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ABSTRACT

In this study, the cavitation effect induced by two charges in underwater explosions near free surfaces is numerical researched by two dimen-
sional compressible multiphase fluids based on a four-equation system with a phase transition model. The occurrence of the generation,
development, and collapse of cavitation in two-charge underwater explosions near free surfaces can be captured directly. The detailed density,
pressure, and vapor volume fraction contours during the interaction process are obtained and can better reveal the characteristic underlying
the cavitation, free surface, and explosion bubbles. Numerical results reveal that the cavitation domain has expanded to an area much deeper
than the explosion bubble location in two-charge underwater explosions, which should be paid enough attention due to its influence on the
input load of underwater structures. The detailed density and pressure contours during the interaction process can also be captured and can
better reveal the mechanism underlying the explosion bubble, cavitation, and surface wave dynamics. The present results can expand the
currently limited database of multiphase fluid in underwater explosions and also provide new insights into the strong nonlinear interaction
between underwater explosion and cavitation, which provides a deep understanding of multi-point explosions.

© 2023 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/10.1063/5.0136546

I. INTRODUCTION there is a strong demand for research on the characteristics of under-

water explosions in the field of shock damage and protection design,

Underwater explosions (UNDEXs) have been applied to many
fields, such as seafloor mining, underwater obstacle suppression, and
military applications. The effects of underwater explosions on the
nearby structures initially are a high-pressure shock wave and cavita-
tion collapse. In the study of the underwater explosion phenomenon,
water is supposed to be compressible and unable to sustain shear
stress. Underwater explosions can be divided into three impor-
tant stages: charge detonation, shock wave propagation, and bubble
pulsation.' ™ Just after the detonation of the charge, the shock wave
and explosion bubble will appear in water. The propagation speed
of the shock wave in water is very fast, but its intensity attenuates
slowly. The explosive products will form gas bubbles with high pres-
sure and high density. Due to the transient impact effect of the shock
wave and explosion bubble in the process of underwater explosions,

which has attracted the attention of many scholars.

In order to enhance the destructive power and investigate the
dynamics characteristics of underwater explosions, a lot of research
on multi-point array explosions has been carried out. The explo-
sion of two charges at the bottom of a shallow layer of water
is simulated, and the effect on the shock wave propagation and
interaction between charges and the bottom is researched.” It is
found that the maximum value of the shock wave pressure and its
impulse decreased. Two gaseous bubbles merging into a single coa-
lesced bubble are investigated by a boundary integral method in
underwater explosions.” When the critical thickness defined as the
coalescence criterion based on experimental results was satisfied, the
bubbles would merge into one. The interaction of multiple bub-
bles has a significant influence on the motion of the free surface
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Free surface X Air

FIG. 1. Schematic diagram of two charges placed horizontally in underwater
explosions near free surfaces.

and induced the formation of coalesced bubbles.” The underwa-
ter explosion parameters of multi-point array explosions are mea-
sured through an underwater explosion test, and the multi-shock
wave collision of array explosion can be approximated to a lin-
ear superposition in some cases. In addition, the interaction of the
delayed shock wave can be considered as due to the increase in
the shock wave baseline.” Near-field pressure evolution of shock
waves and high-pressure zones between two detonation tubes is
numerically studied, and the formation, intersection, and interac-
tion of shock waves are revealed.” The strong nonlinear interaction
of two underwater explosion bubbles with a free surface are numer-
ically researched by an axisymmetric fully compressible three-phase
homogeneous model, and the detailed pressure and velocity con-
tours during the interaction process can be obtained and revealed to
understand the mechanism underlying the bubbles and free surface
dynamics.'

