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ABSTRACT: In nature, cavitation bubbles typically appear in clusters, engaging in interactions that create a variety of
dynamic motion patterns. To better understand the behavior of multiple bubble collapses and the mechanisms of inter-
bubble interaction, this study employs molecular dynamics simulation combined with a coarse-grained force field. By
focusing on collapse morphology, local density, and pressure, it elucidates how the number and arrangement of bubbles
influence the collapse process. The mechanisms behind inter-bubble interactions are also considered. The findings
indicate that the collapse speed of unbounded bubbles located in lateral regions is greater than that of the bubbles in
the center. Moreover, it is shown that asymmetrical bubble distributions lead to a shorter collapse time overall.

KEYWORDS: Molecular dynamics simulation; coarse-grained force field; bubble arrangement; multiple bubbles;
bubble collapse

1 Introduction

With the development of the precision of electronic units, microfluidic electronic units with diverse
structures have emerged, drawing significant attention to the issue of sub-microscopic cavitation. Cavitation
is visually represented by the formation of bubbles, which typically occur in clusters rather than as isolated
entities. The bubbles will interact, interfere, and intercoupling [1,2]. Upon collapse, the bubbles release energy,
creating extreme conditions such as elevated temperatures [3], high pressures [4], and the formation of
microjets [5]. These extreme conditions can cause damage to electronic components and fluid-mechanical
devices. However, due to experimental limitations, research on the collapse mechanisms of multiple bubbles
remains insufficient, emphasizing the need for further investigation into this process.

Molecular dynamics simulation is a micro- and nanoscale method used to reveal the characteristics of
bubble collapse by analyzing molecular motion. There are many factors that affect bubble collapse, such as
bubble radius [6,7], temperature [8], fluid medium [9], the gas contained within the bubble [10], and shock
wave velocity [11]. Mahmud et al. [12] investigated the pressure required for the growth of nanobubbles in
water and gels, concluding that the viscosity of the medium determines the bubble collapse time. He et al. [13]
and Nan et al. [14] studied the motion of a single bubble during its ascent in a magnetic fluid, finding that
the bubble shape transforms from an oblate ellipse to an oblate elliptical cap in the magnetic fluid. Dockar
etal. [15] studied the effects of contact angle on bubble collapse, finding that the depression depth of surface
bubble collapse depends on the contact angle rather than bubble size.
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In addition, numerous scholars have investigated the physical properties of bubbles collapse. Adhikari
et al. [16—18] explored the mechanisms underlying soft material damage caused by the collapse of nanobub-
bles due to shock waves, and found that the size of lipid membrane perforations depends on the shock
wave velocity and its duration. Wu et al. [19] studied the effects of bubble position, shock wave intensity,
and bubble radius on the structural evolution of neural networks. Nomura et al. [20] investigated the
role of shock-induced bubble collapse on the lipid bilayers and reported that the formation of nano jet
significantly deformed and thinned the lipid bilayers. Hong et al. [21] and Vedadi et al. [22] investigated
molecular mechanisms of hydrocarbon cracking in heavy crude oil promoted by nanobubble collapse due
to ultrasound-originated shock wave, and found that high-energy nano-jets are formed during the collapse
of nanobubbles.

While extensive research exists on single-bubble dynamics, further systematic studies on the collapse
of multi-bubble systems are required. Existing investigations primarily focus on parameters such as impact
velocity, bubble radius, and ionic concentration. And the complex interactions of multiple bubbles signifi-
cantly complicate the dynamics. This paper aims to bridge this gap by establishing a multiple-bubble model
that considers various bubble numbers and arrangements.

By employing a combination of molecular dynamics simulation and coarse-grained force field, this
paper examines the kinetic behavior of multi-bubble systems under shock wave. The study analyzes bubble
collapse morphology, local density distributions, and local pressure distributions, summarizing the influence
of bubble number and arrangement on the collapse process. Ultimately, this work aims to clarify the
interactions of bubbles in multi-bubble systems, providing valuable insights to enhance the reliability and
durability of microfluidic electronic devices subjected to cavitation and shock wave.

