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ABSTRACT

Although the cavitation phenomenon in underwater explosion has been researched for more than 100 years, the phase transition models based
on mass and heat exchange between liquid and its vapor phases have only been established in the past decade. In this study, the secondary
cavitation phenomenon was first captured by phase transition based on a four-equation system. The bulk cavitation near the free surface
induced by underwater explosion was numerically investigated, and three typical bulk cavitation cases were investigated to explore their
motion mechanisms and load characteristics on hydrodynamics and phase transition generation. It was found that secondary bulk cavitation
will occur only under the condition that both the initial shock wave intensity and the distance between the water surface and the explosion
bubble are satisfied in a specific relationship. Producing bulk cavitation was difficult at a relatively deep detonation depth because of the weak
rarefaction wave reflected from the water surface by smaller charges. The statistical data under the condition of small charge indicated that
the duration of cavitation increases with the increase in charge weight but the growth trend slows down gradually. However, the maximum
volume of cavitation increased linearly with an increase in the charge weight. The present results can expand the currently limited database of
underwater explosion multiphase fluids and provide insight into the interactions between the shock wave, bulk cavitation, explosion bubble,
and water surface.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0121834

I. INTRODUCTION

Underwater explosion (UNDEX) has attracted considerable
attention for more than 100 years because of its great military
and civilian value." * The underwater explosion phenomenon can
be classified into three main stages: explosive detonation, shock
wave propagation, and bubble movement. The high-temperature
and high-pressure gas produced by underwater explosives propa-
gates strong shock waves in the surrounding water and the explosion
bubble expands outward simultaneously. When the shock wave
reaches the water surface or structure interface, the water sur-
face or structure movement can lead to rarefaction wave appear-
ance, which can easily induce bulk cavitation or local cavitation
phenomena.

Bulk cavitation induced by underwater explosion near the free
surface has been observed since 1919.” Underwater explosion bub-
ble clouds can be tens of meters deep and hundreds of meters in
diameter and block sound transmission and induce additional load
on nearby structures.”’ Kennard first predicted the size of bulk
cavitation based on the size and depth of explosives.”” The deto-
nation shock wave is simplified as a shock with an exponential tail
whose properties depend on the charge’s depth and weight.'”"" This
method of imaging is first used to simulate the reflection off the
water surface by placing a virtual source above the water surface
with a magnitude equal to that of the real explosive source with
an opposite phase. Therefore, the absolute pressure is the sum of
the pressures owing to the real source, virtual source, and ambient
(environment) pressure. This means that whenever the absolute
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pressure falls below the saturated pressure, the water will cavitate,
which has become the theoretical basis of most modern cavitation
models. This theory was used to simulate the bulk cavitation deto-
nated at a 5 cm depth for a 5 g 2,4,6-trinitrotoluene (TNT) charge,
and the direct, reflected, and ambient pressures were all present.'’
Another model was built to set the absolute pressure equal to 0 Pa
at the top cavitation cloud boundary, and the decay rates of the inci-
dent and reflected pressures at the bottom boundary are equal to
each other.'”

In the experiment study of bulk cavitation, 30.8 kg pentolite
(PENT) charge exploded beneath water, and the absolute pressure
was measured,’” which has been used by several researchers to verify
the numerical model of cavitation.'”'” The schlieren-type images of
the cavitation were investigated experimentally, and some structural
features within the bulk cavitation in underwater explosion were
revealed.'® Extensive cavitation phenomena have been observed by
high-speed video images in small-scale experiments of simple target
cylinders or near the water surface.'””’