These research studies mainly focus on the shock wave and
explosion bubble effect under multi-point charges, but there are
few studies on the cavitation effect. The strong nonlinear interac-
tions among the water, explosion bubble, cavitation, and air have
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an important influence on the shock wave propagation and bubble
pulsation. The cavitation domain induced by underwater explo-
sions near free surfaces occupies a large area in water and must
be properly dealt with. A very low pressure in the cavitation zone
is required to be simulated by coupling to a cavitation model.
Some one-fluid models that have been developed to simulate the
cavitation are the cut-off mode'' and the Schmidt model.'” The
isentropic one-fluid model was proposed to treat the fluid as a
mixture comprising isentropic vapor and liquid phases.'’ The mod-
ified Schmidt model was created to improve the application of the
Schmidt model to unsteady transient cavitation flow.'* Another
new isentropic cavitation model was proposed to research underwa-
ter explosion cavitation based on a reduced five-equation system.'”
The biggest disadvantage of one-fluid models is that they have lost
the ability to capture the vapor-liquid two-phase transition in the
generation of cavitation. In order to overcome this drawback, two-
fluid models have been established in the past decade. Pelanti and
Shyue'*'” developed a new multiphase model on the basis of the
six-equation system, which could efficiently deal with interfaces,
cavitation, and evaporation waves. A phase transition model based
on a four-equation system was used to deal with the thermody-
namic equilibrium between a liquid phase and its corresponding
vapor phase.'*'” The four-equation model with phase transition has
been used to investigate the cavitation evolvement in underwater
explosion, and the physical characteristics of the flow field in the
cavitation domain can be captured.””*’ Another phase transition
model base on the five-equation system using temperature and
chemical relaxation with the monotonic mixture speed of sound was
built by Zhang.”*

To our best knowledge, further research on the strong nonlin-
ear interactions between two charges and cavitation is necessary and
compressible multiphase fluids with the two-fluid phase transition
model has not been reported yet. In this study, the four-equation
system with a phase transition model'”*' is employed to investi-
gate the cavitation effect induced by two-charge explosions near free
surfaces. The strong nonlinear interaction among the multiphase
fluids including explosion bubbles, cavitation, water, and air can
be revealed. The remainder of this paper is organized as follows:
numerical methods with governing equations, numerical results for
the cavitation effect in two-charge underwater explosions near free
surfaces, and a conclusion with scope of future research.

FIG. 2. Mesh strategy of the fluid domain;
every one in 20 of the lines is plotted in
the left figure (a) and grid length distribu-

0.1- tion of two normal directions is plotted in

the right figure (b).
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(b) -

2 1 . . e e FIG. 3. Schematic of two-charge under-

2 s 0 1 : 2 -1 0 1 . water explosions with Ry = 0.04 m and
Ho = 1 m under different detonation dis-
tances: (a) Lo = 0.5 m; (b) Lo = 1.0 m; (c)
Ly=15m; (d) Lo =2.0m.
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FIG. 4. Numerical results of the density contour plot at times of t = 1.55, 3.22, 7.29, 8.90, 16.2, and 24.3 ms (from left to right) with Ry = 0.04 m and Hy = 1 m under single
charge and two charges with different detonation distances Lg (from up to down).
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Il. PHYSICAL PROBLEM AND NUMERICAL METHOD
A. Physical problem

Underwater explosions induced by two charges near free sur-
faces are considered, as shown in Fig. 1. In this model, the two
charges are of the same type and size, which are detonated instantly.
Ry is the initial radius of the charge, Hy is the detonation depth,
and Ly is the distance between the two charges placed horizon-
tally under the free surface. The computational domain consists
of three main regions: explosion gas, water, and air. The non-
reflection characteristic boundary conditions are applied to the other
boundaries.

A two-dimensional model can simplify this physical problem
and save the calculation time and resources, especially in large-
scale applications. In the present study, the two-dimensional plane
model is used to qualitatively study the two charges placed hori-
zontally with different charge radii Ry and detonation depths Hy in
Secs. 11T A and III B, and then the two-dimensional axisymmetric
model is adopted to quantitatively investigate the two charges placed
vertically in Sec. I1I C.
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B. Numerical method

The mechanical essence of the above-mentioned physical prob-
lems is the motion process of explosion bubbles, water, air, and
other fluids in underwater explosions. Therefore, the compress-
ible multiphase flow model can be adopted for this research. The
four-equation model for compressible multiphase flows reads'’