2 Simulation Methods
2.1 Model Building

The computational domain in the model measures 33.2 nm x 20.2 nm x 33.2 nm and contains
approximately 600,000 water molecules. A schematic diagram of the water molecule and bubble calculation
model is presented in Fig. 1. In this study, Materials Studio software is employed to establish the initial
coordinates of water molecules [23]. Additionally, a combination of Packmol software and Visual Molecular
Dynamics (VMD) software is utilized to create 10 geometrical models, each featuring a different number
of bubbles [24,25]. The illustrations of models are shown in Table 1. In addition, the bubbles in this
study do not contain gas. This decision is based on the fact that bubbles without gas exhibit significantly
higher system pressure compared to gas-containing bubbles [26]. Furthermore, bubbles without gas release
greater transient energy during collapse, resulting in a more pronounced impact on the surrounding
environment [27]. Accordingly, this study focuses exclusively on the behavior of gas-free bubbles.

Fig. 1 shows the diagram of the multi-bubble model. In both Fig. 1 and Table 1, the bubble radius is 4 nm,
with horizontal and vertical bubble distances both are 12 nm. Shock waves are generated by the method of
momentum mirror [28]. And the shock wave is along the Z-axis direction from the bottom to the top with
a shock velocity of 1 km/s.

The simulation details presented in Table I are categorized into three groups: odd-numbered bubbles
(three bubbles), even-numbered bubbles (four bubbles), and odd-multiple bubbles (five, seven, and nine bub-
bles). The odd-numbered bubbles include three arrangements: N3_A, N3_B, and N3_C. The even-numbered
bubbles include four arrangements: N4_A, N4_B,N4_C, and N4_D. The odd-multiple bubbles include three
arrangements: N_5, N_7, and N_9. The model and simulation parameter settings are summarized in Table 2.



Fluid Dyn Mater Process. 2025;21(3) 473

Water box Bubbles

X The wall of momentum mirror

Figure 1: Schematic diagram of calculation model of water molecule and multiple bubbles
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Table 2: Simulation parameters

Simulation parameters Value
Simulation domain size ~ 33.2 nm x 20.2 nm x 33.2 nm
Cut off radius I nm
Bubble radius 4 nm
Operating temperature 298 K
Time step in relaxation 1fs
Density of water 997 kg/m’

2.2 Force Field Selection

In this study, a coarse-grained force field is employed for the water molecules. The monatomic water
(mW) model is used to represent the liquid phase [29]. The interactions in the mW model are described by
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the Stillinger-Weber (SW) potential [15], as expressed in Eq. (1):
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In Eq. (1), Ugy is the total potential energy between the interactions of the atomic/molecular system
through the SW potential. The distance between atoms i and j is r;;, the distance between i and k is rx, and
atoms j and k form an angle 6;;; with atom i. Coarse-grained particles interactions are all calculated using
the Lennard-Jones (L]) potential [30]:

12 6
r=s o () (2]
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In Eq. (2), Uy is the total potential energy of all L] potential interactions.

2.3 Parameter Setting

The specific material properties in Eq. (1) are obtained by fitting the parameter A, Bs, ds, s> gs» As» s, ¥s
as shown in Table 3 [30]. In Eq. (2), the potential parameters ¢ and ¢ are the potential trap depth and bond
length, respectively, with specific values shown in Table 4.

Table 3: Fitting parameters of monatomic water

Fitting parameter A, B, a p. q. A, 0. A
mW 704955627 0.602224558 1.8 4 0 23.15 109.47° 1.2

Table 4: Potential function parameters for monatomic water

Atom/interatomic pair m (gmol™') & (kJmol™') ¢ (nm)
mW 18.015 25.895 0.23925

Before performing molecular dynamics simulations, the model must undergo a relaxation process.
This process is essentially a dynamic procedure in which microscopic particles exchange energy within
the system until a stable distribution is achieved. Temperature variation is a key parameter for assessing
whether the system has reached a steady state during relaxation. In a steady state, the temperature fluctuates
around a constant value. As can be seen in Fig. 2, during relaxation, the temperature initially increases, then
decreases, and eventually stabilizes at the value prescribed by the program to maintain dynamic equilibrium.
Additionally, the system density remains unchanged throughout the process, with a value close to 997 kg/m’.