Although much research has been conducted on the theoretical
model and experimental data of cavitation, it is difficult to under-
stand the evolution mechanism of cavitation owing to the limitations
of basic assumptions, experimental data types, and other factors. On
the other hand, numerical simulations have attracted great atten-
tion in the past two decades owing to the detailed information
provided by some cavitation models, and many cavitation models
have been proposed. The earliest cavitation model used extensively
in UNDEX can be reduced to the cut-off model.”’ In this model,
the pressure is equal to the given value when the fluid pressure is
lower than the constant pressure. An isentropic one-fluid model
was built to treat the fluid as a homogeneous mixture comprising
isentropic vapor and liquid phases.”” The Schmidt model was
used to efficiently simulate the cavitation flow occurring in high-
pressure and high-velocity nozzles.”” A modified Schmidt model was
proposed to improve the application of the Schmidt model in
unsteady transient cavitation flows.”* A new isentropic cavitation
model was adopted to simulate underwater explosion cavitation,
based on a reduced five-equation system.”” These models can be
classified as one-fluid cavitation models, which cannot predict the
mechanism of mass and heat conversion between the liquid and
its vapor phases in the cavitation region. However, several two-
fluid cavitation models have been established over the past decade
to understand the mechanism of the vapor-liquid phase transition
in cavitation. The seven-equation was first proposed to simulate
the mass exchange between two-phase mixtures in detonation
simulation,”® which provided a basic model for the two-fluid
cavitation model and showed great capability in describing complex
wave patterns and thermodynamic dynamics in cavitation. Pelanti
and Shyue’* developed a new multiphase flow computational
model based on a six-equation system that can efficiently deal with
cavitation and evaporation waves. A phase transition model
based on a four-equation system was proposed to compute the
thermodynamic equilibrium between the liquid and its vapor
phases, which had been expanded to multicomponent fluid
motion with phase transition.”””’ This model was used to inves-
tigate cavitation evolution in underwater explosion, and the fine
characteristics of the flow field in the cavitation domain can
be captured.’””” Another phase transition model based on a
five-equation system using temperature and chemical relaxation
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with the monotonic mixture speed of sound was developed by
Zhang.**

Given the complexity of multiphase flow in cavitation motion
and its importance in warship damage analysis in underwater explo-
sion, it is necessary to explore the motion and load characteristics of
cavitation. Without loss of generality, in this study, we investigated
the cavitation behavior induced by multi-weight charges exploded
at different depths in the two-dimensional axisymmetric domain.
The cavitation near the free surface was numerically studied using
the phase transition model based on a four-equation system. The
remainder of this paper is organized as follows: the description of
the numerical method is presented in Sec. II. Numerical studies on
the cavitation near free surface are presented in Sec. I1I to identify
the cavitation domain and pressure contour plots, cavitation volume
evolution, and secondary cavitation phenomena. Finally, Sec. IV
concludes the paper.

Il. NUMERICAL METHOD

Underwater explosion involves the generation and propagation
of strong shock waves, and its dynamics are governed by multiphase
compressible fluid equations. The two-dimensional compressible
Euler equation can be expressed as’"”

0Q OF 9G

E+a+a—y—5,

T
where )

Q=[p.pupvpEl"s  F=[pu.pu’ + p.puv, (pE+p)u] .
G = [pv, puv, pv* + p, (pE+p)v]T. S is the source term related to
body force; p is the fluid density; u and v are velocity components
of the x and y axis, respectively; p is the pressure; and E is the total
energy per unit mass. Both the viscosity and thermal effects in the
fluid are ignored.

In the multiphase fluid model, it can be assumed that each
component of the mixture occupies its own separate volume. Under
this assumption, all mass balance equations can be written as’"*

pYr ..
% +div(pYsu) = 0,

where subscript k refers to various physical and chemical
components and u is the velocity vector. Therefore, Yy is the mass
fraction of the k-th species in the entire mixture fluid. It can be
observed that the conservation equation for each species within the
mixture has the same formula as the total mass conservation equa-
tion Eq. (1). Without loss of generality, parameter k can be specified
as follows: k = 1 for the liquid phase, k = 2 for its vapor phase, and
k=3, ...,N for other non-condensable gases.

