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1. Introduction
It has been paid much attention and research since
the cavitation is discovered in the early 20th century. In the
present study, the dynamic properties of bubble induced by
cavitation are closely related to the viscosity, surface tension
and pressure of the liquid. Among them, the viscosity of liquid could delay the bubble collapse by slowing down the
shrinkage rate of bubbles [1, 2]. However, bubble collapse
accelerates with the increase of surface tension and pressure
[3-5]. The interaction between the shock wave generated by
bubble collapse and the wall is a hot topic. As for the study
of bubble collapse, Adhikari et al. [6] used coarse particles
to conduct molecular dynamics (MD) simulation in order to
understand the mechanism of bubble collapse, and found
that the pore size depended on both the velocity and the duration of the shock wave. Wu et al. [7] simulated the bubble
collapse in the neural network and found that the local ultrasonic water hammer caused by the collapse of the asymmetric bubble would destroy hyaluronic acid. Zhou et al. [8]
studied the bubble collapse to generate high-speed jet and
shock waves, and found the shock wave reflected from the
surface of molybdenum disulfide would enhance the spalling. Upendra et al. [9] studied the bubble collapse induced
by shock wave, understood the detailed mechanism of cavitation induced damage to soft materials. Santo et al. [10]
used the Martini coarser field to simulate the perforation of
lipid bilayer caused by the collapse of nano-bubbles of different sizes, and summarized the formation of pores and
damage rules of bilayer. Man et al. [11] induced the shock
wave released by bubble collapse to penetrate the cell membrane and form small holes in the membrane by ultrasonic
action, and found the shear stress generated by bubble vibration and the action mechanism of membrane holes. Ardeshir et al. [12] found that in the presence of nano-bubble,
even if the shock wave pulse was relatively low, the collapse
of bubble would cause serious damage to the model. Fu et
al. [13] studied the collapse of bubble with different diame-

ters to calculate the force acting on the membrane, and revealed the relationship between impulse and bubble radius.
Mahmud et al. [14] used MD simulation to study the pressure required for nanoscale cavitation growth in water and
gel, and found that the time of bubble collapse was determined by the viscosity of the medium. Zhao et al. [15] studied the collapse characteristics of cylindrical holes by molecular dynamics, and summarized the evolution process of
local pressure, temperature, pore size and shape during the
collapse process. Then, Nan [16] and Vedadi et al. [17]
adopted the same method, and found that the final shape of
the bubble collapse was a ring structure, and the maximum
volume of the cavitation area was related to the initial size
of the bubble, and the length of the jet was linearly related
to the radius of the bubble. Qiu et al. [18] studied the process
of bubble collapse by analyzing the potential energy and
motion of molecules, with emphasis on the influence of temperature on the dynamic characteristics of the bubble.
It is found from the above studies that there are few
microscopic theoretical studies on cavitation degradation at
present. The research on the dynamic process of bubble collapse is not clear, especially the research on the mechanism
of the damage of pollutants caused by the shock wave and
microjet caused by bubble collapse, which deserves attention. In the paper, the reactive force field (ReaxFF) is selected to calculate them, and the water molecular model is
transferable interatomic potential with four-point model by
the force balance method (TIP4P-FB) [19]. The research object is benzamide, and it is mainly used in the synthesis of
medicines and dyes, and it is a toxic and carcinogenic dangerous product. It analyzes the influence of the initial bubble
radius, the compressive strain rate and the temperature on
the pressure release of bubble collapse on the pollutants, and
it provides theoretical guidance for the application of cavitation and subsequent degradation of pollutants.
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2. Model selections and simulation methods
2.1. Building models
In accordance with the structure information of
benzamide molecules, the Materials Studio is used to generate the initial model of benzamide molecules, as shown in
Fig. 1. Benzamide molecule consists of C, H, O, and N with
a total of 16 atoms. Then, the Packmol program [20] is used
to construct the initial position of the TIP4P-FB model. The
water molecules and bubbles are distributed in the computational domain (60 Å x 60 Å x 60 Å), and the X, Y, and Z

directions are set as periodic boundary conditions. The C
language is used to add the upper and lower layers of the
pollutants with a thickness of 5 Å in the Z direction of the
computational domain, and the pollutants are composed of
benzamide molecules. In the model, and the radii of the bubbles are 10, 12, and 15 Å, respectively. The distance between the bubbles and the upper wall of benzamide is 15 Å,
while the distances from the lower wall of benzamide are
27, 33, and 37 Å, respectively.