Firstly, the energy of the model is minimized using the steepest descent method. Secondly, the system
is equilibrated for 100 ps in canonical ensemble (NVT) at T = 298 K with a timestep of 0.001 ps. Temperature
coupling is achieved using the Nose-Hoover method [31]. Thirdly, the system is equilibrated for 30 ps in
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isothermal-isobaric ensemble (NPT) at a pressure of 1 x 10° Pa, with a timestep of 0.002 ps and a time constant
of 0.2 ps. Pressure coupling is achieved using the Parrinello-Rahman method [32] with a time constant of
2 ps.
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Figure 2: Plot of temperature and density variation with time during the relaxation process

In the simulation, the cutoff radius is 1 nm. The system’s initial velocity follows the Maxwell-Boltzmann
distribution and is randomly generated according to the Maxwell distribution at the corresponding tem-
perature. The Verlet algorithm [33] is employed to numerically solve the Newtonian equations of motion,
while the thermal bath coupling method is used for temperature control. Simulation results are output every
100 steps.

3 Results and Discussion
3.1 Analysis of the Evolution Law of Multi-Bubble Collapse Patterns
3.1.1 The Odd-Numbered Bubbles and Their Arrangement on the Collapse Morphology

This section studies the bubble collapse morphology under different arrangements of odd-numbered
bubbles. Three specific arrangements are analyzed: N3_A, N3_B and N3_C. In the N3_A arrangement, all
three bubbles receive a parallel impact, focusing on the interactions among three symmetrically positioned
bubbles. In the N3_B arrangement, only the two lower bubbles receive a parallel impact. In the N3_C
arrangement, only the lower single bubble receives a parallel impact.

In this paper, the boundaries of the bubble surface are determined by the simplified R-P equation as
well as the condensation and evaporation control equation as follows:
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where p; is the density of liquid; p, is the density of vapor; R is the bubble radius; R is the second derivative
of the bubble radius over time, that is, acceleration; R is the first derivative of the bubble radius over time,
that is, velocity; Py is saturated vapor pressure; P, is external pressure; a,, is the volume fraction of vapor;
R, and R. are the mass transfer rates for bubble evaporation and condensation, respectively.

Under the N3_A arrangement, Fig. 3 shows the slices of the velocity distribution of water molecules,
the evolution of the bubble collapse morphology, and the cross-sectional areas A* of the three bubbles. The
slices are taken through the center of the three spherical bubbles, each with an initial radius of 4 nm. Initially,
the bubble is a regular sphere. At 4.5 ps, the shock wave reaches the bottom of the bubbles. The rightmost
bubble collapses completely first at 8 ps. At 8.5 ps, all bubbles collapse completely. As seen in Fig. 3a,b, the
bubbles exhibit irregular morphologies during the collapse process. The bubble collapse rate is relatively slow
during the early stage (0-4.5 ps) but increases significantly between 5-8 ps. During the initial collapse, the
bubble is in a compressed state, and their surface tension can resist a certain external pressure. As a result,
the volume of the bubbles changes only slightly in the early stages. As the collapse progresses, the surface
tension becomes insufficient to counteract the external pressure, causing the bubble volume to decrease
continuously. Microscopically there are intermolecular forces between water molecules, which condense the
water molecules and lead to increasingly irregular bubble shapes during the collapse process.

(a) Velocity distribution of water molecules (b) Collapse process
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(c) Cross-sectional area of the three bubbles A*

Figure 3: N3_A three-bubble collapse process
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From Fig. 3¢, it can be observed that, during the initial stage, the cross-sectional areas of the bubbles
change at nearly the same rate. However, as the collapse progresses, the cross-sectional areas of the
unbounded bubbles on both sides decrease more rapidly. The collapse time of the side bubbles is noticeably
shorter than that of the middle bubble. This phenomenon occurs because, during bubble collapse, the
surrounding liquid can quickly fill the volume vacated by the collapsing side bubbles. In contrast, the middle
bubble is influenced by the presence of the bubbles on either side, preventing the liquid from filling the
released volume as efficiently. Consequently, the unbounded bubbles on the sides collapse faster, and their
collapse time is shorter than that of the middle bubble.