0Q OF

9Q  OF oG
ot Ox B

+ —

0,
Oy

1)

where Q = [p, pu, pv, pE, pYi]", F = [pu, pui + p, puv, (pE + p)u, p
Yu]',G = [pv. puv, pv* + p, (pE +p)v,kav]T, p is the fluid density,
u and v are velocity components of the x and y axis, respectively, p is
the pressure, E is the total energy per unit mass, and Yy is the mass
fraction for the k-th species in the entire mixture fluid. The para-
meter k can be specified as follows: k = 1 for the liquid water phase,
k = 2 for the vapor water phase, and k = 3, . . ., N for other fluids with-
out phase transition. Both viscosity and thermal effect in the fluid are
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FIG. 5. Numerical results of the vapor volume fraction contour plot at times of t = 1.55, 3.22, 7.29, 8.90, 16.2, and 24.3 ms (from left to right) at Ry = 0.04 mand Hy = 1 m
in the cases of single charge and two charges with different detonation distances L, (from up to down).
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ignored here. The equation of state for each phase fluid is described
by the Noble-Abel Stiffened-Gas (NASG) EOS.”

The four-equation system (1) does not take the mass trans-
fer between the liquid water and its vapor phase into account. In
other words, the liquid water and its vapor phase in the mixture
solved by Eq. (1) are out of thermodynamic equilibrium. During the
phase transition process, the mixture specific volume v = 1/p and
internal energy e do not vary under the assumption of constant pres-
sure and constant velocity. The mass fractions for the liquid and
its vapor phase remain constant, although the pressure and tem-
perature vary and reach their equilibrium values (p*, T*), so that
the phase transition model will change to compute the equilibrium
state (p*, T, Yi=12) from the state (v, e, p, T, Yi). Therefore, under
the assumption of mechanical and thermal equilibrium, the mixture
fluid satisfies'”**

T =T P =pw vk,

N N (2)
v= Z kak) e= Z Ykek.
k=1 k=1

This system contains four unknown variables with four equa-
tions, which can be solved by the Newton iterative method.

ARTICLE scitation.org/journal/adv
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FIG. 7. Time-history curve of cavitation domain volume evolvement at Ry = 0.04 m
and Hy = 1 m in the cases of single charge and two charges with different
detonation distances Lg.

Therefore, to ensure that the final equilibrium state is (p*, T*),
the phase transition model is saturated at each step. The numerical
method of the multiphase compressible fluid model in this study has
been previously validated by various cases involving phase transition
in underwater explosion applications.”'~**
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FIG. 6. Numerical results of the cavitation domain fraction contour plot at times of t = 1.55, 3.22, 7.29, 8.90, 16.2, and 24.3 ms (from left to right) at Ry = 0.04 m and H,
=1 mn the cases of single charge and two charges with different detonation distances Ly (from up to down). The red zones represent the cavitation area, and the green,
blue, and light blue color zones are air, water, and the explosion bubble, respectively.
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I1l. NUMERICAL RESULTS

A. Cavitation induced by small-charge explosions
at shallow water depths in the 2D plane model

In this section, we first consider two charges placed horizontally
in underwater explosions near free surfaces, as shown in Fig. 1. Here,

@ |

®) .

the distance (Ho) between the charge center and water surface is
1.0 m, and the initial radius (Ro) of the charge is set to 0.04 m, which
is similar to the cross section of 0.5 kg spherical 2,4,6-trinitrotoluene
[C7H5(NO2)3] (TNT) charge in the 2D computational domain. The
mesh strategy has been shown in Fig. 2, where non-uniform grids
are used in both x and y directions. The four cases with different

\ FIG. 10. Schematic of the two-charge

underwater explosion at 1 m detona-
tion depth with different distances: (a)
Ly=2m;(b)Lo=4m;(c)Lo=6m;
(d) Lo =8m.
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distances of Ly = 0.5, 1.0, 1.5, and 2.0 m are simulated in this section,
as shown in Fig. 3. Meanwhile, another case of single charge placed
on the y axis with Ry = 0.04 m and Ho = 1.0 m is also simulated as
the basic comparison.