During the phase transition process, the mixture specific
volume v = 1/p and the internal energy e do not vary under the
assumption of constant pressure and velocity. The mass fractions
of the liquid and its vapor phases remain constant. Although the
pressure and temperature vary and reach their equilibrium
values (p*, T*), the phase transition model will change to compute
the equilibrium state (p*, T*, Yy-1,) from state (v, e, p, T, Yi).
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FIG. 1. Schematic diagram of mass fraction distribution of different phases in fluid
before and after phase transition treatment. The dotted lines represent the location
of the volume division boundary.?

Therefore, under the assumption of mechanical and thermal
equilibrium, the mixture fluid satisfies’""’

T= Tk’ p :pk, Vk,

N N
U= Z YkUk; e= z Ykek.
k=1 k=1

This system contains four unknown variables with four
equations, which can be solved using Newton’s iterative method.”
Therefore, the phase transition model ensures that the final
equilibrium state (p*, T™) is saturated at each step, as shown in
Fig. 1.2

The computational domain is shown in Fig. 2. A two-
dimensional (2D) axisymmetric model was used to simulate the
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movement of the multiphase fluids. The initial flow field of the com-
putational domain consisted of three main regions: the explosion
gas, water, and air. A symmetrical boundary condition was imposed
on the y-axis, and non-reflection characteristic boundary conditions
were applied to the other boundaries. The numerical method of
the multiphase compressible fluid model in the present study was
previously validated by various cases involving phase transition
evolution.”"””

I1l. RESULTS AND DISCUSSIONS

A. Cavitation near the free surface in small-charge
underwater explosion

In this section, we first consider the cavitation near the free
surface generated by a small-charge underwater explosion. Five
underwater explosion cases were simulated to explode at 0.5 m water
depth, as summarized in Table I. The parameters in the table can
refer to Fig. 2. The initial radius of the charge was Ry, and the
distance from the center of the sphere charge to the water surface
was Ho, where H; and H, are the thicknesses of the air and
water domains, respectively. The radial length of the computational
domain was W. The parameter dx is the spatial step of the uniform
grid in the x-axis, and dy = dx, which means that the computational
domain is divided by uniform meshes.

Figure 3 shows the cavitation domain and pressure contour
plots at times of 0.42, 0.69, 0.83, and 0.97 ms under a 5 g TNT
charge case exploded at 0.5 m water depth. In the cavitation domain
contour plots, the red area indicates the cavitation domain in
the upper contour plots, and the other colored areas denote the
water, air, and explosion bubble domains. The cavitation domain
appeared after which the explosion shock wave is reflected into
the rarefaction wave from the water surface at the initial time
(0.41 ms). As the rarefaction wave continues to propagate, the cavi-
tation domain increases continuously at 0.74 ms. Subsequently, as
the high-pressure region below the cavitation domain propagates
upward, the cavitation domain gradually decreased and eventually
disappears (as shown at 0.99 and 1.21 ms). Figures 4 and 5 show
the cavitation domain and pressure contour plots at typical times
under the 200 and 1000 g TNT charge cases at 0.5 m water depth,
respectively. It can be observed that the maximum volume and dura-
tion of the cavitation domain increase with an increase in the charge
weight.

Figure 6 shows the time-history curve of the evolution of the
cavitation domain volume and the statistics of the duration (period)
and maximum volume of the cavitation domain under different

TABLE I. Simulation cases for the charge exploded at 0.5 m water depth.

TNT
charge(g) Ro(m) Hp(m) H;(m) H(m) W(m) dx(m)
5 0.009 0.001
W 50 0.020 0.002
F M 200 0.031 0.5 1 5 4 0.003
500 0.042 0.004
FIG. 2. Schematic of underwater explosion near the free surface. 1000 0.053 0.005
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FIG. 3. Numerical results of the cavita-
tion domain, vapor volume fraction, and
pressure contour plot (from up to down)
at different times ¢ = 0.42, 0.69, 0.83,
and 0.97 ms (from left to right) under
59 TNT charge explosion at 0.5 m water
depth. The red area indicates the cavita-
tion domain in the upper contour plots,
and other areas denote water, air, and
explosion bubble domains.