Fig. 4 shows the evolution of the bubble collapse morphology under the N3_B arrangement, where the
initial radius of all three bubbles is 4 nm. In Fig. 4a, it can be observed that the velocity of water molecules
below the bubble is significantly higher than that on both sides. Additionally, the two lower bubbles show a
slight tendency to move closer to each other. At 3 ps, the shock wave reaches the bottom of the bubbles, and
the two lower side bubbles begin collapsing at 7 ps. By 11 ps, all three bubbles have completely collapsed. It
can also be seen in Fig. 4b that the two lower side bubbles are subjected to a direct shock wave effect, leading
to more pronounced morphological changes. The upper side bubble is subjected to less shock wave effect
and is mainly affected by the two lower side bubbles, which have stably morphological changes.
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(a) 3D map of the collapse process (b) Cross-sectional area of the three bubbles A*

Figure 4: N3_B three-bubble collapse process

Fig. 5 shows the evolution of the bubble collapse morphology under the N3_C arrangement, where
the initial radius of all three bubbles is 4 nm. Initially, the bubble interfaces form nearly perfect circles.
As time progresses, the shock wave reaches the bottom of the bubbles at 3 ps, and the single lower bubble
begins to collapse at 7 ps. By 11 ps, all bubbles have completely collapsed. The water molecule velocity
distribution indicates that the velocity on both sides of bubbles is relatively small during the collapse process.
From Fig. 5b, it can be observed that, throughout the collapse process, the average collapse speed of the lower
bubbles is greater than that of the upper bubble. This suggests that the lower bubbles are directly impacted
by the shock wave, resulting in more pronounced morphological changes. The direct influence of the shock
wave causes the shapes of the lower bubbles to become more dynamic and complex. The upper bubble is
influenced by a combination of the shock wave and the collapsing lower bubbles, leading to a relatively stable
collapse process.
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(a) 3D map of the collapse process (b) Cross-sectional area of the three bubbles A*

Figure 5: N3_C three-bubble collapse process

In summary, the two unbounded bubbles on both sides collapsed faster than the middle bubble,
resulting in a significantly shorter collapse time for the side bubbles compared to the middle one. The upper
two bubbles, subjected to the combined effects of the shock wave and the single lower bubble during the
collapse process, exhibit a more stable collapse behavior compared to the single upper bubble.

3.1.2 The Even-Numbered Bubbles and Their Arrangement on the Collapse Morphology

This section examines the bubble collapse morphology under different arrangements of even-numbered
bubbles. Four specific arrangements are analyzed: N4_A,N4_B,N4_Cand N4_D. In the N4_A arrangement,
the bubble receives parallel impacts to study the interaction between the four asymmetric bubbles. In
contrast, the N4_B, N4_C, and N4_D arrangements investigate bubble interactions under parallel shocks
applied to three bubbles, two bubbles, and a single bubble, respectively.

Under the N4_A arrangement, Fig. 6 shows the slices of the water molecule velocity distribution, the
evolution of the bubble collapse morphology, and cross-sectional slices through the center of the spheres.
The initial radius of the four bubbles is all 4 nm.

From Fig. 6, he four bubbles gradually collapsed upon impact, with complete collapse occurring at
8.5 ps. At 7.5 ps, as depicted in Fig. 6a, the water molecules of the rightmost bubble exhibited higher velocity,
resulting in more pronounced volume changes, as shown in Fig. 6b. The middle bubbles show relatively little
morphological change compared to the outer bubbles during the collapse process. This is attributed to the
influence of adjacent bubbles, which decelerates their morphological evolution. This finding highlights the
influence of the interactions between the bubbles in the system on evolutionary behavior.

Fig. 7a—c shows the morphological evolution of bubble collapse under the arrangement of N4_B,N4_C,
and N4_D, respectively. In collapse process, the bubbles at the lower side collapse first and disappear
completely by 10, 10, and 9 ps, respectively. Compared with bubbles on the lower side, the water molecule
velocity of the upper side bubble is lower during collapse. On the one hand, it is because the upper-side
bubble experiences less influence from the lower-side bubbles. On the other hand, the shock wave’s intensity
diminishes as it propagates to the upper-side bubble, leading to a relatively low water molecule velocity.