Figure 4 displays the numerical results of density contour plots
at six different times t = 1.55, 3.22, 7.29, 8.90, 16.2, and 24.3 ms (from
left to right)—different underwater conditions. It is found that the
maximum volume of each explosion bubble in two-charge cases is
smaller than that of the single charge case at the same time. This is
mainly due to the fact that the two explosion bubbles would inhibit
each other in the two-charge cases, which hinders the normal expan-
sion velocity of the bubbles. The rarefaction wave is reflected near
the free surface under the condition of single charge exploded near
the free surface. Therefore, the cavitation mainly occurs in a narrow
area near the free surface under water, as shown in the single case
in Fig. 4. It is found that there is a narrow area with low density
under the free surface, which is closely related to the occurrence of
cavitation. In order to further investigate these areas of abnormal
density, the numerical results of the vapor volume fraction con-
tour plots are shown in Fig. 5. It is found that in the interaction

Single

LO=2m

LO0=4m

LO=6m

LO=8m

20 Eg

6.09ms 19.2ms

32.1ms

ARTICLE scitation.org/journall/adv

between the shock wave and free surface, not only the rarefaction
wave reflected from the free surface will produce a vapor zone in
water but also the water will be evaporated from the free surface
and spread into the air when the compression wave is transmit-
ted to the air domain. The vapor volume fraction diffused into
the air is generally greater than 0.8. In addition, for the vapor vol-
ume fraction in water, the area where the vapor volume fraction is
greater than 0.0005 in the numerical results is close to the cavita-
tion domain observed in the experiment (Yu et al., 2022). Therefore,
Fig. 6 shows the numerical results of the cavitation domain con-
tour plots under different conditions. The red zones represent the
cavitation area, and the green, blue, and light blue color zones are
air, water and the explosion bubble, respectively. It is found that
there are obvious differences between the single charge and two
charges with different distances. With the increase in the number of
charges, the area of the cavitation domain did not increase accord-
ingly but decreases significantly. This is because when the cavitation
domain produced by one of the charges begins to increase, the shock
wave generated by the other charge may have just arrived. There-
fore, the shock wave produced by the two charges has an important

20

0 %

45.0ms 80.6ms

195ms

FIG. 11. Numerical results of the density contour plot at times of t = 6.09, 19.2, 32.1, 45.0, 80.6, and 195 ms (from left to right) at Ry = 0.25 m and Hy = 5 m in the cases of
single charge and two charges with different detonation distances L (from up to down).
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inhibitory effect on each other’s cavitation domain, which affects the
normal evolution process of the cavitation domain produced by each
other.

Figure 7 shows the time-history of the cavitation domain area
in different cases. It is found that the cavitation area induced by two
charges is generally smaller than that induced by a single charge.
The evolution of cavitation produced by two charges is much earlier
than that by a single charge, including the moment of the maxi-
mum cavitation occurrence and cavitation collapse. Figure 8 shows
the pressure time history curve for the location of (0, —0.2) m at
the shock wave stage and cavitation stage. It can be observed that
the peak pressure increases from 87.3 MPa of the single charge
case to 198.8 MPa of the two-charge case. The peak pressure of
the shock wave under two charges is 2.28 times that of the single
charge case, which shows that there is no linear superposition effect
of shock wave pressure in underwater explosions. It is found that
there are many high frequency components in the pressure curve at
the cavitation stage, which can be attributed to the strong nonlinear
interactions between the cavitation flow and surrounding water.

ARTICLE scitation.org/journal/adv

B. Cavitation induced by the big-charge exploded
at deeper water in the 2D plane model

In order to investigate the effect of charge quality and detona-
tion depth on the cavitation evolution of two charges in underwater
explosions, the underwater explosion induced by the big charge
exploded at deep water depth is simulated by the two-dimensional
(2D) plane model, as shown in Fig. 1. The distance (Hy) between the
charge center and water surface is 5.0 m, and the initial radius (Ro)
of the charge is set to 0.25 m, which is similar to the cross section of
100 kg spherical TNT charge in the 2D computational domain. Here,
the mesh strategy has been shown in Fig. 9, where non-uniform grids
are used in both x and y directions. The four cases with different
distances of Ly = 2, 4, 6, and 8 m are simulated in this section, as
shown in Fig. 10. Meanwhile, another case of a single charge placed
on the y axis with Ry = 0.25 m and Hy = 5 m is also simulated as the
basic comparison.