Fig. 1 Benzamide molecule and Slice diagram of benzamide system
2.2. Force field selection
ReaxFF is a semiempirical interaction potential
function based on the bond sequence first proposed by van
Duin et al. [21] in 2001. It could effectively combine quantum chemistry and the molecular simulation method based
on a nonreactive empirical force field, and aimed to provide

a transferable potential energy to describe chemical reactions with bonding and fracture for accurately calculating
chemical reaction energy and energy barrier. In this study,
the ReaxFF is selected for simulation calculation.
ReaxFF generally contains 12 energy items [22].
The Eq. (1) can be expressed as:

Esystem = Ebond + Elp + Eover + Eunder + Eval + Etor + Ecoa + Econj + EH -bond + Evdw + Ecoul + E pol ,

(1)

where: Ebond, Elp, Eover, Eunder, Eval, Etor, Ecoa, Econj, EH-bond,
Evdw, Ecoul, and Epol are the contributions of bond, lone pair,
over-coordination, under-coordination, valence angle, torsion angle, three-body conjugate, four-body conjugate, hydrogen bond, van der Waals, Coulomb, and polarization energy, respectively.

The temperature T could be calculated from the instantaneous kinetic energy K.
2
T=
K.
(4)
3Nk B

2.3. Boundary condition

Eq. (5):

In simulation, the cutoff radius Rcut is set to 9.5 Å.
The bond length and angle of TIP4P-FB water molecules are
fixed by using the SHAKE algorithm. The initialization
speed of the system satisfies the Maxwell–Boltzmann distribution and is randomly generated via the Maxwell distribution at the corresponding temperature. The Newton's integral equation of motion is solved numerically by using the
velocity verlet algorithm. The Coulomb potential uses the
particle–particle–particle–mesh method. The thermal bath
coupling method is used to control temperature. The pressure could be calculated from the volume V, temperature T,
and virial W. As shown in Eq. (2):
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In Eq. (5), the right is Eq. (6) and Eq. (7):
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The instantaneous pressure tensor is calculated according to Eq. (5), and the instantaneous static pressure is
1/3 times the trace of the instantaneous pressure tensor:
1
( Pxx + Pyy + Pzz ) .
3

(8)

Combined with Eq. (8) [23], the instantaneous
static pressure released by bubble collapse could be obtained.
When performing MD calculations, the entire system with bubble radii of 10, 12, 15, and 20 Å should be relaxed. The system adopts a canonical ensemble, and the time
step is set to 1 fs. After running 3000 steps, the system
reaches the set temperature value and gradually stabilizes.
After the relaxation, the temperature is 288, 298, and 308 K,
the compressive strain rate is 0.0001, 0.0005, and 0.001, and
the time step is set to 0.25 fs to run the entire system with
30,000 steps. The minus sign representing the direction
about the compressive strain rate is omitted here. The data
parameters of all molecules in the simulation area are obtained every 500 or 50 steps in accordance with the speed of
bubble collapse. Lastly, the data obtained are analyzed and
summarized.
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3.1. Initial radius of bubbles
Three different sizes of bubble radii are 15, 12 and
10 Å in the model. The distance from the upper wall of benzamide is 15Å, and the distances from the lower wall of benzamide are 27, 33 and 37 Å, respectively. Fig. 2 is the variation rule of the pressure released on the upper and lower
wall of benzamide with time when bubble collapses at compressive strain rate 0.0001 and temperature 298 K.
It can be seen from Fig. 2, a that the force on the
upper wall of benzamide increases gradually and decreases
rapidly when it reaches the maximum. At the same distance
from the surface, the pressure of R10, R12 and R15 on the
upper wall of benzamide is basically the same. When the
bubble with radius of 10 Å collapses, the time to receive the
maximum pressure on the upper wall of benzamide is longer
than that of the other two radii. It can be also seen from
Fig. 2, b, the force on the lower wall of benzamide increases
gradually and decreases rapidly when it reaches the maximum. However, the bubble collapse of R12 receives the
maximum pressure on the lower wall of benzamide. Comparing Fig. 2, a and 2, b, as the bubble radius increases, the
released pressure first increases and then decreases. In order
to explain the phenomenon well, assuming that the temperature of the liquid is a constant, the bubble is spherical, and
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3. Results and discussions
At present, in the microscopic aspect, scholars
mainly study the characteristics of bubble collapse from
temperature [18], viscosity [27], surface tension [26], cavitation nucleus [20], second phase particle size [24-25] to
summarize its laws, but these researches on the force of bubble collapse on pollutant walls are not very in-depth. In this
paper, it takes the pressure released from the upper and
lower wall of benzamide by bubble collapse as the research
object, and analyzes the influence of the initial radius of
bubble, compressive strain rate and temperature on the pollutants.
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the radius of the bubble is R. The minimum energy W [2829] required to form a bubble with a volume of V, and the
value is the sum of the volume term W1 and the surface term
W2.
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b) Lower wall
Fig. 2 Changes of pressure on the upper and lower wall of
benzamide under different bubble radii
Assuming that the concept of surface tension is applicable to microscopic systems [30] and ignoring the influence of curvature, W can be obtained as:
W ( R) = W + W = 4 R 2
1