Fluid Dyn Mater Process. 2025;21(3) 479

______

(a) Velocity distribt:lon of ater olecules (b) 3D map of the collapse process

Figure 6: N4_A three-bubble collapse process

Figure 7: Four-bubble collapse process

In summary, a comparison of bubble collapse processes under various arrangements indicates that the
initial bubble states are essentially spherical. Bubble collapse processes occur more rapidly when directly
subjected to a shock wave. Moreover, compared with bubbles on the lower side, the water molecule velocity
of the upper side bubble is lower during collapse.
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3.1.3 The Odd-Numbered Group Bubbles on the Collapse Morphology

This section examines the bubble collapse morphology under different arrangements of odd-numbered
bubbles. Three specific arrangements are analyzed: N_5, N_7, and N_9.

Fig. 8a-c shows the slice diagrams of the velocity distribution of water molecules under the arrangement
of N_5, N_7, and N_09, respectively. In Fig. 8a, at 0 ps, the bubble’s interfaces appear essentially circular. At
5 ps, the shock wave propagates to the bottom bubble. By 7.5 ps, the two lower bubbles first collapse. By 9.5 ps,
the middle bubble completely collapses. After 11.5 ps, the two bubbles above have also collapsed. In Fig. 8b,
at 1 ps, the shock wave reaches the bottom bubble. The lower-side bubbles completely collapse at 6 ps. The
middle bubbles completely collapse at 10 ps. After 14 ps, the single upper bubble collapses. The bubbles in
N_9 arrangement have the same law of change as the bubbles in N_7 arrangement.

Figure 8: Multi-bubble collapse process

It can be seen from Fig. 8 that during bubbles collapse, the liquid occupying the released volume of the
bubble collapsing has a high velocity, which leads to the formation of a micro-jet. And bubbles collapse more
rapidly when directly subjected to shock. Moreover, the collapsing bubbles impact adjacent non-collapsed
bubbles. Compared with bubbles on the lower side, the water molecule velocity of the upper side bubble is
lower during collapse.

3.2 Analysis of the Local Density Distribution during the Multi-Bubble Collapse
3.2.1 The Odd-Numbered Bubbles and Arrangement on the Local Density

In this section, the variation in local density during the shock wave-induced bubble collapse process
under three arrangements is analyzed, N3_A, N3_B, and N3_C. The local density is calculated by defining
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the atomic number density within the volume cell. Specifically, the formula for the local density can be
expressed as:

m
ocal = =5 7
Plocal = (7)

where pjocq1 is local density; m is total mass of atoms in the cell; V is the volume, and the cell size is 0.05 nm
x 0.05 nm x 0.05 nm.

The computational results are presented in Figs. 9-11, respectively. From Fig. 9a, three low-density
regions are observed along the X-direction at positions of 12, 24, and 36 nm. As bubble collapsing, the density
at the bubble’s center gradually increases. From Fig. 9b, it can be seen that the initial density increase rates at
the centers of the three bubbles are nearly identical. However, as the collapse advances, the density increase

rates at centers of the bubbles on the two sides surpass that of the middle bubble, indicating more rapid
volume change of the two side bubbles.
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Figure 9: N3_A collapse process
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Fig. 9c shows that at 2 ps, the shock wave begins to form, resulting in a local density of up to 1220 kg/m’
in the Z-direction. As bubbles collapsing, the low-density regions gradually shrink. By 10 ps, the maximum
density in the Z-direction decreases to 1080 kg/m’, and the density progressively returns to the theoretical
density of water after bubbles collapses completely. Moreover, When the bubbles begin to collapse, the density
increase instantaneously, and it begins to decrease after a certain distance. This indicates that the energy
released by bubbles can prompt the water molecules to aggregate for a short period.

Fig. 10 shows the bubble collapse process in the N3_B arrangement. Similarly, there are regions of low
density at the center of bubbles, i.e., 12, 18, and 24 nm.
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Figure 10: N3_B collapse process

As shown in Fig. 10a, at X = 12 nm and X = 24 nm, the density gradually increases during the bubble
collapse until it reaches the theoretical density of water. At X = 18 nm, the density initially decreases with the
bubble collapse and then gradually increases, eventually returning to the theoretical density of water. This
phenomenon may occur because 18 nm corresponds to the position of the uppermost bubble, which has not
yet begun collapsing when the lower two bubbles initiate their collapse. The influence of the collapsing lower
bubbles reduces the local density at the center of the upper bubble. In Fig. 10b, at 2 ps, the density distribution
resembles that in Fig. 8b, with a maximum water density of 1210 kg/m® in the Z-direction. Over time, the
bubbles begin to collapse, causing the low-density region to gradually shrink. By 10 ps, the maximum density
in the Z-direction decreases to 1080 kg/m’. After bubbles collapse completely, the density gradually returns
to the theoretical density of water.
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Figure 11: N3_C collapse process

Fig. 11 shows the bubble collapse process in the N3_C arrangement. The position of low-density regions
is the same as in the N3_B arrangement.

