the lower side of the wall. As
a result, the left side of the bubble is more impacted by the
micro-jet and begins to collapse firstly. A toroidal bubble is
formed after the first collapse. On the 2D level, the toroidal
bubble is divided into two parts with different shapes and sizes.
At t = 700, it can be seen that the shock wave from the first
collapse diffuses rapidly and hits the fractal solid wall down-
ward to produce a high-pressure region. Due to the influence
of the fractal wall height, the deformation is asymmetric, and
the left side of the toroidal bubble collapses first and forms a
radial pressure wave with the propagation trend at the collapse
The right side of the bubble finishes the second col-

lapse driven by the upper and lower micro-jet to form a shock

point.

wave, which acts on the solid wall. At the moment, the flow
field includes the shock wave rebounded from the wall after
the first collapse, the shock wave generated by the left toroidal
bubble and the right toroidal bubble collapses for the second
time. The original simple wave system is transformed into a
complex wave system. Two vortices are generated at the final

collapse point and diffuse to the surrounding fluid until they
disappear.

N
R

t=0.53ms t=0.59ms t=0.76ms

COPOOL0000
coooorR~=~"T
SRERHONA DD

t =620 t="T700

Fig. 3. Pressure and velocity field of the bubble collapse near the fractal solid wall.

The simulation results describe the whole collapse pro-
cess of the bubble, including internal contraction, deforma-
tion, jet formation, the first collapse, and the second collapse
stages. It can be seen that the fractal wall has a significant
impact effect on the collapse process, and the reflection path
of shock wave is obviously influenced by the geometry and

fractal dimension of the wall.

4.3. Temperature field and morphological analyses

Based on the dynamic analysis of pressure and velocity
field in Subsection 4.3, the thermodynamic essence of the bub-
ble collapse near the fractal solid wall is further analyzed. Fig-
ure 5 shows the temperature distribution pattern during the col-
lapse process. Initially, the fluid temperature is uniform, and

the wall temperature is lower than the ambient temperature and
constant.

When the bubble begins to shrink, it can be seen from
the distribution of the pressure and velocity field shown in
Fig. 3(b). The velocity of the fluid in the upper region of the
bubble increases, resulting that the temperature in the top re-
gion of the bubble-liquid interface rises. With the emergence
of the top micro-jet, the temperature at the interface further in-
creases with the depression degree of the bubble, as shown in
Figs. 4(a)-4(c). Meanwhhile, Fig. 3(b) explains that the bub-
ble is elongated longitudinally due to the existence of the solid
wall. The smaller the vertical distance between the bubble and

the fractal wall, the faster the fluid velocity of this region, and
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the higher the temperature at the corresponding vapor-liquid
interface. Figure 4(d) shows the temperature distribution im-
age of the bubble at the first collapse. It can be observed that
the temperature of the micro-jet is non-equilibrium. The rea-
son is that the depression and collapse process is dominated
by the external pressure. Different from the flat wall model,
the direction of the top micro-jet is not single vertical points
to the wall due to the uneven and fractal wall. The micro-jet
shock converges and collides in the depression region, result-
ing in the unbalanced temperature distribution in this region.
Figure 4(f) shows that the bubble turns into a toroidal bub-
ble after being broken down by the micro-jet, and the bubble

(a) t =100

(b) t =400

(e) t=900 (f) t="700

(c) t=500

(g) t=1200

profile of the left part has completely disappeared due to the
higher external fluid velocity and pressure. The shock wave
with high-temperature hits the bottom wall, and the discon-
nected high temperature regions gradually converge. The vis-
ible outline disappears completely during the second collapse
[Fig. 4(e)]. There are multiple pressure waves interacting and
colliding in the flow. The heat energy hits the wall with the
pressure waves, and a high temperature vortex occurs at the
collapse point [Figs. 4(g) and 4(h)]. Eventually the entire fluid
region reaches equilibrium as the shock wave spreads along

the surface of the fractal solid wall.

(c) t =620

~— T/T.
0.20
0.18
0.16

0.12
(h) t=2000 010
0.08
0.06
0.04

Fig. 4. Temperature field of the bubble collapse near the fractal solid wall.