FIG. 4. Numerical results of the cavita-
tion domain, vapor volume fraction, and
pressure contour plot (from up to down)
at different times ¢ = 0.68, 2.05, 2.73, and
3.40 ms (from left to right) under 200 g
TNT charge explosion at 0.5 m water
depth. The red area indicates the cavi-
tation domain in the upper contour plots,
and other areas denote water, air, and
explosion bubble domains.
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FIG. 5. Numerical results of the cavitation domain, vapor volume fraction, and pressure contour plot (from up to down) at different times t = 1.21, 2.83, 4.69, and 5.62 ms
(from left to right) under 1000 g TNT charge explosion at 0.5 m water depth. The red area indicates the cavitation domain in the upper contour plots, and other areas denote
water, air, and explosion bubble domains.
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FIG. 6. (a) Time-history curve of the evolution of the cavitation domain volume and (b) the statistics of the duration (period) and maximum volume at 0.5 m water depth.
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FIG. 7. Pressure-time-history curves for the location of (0, —0.2) m under multi-charge explosion at 0.5 m water depth. (a) Pressure in the whole stage. (b) Pressure in the

cavitation stage.

weight explosives. As shown in Fig. 6(a), the expansion time of the
cavitation domain is essentially the same as that of the contraction
stage, which is very similar to the motion law of the explosion bub-
ble underwater. The biggest difference between the two is that when
the cavitation domain shrinks, the overall shape is flat, where the
explosion bubble is generally spherical or jet shaped. The curve of
the 5 g charge case shown in Fig. 6 is close to a straight line because
the cavitation volume is too small compared with other cases

[

(the maximum volume is ~0.004 m>). Figure 6(b) shows that the
duration of cavitation increases with an increase in the charge weight
but the growth trend slows down gradually. However, the maxi-
mum volume of cavitation increased linearly with an increase in
the charge weight. A comparison of the time history of the pres-
sure at coordinates (0, —0.2) is shown in Fig. 7(a). It can be observed
that the pressure produced by the cavitation occurred immediately
after the shock wave pressure. Figure 7(b) shows the details of the

0.96 ms 2.20 ms 3.29 ms

2 I I
4 . n s . 1 L L L n
2 -1 o 1 2 1 [ 1 2 -1 ] 1 2 A [ 1 2

o ‘
o

700000
@7 { J 500000

o 1

5.59 ms

4.10 ms 5.05 ms

FIG. 8. Numerical results of the cavitation domain, vapor volume fraction, and pressure contour plot (from up to down) at different times t = 0.96, 2.20, 3.29, 4.10, 5.05, and
5.59 ms (from left to right) under 200 g TNT charge explosion at 1.0 m water depth. The red area indicates the cavitation domain in the upper contour plots, and other areas

denote water, air, and explosion bubble domains.
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FIG. 9. Numerical results of the cavitation domain, vapor volume fraction, and pressure contour plot (from up to down) at different times ¢ = 1.63, 3.54, 5.57, 6.92, 8.80,
and 9.48 ms (from left to right) under 1000 g TNT charge explosion at 1.0 m water depth. The red area indicates the cavitation domain in the upper contour plots, and other

areas denote water, air, and explosion bubble domains.

cavitation pressure for different cases. It was found that the
maximum cavitation pressure increased with an increase in the
charge weight. Although the peak cavitation pressure was lower than
that of the shock wave, it remained longer.

B. Secondary cavitation near the free surface
in small-charge underwater explosion

We only observed cavitation once in the aforementioned
underwater explosion cases. It is known that the generation of cav-
itation is closely related to the intensity and duration of rarefaction

a
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34
r:\
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~— 2<
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waves reflected by the free surface and the rarefaction wave is related
to the distance from the free surface to the charge. Therefore, the
initial depth of the explosive plays an important role in the cavita-
tion behavior. In this section, the explosion depth was changed to
1 m, and the others remained unchanged, as listed in Table I. In
this new condition, the case of a 5 g TNT charge has no obvious
cavitation domain. This is due to the fact that the rarefaction wave
reflected from the shock wave on the free surface is weak in the case
and the volume fraction of vapor phase in the water near the free
surface is lower than the critical threshold of cavitation occurrence.
For the case of a 50 g TNT charge, the cavitation domain can be