From Fig. 11a, it can be seen that at X = 12 nm and X = 24 nm, the density decreases initially and then
gradually increases as bubbles collapse. And at X = 18 nm, the density gradually increases as bubbles collapse.
Ultimately, the density at all three locations reaches the theoretical density of water. This phenomenon may
occur because the positions at 12 and 24 nm correspond to the uppermost bubbles, which remain unaffected
initially when the lower bubble starts collapsing. The interaction between the collapsing lower bubble and
the upper bubbles temporarily reduces the local density at the center of the uppermost bubbles. In Fig. 11b, at
2 ps, the density distribution is similar to Fig. 9b, with a maximum density is 1220 kg/m?® in the Z-direction.
As time passes, the bubbles begin to collapse, and the low-density region gradually shrinks. By 10 ps, the
maximum density in the Z-direction decreases to 1070 kg/m’. After bubbles collapse completely, the density
also gradually returns to the theoretical density of water.

3.2.2 The Even-Numbered Bubbles and Arrangement on the Local Density

In the four-bubble collapse model, when the bubbles are arranged in the N4_A configuration, it is
observed that the density distributions along the X and Z directions are consistent with those in the N3_A
arrangement, differing only in magnitude. This section focuses on the study of bubble collapse in the N4_B
and N4_C.

Fig. 12 shows the bubble collapse process in the N4_B arrangement. The position of low-density regions
is the same as in the N3_A arrangement. The Fig. 12b shows the density distribution along the Z-axis
direction. The two low-density regions exist near 14 and 26 nm, with the density at 14 nm being higher than
that at 26 nm. These low-density regions correspond to the centers of the four bubbles.

As can be seen from Fig. 12a, at X = 12 nm and X = 36 nm, the density is constant at the beginning
of the bubble collapse and then gradually increases. At 24 nm, with bubble collapse, the density increases
rapidly. In Fig. 12b, at 2 ps, the density distribution resembles that in Fig. 8b, with a maximum water density of
1220 kg/m’ in the Z-direction. As the bubbles collapse, the low-density region gradually narrows. By 4 ps, he
density in the previously low-density region exceeds 1000 kg/m”, indicating that the impact energy released
by the bubble collapse caused local water molecule aggregation. At 10 ps, the maximum density decreases to
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1070 kg/m’. After bubbles collapse completely, the system density gradually returns to the theoretical density
of water.
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Figure 12: N4_B collapse process

Fig. 13 shows the bubble collapse process in the N4_B arrangement. Similarly, low-density regions are
observed at the centers of the bubbles, i.e., 12 and 24 nm.
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Figure 13: N4_C collapse process

As can be seen from Fig. 13a, at X = 12 nm and X = 24 nm, the density gradually increases during
the bubble collapse until it reaches the theoretical density of water. The density variation differs from that
in Figs. 10a, 11a and 12a. Fig. 13a shows the same law of density change as Fig. 9. However, the three curves
in Fig. 9 show alternating overlapping phenomena at the initial stage, while the two curves in Fig. 13a rise
nearly in parallel. This indicates that the bubbles release energy uniformly during the collapse process.
From Fig. 13b, it can be seen that at 2 ps, the maximum water density is 1230 kg/m’ in the Z-direction. By
10 ps, the maximum density decreases to 1070 kg/m’. After bubbles collapse completely, the system density
gradually returns to the theoretical density.
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3.2.3 The Odd-Numbered Multiple Bubbles on the Local Density

To investigate the influence of bubble number on collapse characteristics, this study examines the
density distribution along the X-axis and the temporal evolution of density during the bubble collapse process
under the N_5, N_7, and N_9. Fig. 14 shows the bubble collapse process in the N5 arrangement. Similarly,
there are regions of low density at the center of bubbles, i.e., 12, 20 and 28 nm. Fig. 14b shows the density
distribution along the Z-axis. Three low-density regions exist near 12, 20, and 28 nm, and these low-density
regions correspond to the center positions of the five bubbles.
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Figure 14: N_5 collapse process