2

LV

4
−  R3 ( P − P ).
V
L
3

(9)

In Eq. (9), PV is the gas pressure, and PL is the liquid pressure. σLV is the surface tension of vapor and liquid,
and A is the surface area of the bubble. When the fluid and
temperature are given, the energy first increases and then
decreases from Eq. (11) with the increase of the bubble radius.
Fig. 3 shows that the relationship between the maximum force on the upper and lower wall of benzamide and
the radius of the bubble in the process of bubble collapse. It
can be seen from Fig. 3 that, with the increase of bubble radius, the maximum pressure on the upper and lower wall of
benzamide first increases, then decreases, and then tends to
remain constant. However, the impact of bubble collapse on
the upper wall is greater than that on the lower wall, which
may be related to the fact that the bubble is closer to the
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upper wall and farther to the lower wall. With the increase
of the bubble radius, the difference between the maximum
pressure on the upper and lower wall of benzamide increases
gradually, and then has a constant trend. In Fig. 3, when it is
used to release energy to treat pollutants or the metal wall
by bubble collapse, the recommended bubble radius is 1015 Å, and the energy released at this time is the most.
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Fig. 3 Maximum pressure on the upper and lower wall of
benzamide varies with the bubble radius
3.2. Compressive strain rate
Fig. 4 shows the variation of pressure released on
the upper and lower wall of benzamide with time at different

compressive strain rates when the bubble radius is 15 Å and
the temperature is 298 K.
It can be seen from Fig. 4, a that when the temperature is 298 K and the radius is 15 Å, the pressure on the
upper wall of benzamide increases rapidly with time at the
same compressive strain rate. When it reaches the maximum
value, it decreases rapidly and then slowly. With the increase
of compressive strain rate, the time for the upper wall of
benzamide to be subjected to the maximum pressure is gradually shortened, indicating that compressive strain rate has
a great influence on the rate of pressure release of bubble,
and it has a great influence on the collapse time. It can be
seen from Fig. 4, b that when the temperature is 298 K and
the radius is 15 Å, the pressure on the lower wall of benzamide increases rapidly with time at the same compressive
strain rate. When it reaches the maximum value, it decreases
rapidly and then slowly. With the increase of the compressive strain rate, the time for the lower wall of benzamide to
be subjected to the maximum pressure gradually decreases,
indicating that the compressive strain rate has a great influence on the rate of pressure release of the bubble and has a
great influence on the collapse time. It can be seen from the
figures that the law of stress on the upper and lower wall of
benzamide is consistent, and the time of maximum pressure
on the upper and lower wall of benzamide is consistent.
When the temperature is 298 K and the radius is 15 Å, the
maximum pressure on the upper wall of benzamide is
greater than the maximum pressure on the lower wall from
Fig. 5.
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Fig. 5 Maximum pressure on the upper and lower wall of
benzamide varies with the compressive strain rate
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In Fig. 5, with the increase of compressive strain
rate, the maximum pressure released by bubble collapse
gradually decreases and then tends to be constant. The maximum pressure difference between the upper wall and the
lower wall of benzamide does not change with the increase
of compressive strain rate. Under each compressive strain
rate, the sum of the maximum pressure between the upper
and the lower wall of benzamide is basically the same, in
line with the principle of energy conservation.
3.3. Temperature
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Fig. 4 Changes of pressure on the upper and lower wall of
benzamide at different compressive strain rates

Fig. 6 shows the change rule of the pressure released on the upper and lower wall of benzamide with time
at different temperatures when the bubble radius is 15 Å and
the compressive strain rate is 0.0001.