(b)
0.08 - — 0.08
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: v 200g(1m)
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10.02
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FIG. 10. Time-history curve of cavitation domain volume when different charges explode at 1 m water depth. (a) The whole stage. (b) The secondary cavitation stage.
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L L ° observed. The evolution of the cavitation is similar to that in the
71 —o—period aforementioned cases.
—/— max volume -4 Figure 8 shows the cavitation domain and pressure contour
6- plots for the 200 g TNT charge explosion case exploded at a water
3 depth of 1 m. It can be observed that the secondary cavitation
54 occurred after the first cavitation collapse at about 5.05 ms. It is
— ~
7)) “"E found from the pressure contour plot that the low-pressure region
é 4- 2 = is distributed around the explosion bubble and gradually moves
= ~ upward. Therefore, it is reasonable to assume that the second cav-
34 L1 itation was caused by the reflection of the rarefaction wave from
1 the interface of the explosion bubble. Two cavitation phenom-
2+ B/ ena can also be observed for 500 and 1000 g of TNT charges.
1 -0 Figure 9 shows the cavitation domain and pressure contour plots
1-— T T T T v for the 1000 g TNT charge explosion case exploded at a water
0 200 400 600 800 1000 depth of 1 m.

TNT (9)

Figure 10(a) shows the time-history curve of the cavitation
domain volume evolution and the statistics of the duration (period)
and maximum volume of the cavitation domain for different weight
explosives. The secondary cavitation curve is shown in Fig. 10(b).

FIG. 11. Statistics of the duration (period) and maximum volume of the cavitation
domain under small-charge exploded at 1 m water depth.
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FIG. 12. Pressure-time-history curves for the location of (0, —0.2) m under multi-charge explosion at 0.5 m water depth. (a) Pressure in the shock wave stage. (b) Pressure
in the cavitation stage.
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FIG. 14. Numerical results of the cavitation domain, vapor volume fraction, and pressure contour plot (from up to down) at different times t = 96, 322, 515, and 610 ms
(from left to right) under 1000 tons of TNT charge explosion at 50 m water depth. The red area indicates the cavitation domain in the upper contour plots, and other areas
denote water, air, and explosion bubble domain.
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FIG. 15. Numerical results of the cavitation domain, vapor volume fraction, and pressure contour plot (from up to down) at different times ¢ = 130, 392, 587, 717, 977, and
1541 ms (from left to right) under 1000 tons of TNT charge explosion at 100 m water depth. The red area indicates the cavitation domain in the upper contour plots, and
other areas denote water, air, and explosion bubble domain.
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FIG. 16. Time-history curve of cavitation domain volume when 1000 tons of
TNT charge exploded at 50 and 100 m water depth.

Figure 11 shows that the duration of cavitation increases with an
increase in the charge weight but the growth trend slows gradually.
However, the maximum volume of cavitation increased linearly with
an increase in the charge weight. These conclusions are similar to
those shown in Fig. 6(b).

A comparison of the time history of the pressure at coordinates
(0, —0.2) is shown in Fig. 12. It can be observed that although the
pressure in the shock wave stage is obviously less than that in the
same charge cases at the 0.5 m detonation depth, the cavitation
pressure is greater than the same charge cases at the 0.5 m detonation
depth.

C. Cavitation near the free surface in super
big charge underwater explosion

It can be seen from the above-mentioned cases that both the
detonation depth and charge weight have an important influence
on cavitation near the free surface in underwater explosion. An
important manifestation of cavitation in underwater explosion is
underwater nuclear explosion. To some extent, nuclear explosion
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can be simplified to the explosion phenomenon of giant underwater
explosives. The cavitation phenomenon induced by giant under-
water explosives can be approximately simulated using the phase
transition model.