As shown in Fig. 14a, at X = 12 nm and X = 28 nm, the density gradually increases during the bubble
collapse until it reaches the theoretical density of water. At X = 20 nm, with the bubble collapse, the density
initially decreases slightly during the collapse and then gradually increases until returning to the theoretical
density of water. From Fig. 14b, it can be seen that at 2 ps, the maximum water density in the Z-direction is
1220 kg/m®. By 10 ps, the maximum density decreases to 1060 kg/m?®. After bubbles collapse completely, the
system density gradually returns to the theoretical density.

Fig. 15 shows the bubble collapse process in the N_7 arrangement. Similarly, there are regions of low
density at the center of bubbles, i.e., 12, 24 and 36 nm. Fig. 15b shows the density distribution along the Z-
direction. Three low-density regions exist at 6, 18, and 30 nm with the highest density occurring at 30 nm.
These low-density regions correspond to the centers of the seven bubbles.

As shown in Fig. 153, the density at X = 12 nm and X = 28 nm initially increases rapidly but slows down
in the later stages. In contrast, the density at X = 20 nm exhibits a faster change throughout the collapse, with
the rate of change being highest in the later stage. From Fig. 15b, it can be seen that at 2 ps, the maximum
density of water is 1140 kg/m’ in the Z-direction. At 15 ps, the maximum density decreases to 1050 kg/m?>.
After bubbles collapse completely, the system density is gradually restored to the theoretical density.

Fig. 16 shows the bubble collapse process in the N_9 arrangement. Similarly, there are regions of low
density at the center of bubbles, i.e., 12, 24 and 36 nm. Fig. 16b shows the density distribution along the Z-axis
direction, with three low-density regions located near 6, 18 and 30 nm, corresponding to the centers of the
nine bubbles.

Asshownin Fig. 16a, it can be seen that the density gradually increases with bubble collapse at X =12 nm,
X =24 nm, and X = 36 nm until it reaches the theoretical density of water. The local density at X = 12 nm
changes more rapidly. From Fig. 16b, it can be seen that at 2 ps, the maximum density of water is 1140 kg/m’
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in the Z-direction. By 10 ps, the maximum density in the Z-direction decreases to 1050 kg/m®. After bubbles
collapse completely, the system density gradually returns to the theoretical density of water.
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Figure 15: N_7 collapse process
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Figure 16: N_9 collapse process

3.3 The System Pressure Analysis of the Multi-Bubble Collapse Process

3.3.1 The Odd-Numbered Bubbles and Their Arrangement on the System Pressure

Fig. 17 shows the system pressure changes of the three-bubble system under the N3_A,N3_B,and N3_C.

The system pressure (P) comprises the total pressure generated by the shock wave (P;), the pressure released
by the bubble collapse (P,), and the pressure of the water molecules (P3), as shown in Eq. (8):

P=P,+P,-P;

(8)

From Fig. 17, during the time range of 0-1 ps, the shock wave transmission causes an increase in system

pressure. After 2 ps, the shock wave effect ceases, indicating the disappearance of P;. Between 2-10 ps, the

system pressure is influenced only by P, and P5. The system pressures for the N3_A, N3_B, and N3_C exhibit
differences during this period.
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P/ GPa

Figure 17: System pressure change of the three-bubble collapse

In Fig. 17, the system pressure drops slowly, indicating that the energy released by the bubble collapse
counteracts part of the resistance of the water molecules. Among the models, the system pressure in the N3_C
arrangement decreases the slowest, followed by N3_A arrangement, while the N3_B arrangement exhibits
the fastest pressure drop. It indicates that the pressure released by the bubble in the N3_C model is the largest
under the same conditions. At the initial stage, the system pressure curve for N3_A declines the slowest,
indicating that bubbles in the N3_A arrangement are the easiest to collapse and release the most energy early
in the process. As the collapse progresses, the energy released by bubbles in N3_A decreases and is eventually
surpassed by the energy released by bubbles in N3_B and N3_C.