(a) t=400 (b) t =500 (c) t =600 (d) t="700

A

(e) t=800

(f) =900

(g) t=1400

Fig. 5. Binary of temperature (T, = 0.8T¢).

During cavitation bubble collapse near the fractal wall,
its morphological profile is no longer symmetrical, specially
the distribution of high temperature regions caused by shock
waves becomes diverse and disordered. In order to explore
the temperature distribution and thermodynamic characteris-
tics in the collapse process, the above simulation process is
quantitatively analyzed by the morphological analysis method
based on the Minkowski functional. First, the pattern (struc-
ture) features corresponding to the above simulated tempera-
ture field are extracted. Figure 5 shows the temperature binary
image at different time steps under the temperature threshold
Tin = 0.87;.. The white region corresponds to the ‘high temper-
ature’ region, and the black corresponds to the ‘low tempera-

ture’ region, where the high temperature and the low temper-
ature are relative to the chosen temperature threshold. Using
the binary image, the temperature characteristics of fluids in
different thresholds can be clearly observed.

Figure 7 is a group of morphological analysis results of
the evolution of three morphological parameters with time step
during thermodynamic process. It can be seen from Fig. 7(a)
that the curve shows a rapid growth trend after a period of
time. It is demonstrated that the high-temperature regions ap-
pear in the flow field and increase gradually. Then, the curve
has a briefly decline process, which corresponds to the stage
from depression in the top region of the bubble to collapse. It
indicates that the change of thermodynamic process is slow,
and the area of the high-temperature region decreases. After
the first collapse, the curve rises sharply again and reaches the
peak, indicating that the high-temperature shock wave gener-
ated by the first collapse leads the area of the high-temperature
region to increase. After a brief decline, it rises again under the
influence of the high-temperature shock wave from the second
collapse, then the curve shows a downward trend. At the same
time, it is observed that the curve is undulating due to the colli-
sion of multiple shock waves in the fluid, which may generate
sporadic white pixels. The white pixel can be regarded as ‘hot
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spot’, resulting in burrs and non-smoothness in the curve.
Figure 6(b) shows the evolution of the boundary length
of the white area. It can be seen that the trend of the curve
is basically consistent with the curve in Fig. 6(a), which indi-
cates the area A. The curve between the first collapse and the
second collapse changes violently due to the presence of mul-
tiple discontinuous high-temperature regions (white pixels) at
the moment, and the boundary length increases and decreases
rapidly with their appearance and disappearance. Figure 6(c)
reflects the connectivity of the high and low temperature re-
gions in the binary diagram. The larger the number, the worse
the connectivity, and the corresponding high-temperature re-
gion becomes smaller and scattered. The value of X increases
sharply at the beginning and becomes 1 after a rapid oscil-

lation transformation, indicating that the connectivity of the
high-temperature region is good. Then, the X changes into
1 again after a sharp increase and decrease transformation,
which illustrates that the thermodynamic process changes vio-
lently after the first collapse. The curve of X becomes 1 again
after the second collapse and becomes O finally. It is observed
that the oscillation alternating process of the curve after the
second collapse is gradually smoother than that of the first col-
lapse. By using the three measurement curves of Minkowski
functional, the key stages of the bubble collapse can be dis-
tinguished, and the thermodynamic characteristics can be ana-
lyzed. It also demonstrates the effectiveness of morphological
analysis method in analyzing the thermodynamic process of
the bubble collapse.
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0.025 Second 0.012
collapse

0.010
0.020

0.008

< 0.015 X s}
0.006
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0.005 0.002
0.000 0.000
0 500 1000 1500 2000 0 500

First collapse

Second 4
collapse

s 3 Fiy
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Fig. 6. Morphological analysis of the thermodynamic process of cavitation bubble collapse.

Fig. 7. Binary temperature diagrams of four similar thermodynamic pro-
cess at t; = 700: (a) Ty, = 0.8T¢, (b) Ty, =0.9T,, Toy = T¢, Ty = 1.1T¢..