In this section, the cavitation caused by 1000 tons of
TNT explosives detonated at 50 and 100 m water depths was simu-
lated. A non-uniform mesh was adopted for the spatial discretization
of the entire domain, as shown in Fig. 13(a). The computational
domain contains a uniform zone around the explosive, where the
other areas are non-uniform grids. Figure 13(b) shows the distribu-
tion of the spatial steps in the x and y directions. The radius of the
spherical explosive is ~5.3 m, and the computational domain was
(0, 540) x (~600, 60) m”.

Figure 14 displays the cavitation domain and pressure con-
tour plots at different times under 1000 tons of TNT charge
explosion at a water depth of 50 m. No secondary cavitation is
observed in the numerical results. This can be attributed to the
small distance between the water surface and the explosion bub-
ble at 610 ms in the first cavitation collapse stage, as shown in
Fig. 14. Figure 15 shows the numerical results at 100 m water
depth. The numerical results clearly display that secondary cavita-
tion appears soon after the first cavitation collapse. It can also be
observed that the partial cavitation domain is distributed around
the explosion bubble at the initial stage of the formation of the
secondary cavitation at 977 ms. The biggest difference is that
the regional shape of the secondary cavitation in the large-charge
case is very complex. The cavitation domain looks like a bunch
of flames.

Figure 16 illustrates the time-history curve of the cavitation
domain volume evolution under different detonation depths. It can
be found that there are two distinct stages of cavitation. The max-
imum volume of the secondary cavitation was ~1/13 of that of the
first cavitation. A comparison of the time-history of the pressure
at coordinates (0, —5) m is shown in Fig. 17. It can be observed
that although the peak pressure in the shock wave stage is high,
the loading time is only 7 ms. However, the loading time of cav-
itation for the two cases is more than 1.0 s, which cannot be
ignored for its impact damage effect on underwater low frequency
structures.
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FIG. 17. Pressure—time-history curves for the location of (0, —5) m when 1000 tons of TNT charge exploded at 50 and 100 m water depth. (a) Pressure curve of the shock

wave stage. (b) Pressure curve of the cavitation stage.
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IV. CONCLUSIONS

In this study, bulk cavitation near a free surface induced by
underwater explosion was numerically studied using a phase transi-
tion model based on a four-equation system. Three typical bulk cav-
itation cases were investigated to explore their motion mechanisms
and load characteristics on hydrodynamics and phase transition
generation.

The first example is the cavitation caused by a variety of small
charges at shallow detonation depths. The results show that the
occurrence of the creation, development, and collapse of bulk cavi-
tation can be accurately captured by the phase transition model. The
second example is the cavitation induced by the same series of small
charges at a relatively deep detonation depth. It is found that the
bulk cavitation is difficult to produce due to weak rarefaction waves
reflected from the water surface by the minimum charge. Specif-
ically, the secondary cavitation phenomenon was captured in the
case of relatively large charges. These secondary cavitations began
to appear mainly around the explosion bubble and then gradually
moved upward until they disappeared. The third example is the
cavitation induced by a large charge, which can be used to evaluate
the bulk cavitation effect under the condition of an underwa-
ter nuclear explosion. Although the charge weight is sufficiently
large, secondary cavitation does not occur at shallow detonation
depth. This can be attributed to the small distance between the
water surface and the upper wall of the explosion bubble when
the first cavitation disappears, which prevents the generation of
secondary cavitation. In the case of a relatively deep detonation
depth, secondary bulk cavitation occurs because the initial shock
wave intensity and the distance between the water surface and
the explosion bubble are satisfied. The secondary bulk cavita-
tion induced in this special environment is similar to a burning
flame.

The present results can expand the currently limited database
of multiphase fluid in underwater explosion and also pro-
vide insight into the interaction between the shock wave, bulk
cavitation, explosion bubble, and water surface. The exper-
imental study of underwater explosion cavitation is also a
very important work, and we are working out a correspond-
ing research plan to further verify the numerical simulation
results.
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