3.3.2 The Even-Numbered Bubbles and Their Arrangement on the System Pressure

Subsequently, this study examines the system pressure changes in the four-bubble system under the
N4_A, N4_B, N4_C, and N4_D. As shown in Fig. 18, shock wave transmission during the 0-1 ps period
causes an increase in system pressure. In the time range of 2-10 ps, the system pressure changes of the
four arrangements show differences, while in other moments, the pressure change trends are similar and
consistent with those observed in Fig. 16. The difference is that the overall slowing down of the four-bubble
system is slightly higher, indicating that the four-bubble releases more energy.

At the beginning of the collapse stage, the system pressure curve for N4_A decreases the most slowly,
indicating that bubbles in the N4_A arrangement are the easiest to collapse at the start and release the most
energy. As the collapse progresses, the energy released by the bubbles in the N4_A decreases and is eventually
surpassed by the energy released by bubbles in the N4_B, N4_C, and N4_D. In contrast, the system pressure
curve for N4_B drops the fastest at the beginning, indicating that bubbles in the N4_B release the least
energy during the initial collapse stage. For N4_A, a significantly low-pressure value is observed near 8 ps,
as all bubbles collapse at this time. Under the N4_B, N4_C and N4_D, it can be seen that there is a certain
difference in the trend of the system pressure drop near 6 ps. This is because, the more bubbles collapsed,
the greater the change in system pressure.
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Figure 18: System pressure change of the four-bubble collapse

3.3.3 The Odd-Numbered Multi-Bubbles on System Pressure

Fig. 19 shows the system pressure change for the multi-bubble system under the N_5, N_7, and N_9.
Shock wave transmission increases the system pressure at 0-1 ps. Between 2-10 ps, the pressure changes
of the three exhibit differences, while at other moments, the pressure change trends are generally similar.
Under the N_7 and N_09, the system pressure drops and then rises. This is because, there are three bubbles
in the system that have collapsed at 4 ps. Near 10 ps, the red curve is flatter compared to the blue curve. This
difference arises from the varying numbers of bubbles collapsing, as a greater number of collapsing bubbles
produces more significant pressure changes.
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Figure 19: System pressure change of multi-bubble collapse
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4 Conclusions

This paper employs the molecular dynamics simulation to study the shockwave-induced multi-
bubble collapse and its development and evolution process, revealing the change laws of bubble dynamic
morphology, local density distribution, and system pressure. The conclusions are as follows:

(1) The collapse speed of two sides bubbles is greater than that of the middle bubble, and their collapse
time is shorter than that of the middle one. The non-uniform symmetric distribution of the bubbles affects
the energy released by bubble collapse, leading to shorter collapse time.

(2) Based on the rate of pressure drop in the system, there is: N3_C<N3_A<N3_B. The total energy
released by the bubble in N3_C is the largest, with minimal interactions between bubbles. Initially, the
pressure curve of N3_A decreases the slowest, indicating that bubbles in this configuration release the
most energy early in the process. Over time, the energy released by N3_A is gradually surpassed by N3_B
and N3_C.

(3) At the start of collapse, the system pressure curve of N4_A decreases the slowest, and bubbles in
this configuration release the most energy at this stage. However, the energy released by N4_A is eventually
exceeded by that of N4_B, N4_C, and N4_D. The N4_B pressure curve decreases the fastest, indicating that
bubbles in this configuration release the least energy.

(4) As the number of collapsing bubbles increases, the changes in system pressure become more
pronounced. A greater number of bubbles results in more energy being released. However, the interaction
between bubbles does not correlate positively with the total energy released.
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Nomenclature

N3_A Model of three bubbles arranged in “—”
N3_B Model of three bubbles arranged in “A”
N3_C Model of three bubbles arranged in “v”
N4_A Model of four bubbles arranged in “—~”
N4 B Model of four bubbles arranged in “A”
N4_C Model of four bubbles arranged in “0”
N4_D Model of four bubbles arranged in “v”
N_5 Model of five bubbles arranged in “X”

N 7 Model of seven bubbles arranged in aig
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N 9 Model of nine bubbles arranged in “0”

A Cross sectional area through the center of the bubble

P Pressure of the system

Usw Total Stillinger-Weber potential energy

Uy Total Lennard-Jones potential energy
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