4.4. Thermodynamic similarity at different temperature
thresholds

The temperature distribution characteristics of the flow
field can be determined by setting the size of the tempera-
ture threshold. The temperature binary diagram under differ-
ent temperature thresholds at r = 700 ts is given in Fig. 7. It
can be intuitively seen that the parts of the high-temperature
region corresponding to different thresholds are different. The
higher the threshold, the less the white area is displayed.

Figure 8 shows a set of morphological analysis results for
the evolution of three morphological measures with time step
t in the thermodynamic process of cavitation bubble. It can be
seen from Fig. 8(a) that the higher the Ty,, the smaller the value
of A, and the shorter the time of appearance. For example,
when Ty, = 1.1T, the area of high-temperature region A = 0 at
t =700 ts, which corresponding to the stage before and after
the first collapse of the bubble. It indicates that the thermody-

namic process evolves violently, and many high-temperature
regions are generated in the flow field. The value U in Fig. 8(b)
represents the size of the boundary length. As the threshold in-
creases, the total length of the boundary between the black and
white area decreases gradually. The trend of U is roughly the
same as that of the curve of A, which initially increases to the
peak value and decreases to zero. However, the green curve is
higher than the red curve (the part circled in the figure) when
t = 800 ts. Corresponding to the Euler characteristic number
X in Fig. 8(c), X = 6 of the green curve at r = 800 ts, while
X =2 of the red curve. It indicates that the high-temperature
region is more dispersed, and the boundary length is larger
when Ty, = 0.9T (the green curve). The high-temperature re-
gion is larger and concentrated, the boundary length contact-
ing the low-temperature region is less when Ty, = 0.87; (the
red curve), illustrating that the high and low temperature re-
gions have better connectivity.

The morphological analysis results in Fig. 9 are obtained
by changing position offset parameter A to 1.6. The similar
result of Fig. 8 also appears in the part of the black circle in
Fig. 9(b). It can be seen that before and after the first collapse
(t = 620 ts) and the second collapse (¢ = 800 ts), the area of
the white region under the threshold Ty, = 0.97; is small. Due
to the large and scattered distribution of high-temperature re-
gion when Ty, = 0.97¢, the value of the total boundary length
U connecting with the black is larger than that of U under
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Tin = 0.8T¢. It can be inferred that the boundary length does
not necessarily increase with the threshold, and each threshold
has different thermodynamic characteristics.

The above three morphological parameters A, U, and
X describe the characteristics of temperature binary diagram
from three relatively independent views. However, the dimen-

sions of the three parameters are different, and their values are
not comparable. Therefore, in order to better describe the mor-
phological characteristics of thermodynamics, a phase space
is established based on the three independent morphological
parameters to study the morphological characteristics of the
pattern in a phase space.

0.04 0.014 10
83; 0.87. 0.8T;
T; c 0.012 (].(E)T( %O’I}
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Fig. 8. Morphological analysis of thermodynamic process under different Tj, (A. = 1.4, D = 1.03444).
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Fig. 9. Morphological analysis of thermodynamic process under different Tj, (A. = 1.6, D = 1.03444).
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Fig. 10. Morphological analysis in the A—-U—-X space.

Figure 10 shows a schematic diagram of the thermody-
namic process of the bubble collapse in the A-U-X space,
The
higher the degree of curve overlap, the higher the similarity

where a point represents a measurement time point.

of the thermodynamic process. It can be seen that the curve of
Tih = 0.8T¢ hardly coincides with the other three curves, while
the curves of Ty, = T¢ and Ty, = 1.17; are relatively close, in-
dicating that the two thermodynamic processes have high sim-

ilarity.

4.5. Thermodynamic similarity under different fractal di-
mensions

The similarity of thermodynamic process of the bubble
collapse near the solid wall under different fractal dimensions
is studied by adjusting the fractal dimension of the wall. The
other original system parameters such as initial temperature
and pressure remain unchanged.