298
lower wall of benzamide decreases with the increase of temperature, and then tends to be constant. And at each temperature, the sum of the maximum pressure between the upper
and lower wall of benzamide is basically the same, in line
with the principle of energy conservation.
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It can be seen from Fig. 6a that when the compressive strain rate is 0.0001 and the radius is 15 Å, the pressure
on the upper wall of benzamide increases rapidly with time
at the same temperature, and then decreases rapidly when it
reaches the maximum value. With the increase of temperature, the time of maximum pressure on the upper wall of
benzamide is basically the same. It can be seen from
Fig. 6, b that the pressure on the lower wall of benzamide
increases rapidly with time at the same temperature, and
then decreases rapidly when it reaches the maximum value.
With the increase of temperature, the maximum pressure on
the lower wall of benzamide increases first and then tends
to be constant. The rate of pressure release by bubble collapse is basically the same, indicating that the collapse time
is basically not affected within this temperature range from
Figs. 6, a and 6, b.
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It can be seen from Figs. 2, 4 and 6 that compressive strain rate 0.0001, bubble radius 15 Å and temperature
298 K are included in each factor analysis. Therefore, this
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Fig. 6 Changes of pressure on the upper and lower wall of
benzamide at different temperatures
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Fig. 7 shows that the relationship between the maximum force on the upper and lower wall of benzamide and
the temperature in the process of bubble collapse.
It can be seen from Fig. 7 that when the compressive strain rate is 0.0001 and the radius is 15 Å, the maximum pressure on the upper wall of benzamide is greater
than that on the lower wall. With the increase of temperature,
the maximum pressure released by bubble collapse on the
upper wall of benzamide decreases gradually, and then tends
to be constant. The maximum pressure released by bubble
collapse on the lower wall of benzamide increases gradually
and then tends to be constant. At the same temperature, the
maximum pressure difference between the upper and the
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Fig. 8 Changes of pressure on the upper and lower wall of
benzamide with time under different factors
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secondary relationships of the three factors, as shown in
Fig. 8.
As can be seen from Fig. 8, the temperature, compressive strain rate and bubble radius have an impact on the
collapse time of bubble. Based on the speed of bubble collapse, the compressive strain rate has a great influence,
while the temperature and the size of the bubble radius have
little influence.
To further study the effect of bubble collapse,
based on the force of bubble collapse on the pollutants, the
maximum pressure on the upper and lower wall of benzamide when the initial bubble radius of 15 Å collapses is
calculated as shown in the Table. 1.
According to Fig. 8 and Table 1, bubble radius,
compressive strain rate and temperature affect the pressure
on the upper and lower wall of benzamide. Based on the
pressure released by bubble collapse on the benzamide wall,
the analysis and comparison show that the influence of bubble radius and temperature is large, and the influence degree
of the two factors is roughly the same, while the influence
of compressive strain rate is small.
Table 1
The maximum pressure on the benzamide wall under different compressive strain rates and temperatures
Maximum pres- Compressive strain rate,
Temperature,
sure, MPa
10-4
K
1
5
10
288
298 308
Upper wall
182.8
178.7 178.1 184.5 182.8 183.1
Lower wall
157.2
150.8 150.5 152.7 157.2 155.7

4. Conclusions
In this paper, it establishes benzamide models containing bubbles with different radii, and reveals the influence of the initial radius, compressive strain rate and temperature on the release pressure of bubble collapse on the
pollutants. The conclusions are summarized as follows:
1. As the initial radius of the bubble increases, the
maximum pressure on the upper and lower wall of the benzamide increases first, then decreases, and then tends to remain unchanged.
2. The maximum pressure difference between the
upper and the lower wall of benzamide does not change with
the increase of the compressive strain rate.
3. With the increase of temperature, the maximum
pressure on the upper and lower wall of the benzamide both
increase first, and then tend to remain unchanged.
4. Based on the pressure on the upper and lower
wall of the benzamide, the temperature and the initial radius
of the bubble have a large influence, and the influence of the
compressive strain rate is small.
At present, how to choose the force field, the medium system, and the model material accurately and construct the gas core close to the real water is essential. Most
of the existing studies have conducted qualitative analysis
on the characteristics that affect bubble collapse. Many challenges remain in the quantitative study of the influencing
factors of bubble collapse. In the future research, the MD
simulation results should be further analyzed combined with
experiments.
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ANALYSIS OF THE FORCE ON THE BENZAMIDE BY
BUBBLE COLLAPSE BASED ON MOLECULAR DYNAMICS SIMULATION
Summary
The cavitation damage of the pollutant wall caused
by shock wave and microjet in the process of bubble collapse has attracted widespread attention. However, many researches focus on bubble collapse from the macroscopic experimental point of view, the dynamics of which is still not
clear. In this paper, it takes the pressure on the upper and
lower wall of pollutants as the research target, and summarizes the influence of initial radius of bubbles, compressive
strain rates and temperatures on the release pressure of bubble collapse on the pollutants. The results show that: as the
initial radius of bubbles increase, the maximum pressure on
the upper and lower wall of benzamide increases first and
then decreases. The pressure release rate of bubble increases
with the increase of the compressive strain rate. Based on
the pressure on the upper and lower wall of the benzamide,
the temperature and initial radius of the bubble have a large
influence, and the influence of the compressive strain rate is
small. The paper provides theoretical guidance for the application of cavitation.
Key words: MD simulation, bubble collapse, benzamide
model, factor parameters, wall forces.
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