Figure 11 shows a group result of morphological mea-
surement curves when the temperature threshold Ty, = 1.17¢..
It can be seen from Fig. 11(a) that the larger the fractal di-
mension D, the later the high-temperature region of flow oc-
curs. It is also observed that the curves of D = 1.0344 and
D = 1.0821 grow slowly initially, indicating that a small area
of high-temperature region occurs in the system. The curve
of D = 1.1389 grows faster, which illustrates that the area of
high-temperature region is wide and concentrated at the mo-
ment. In the late stage of the collapse, the three curves all
experience the peak and gradually decrease to 0, indicating
that the high-temperature region changes from aggregation to
dispersion distribution, and finally disappears with the end of
the collapse. The boundary length U is shown in Fig. 11(b).
The growth trend of the curve U is close to the curve of A,
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that is, the total boundary length of the high-temperature re-
gion increases and decreases with the high-temperature area.
From the perspective of Euler characteristic coefficient X
[Fig. 11(c)], the curve of X generally shows the topological
change of high-temperature region. The greater the fractal di-
mension, the larger the maximum Euler characteristic coef-
ficient X, illustrating that the high-temperature region is dis-
persed largely at this moment.

By comparing the curves under different fractal dimen-
sions, it can be inferred that the increase of the complexity
of the solid wall not only affects the thermodynamic behav-
iors of the bubble collapse, delays the occur time of the high-
temperature region, but also makes the topological change
of high-temperature region more intense. The morphological
characteristic curve in the A-U-X space corresponding to the
above process is shown in Fig. 12. It can be seen that the curve

path and coincidence of D = 1.0344 and D = 1.0821 are very
close, indicating that the thermodynamic processes of the two
fractal dimensions are similar.

In summary, various characteristic structures will appear
in the temperature field of cavitation bubble collapse near the
fractal wall. The research elucidates that the complexity of
the solid wall is one of the main factors affecting the thermo-
dynamic characteristics. Due to the existence of the complex
solid wall, the bubble no longer collapses in spherical symme-
try, and the distribution positions of high-temperature region
become more and more scattered. In the meantime, it is found
that different fractal dimensions of solid wall may show strong
similarity. Therefore, the mechanism of its various character-
istics and laws is worthy of in-depth study, and it can be rea-

sonably used in engineering applications further.
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Fig. 11. Morphological analysis for the thermodynamic process under different fractal dimensions.
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Fig. 12. Minkowski description in the A—-U-X space.

5. Conclusion

In this paper, a hybrid LBM and morphological analy-
sis based on the Minkowski functional are mainly used to
establish the thermodynamic model of cavitation bubble col-
lapse near the fractal wall. By introducing complex geometric
boundaries conforming to the characteristics of natural walls,
the physical model with fractal and irregular geometry is con-

of equivalent distance is introduced to describe the distance
between the bubble and the solid wall. The simulation results
of pressure and velocity field are analyzed to verify the feasi-
bility of the hybrid LBM. The thermodynamic process of the
bubble collapse is further analyzed, and the LBM data are pro-
cessed to obtain three measurement curves of the Minkowski
functional. The quantified curve can describe the stage of
the bubble collapse processes and the complex and change-
able thermodynamic characteristics. It demonstrates the effec-
tiveness of using the morphological analysis method to ana-
lyze the thermodynamic process of the bubble collapse near
the fractal wall. Finally, the relationship between temperature
threshold and thermodynamic characteristics is analyzed. By
choosing different thresholds, the distribution characteristics
of high-temperature region in the thermodynamic process of
the bubble collapse can be obtained, and the influence of the
fractal dimension on the similarity of thermodynamic process
is discussed. The results show that the temperature field pat-
terns with different complexity of the wall may show strong
similar morphology and evolution process.

The two methods used in this paper can study many re-
dundant and irregular information of complex physical field
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hierarchically and quantitatively from different perspectives.
The present work discusses the heat transfer mechanism of the
bubble collapse near the fractal geometric wall, which pro-
vides a theoretical basis for thermodynamic research in the ap-
plied field where the cavitation phenomenon actually occurs.
In addition, the morphological analysis method is tentatively
introduced into the analysis of the thermodynamic process of
the bubble collapse near the fractal wall, and the results illus-
trate that the morphological analysis can be used as an optional
and potential tool for information acquisition and processing
in the research field of complex multiphase flow physical field.
In the future, it can be extended to the numerical model of ar-
bitrary complex geometric wall.
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