Figure 11 depicts the numerical results of the density contour
plot at six different times ¢ = 6.09, 19.2, 32.1, 45.0, 80.6, and 195 ms
(from left to right)—different underwater conditions. It is also found

[T T T 1
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. |
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FIG. 12. Numerical results of the vapor volume fraction contour plot at times of t = 6.09, 19.2, 32.1, 45.0, 80.6, and 195 ms (from left to right) at Ry = 0.25 mand Hy =5 m
in the cases of single charge and two charges with different detonation distances Ly (from up to down).
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FIG. 13. Numerical results of the cavitation domain contour plot at times of t = 6.09, 19.2, 32.1, 45.0, 80.6, and 195 ms (from left to right) at Ry = 0.25 m and Hy =5 miin
the cases of single charge and two charges with different detonation distances L, (from up to down).

that the maximum volume of each explosion bubble in two charges
cases is smaller than that in the single charge case at the same time.
Figures 12 and 13 show the numerical results of the vapor volume
fraction and cavitation domain contour plots in the same cases.
With the increase in the charge weight and detonation depth, the
evolution of the cavitation domain becomes more complex than
that shown in Fig. 6. It is found from the cases of Ly = 2 m and
Ly =4 m in Fig. 13 that the cavitation domain has expanded to the
area much deeper than the explosion bubble location rather than
just staying near the free surface. This phenomenon must be paid
enough attention because it will have an important influence on the
input load of underwater structures. The cavitation evolution of the
case of “single” and “Lo = 2 m” cases is similar in terms of the over-
all trend. In the process of expansion and subsequent evolution of
the cavitation domain, the cavitation in the region near the y-axis
first collapses, and then the cavitation domain is gradually flattened
and diffused to both sides. For the other three cases with different
distances between the two charges, the shock wave will also pro-
duce a rarefaction wave as it reaches the interface of the explosion
bubble. Therefore, it can be observed that there is some cavitation
in the middle of the two explosion bubbles at the initial stage. In
addition, the cavitation does not collapse from the middle region

at first, but the whole cavitation domain gradually shrinks. Under
the condition of big charge underwater explosions at deeper water,
the occurrence area of cavitation is very large, and its harm to the
surrounding structures is much more serious.
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FIG. 14. Time-history curve of cavitation domain volume evolvement at
Ryp = 0.25 m and Hy = 5 m in the cases of single charge and two charges with
different detonation distances L.
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FIG. 15. Pressure time-history curves for the location of (0, —0.5) m at Ry = 0.25 m and Hy = 5 m in the cases of single charge and two charges with different detonation
distances Ly. (a) The pressure at the shock wave stage. (b) The pressure at cavitation pressure curve.

Figure 14 shows the time-history of the cavitation domain area
for different cases. It is also found that the cavitation area induced
by two charges is generally smaller than that induced by the single
charge. The evolution of cavitation produced by two charges is much
earlier than that by the single charge, including the moment of the
maximum cavitation occurrence and cavitation collapse. Figure 8
shows the pressure time history curve for the location of (0, —0.5) m
at the shock wave stage and cavitation stage. It can be observed that
the peak pressure increases from 91.1 MPa of the single charge case
to 211.4 MPa of the two-charge case. The peak pressure of the shock
wave under two charges is 2.32 times that under the single charge
case, which also shows that there is no linear superposition effect
of shock wave pressure in underwater explosions. For the pressure
in the cavitation stage shown in Fig. 15(b), the peak pressure after
excluding the high frequency component is within 1-2 MPa range.
Although the pressure amplitude is low, the effective action time is
basically longer than 10 ms, while it is only about 1 ms in the shock
wave stage shown in Fig. 15(a).

C. Cavitation induced by the big-charge
exploded at deep water depth in the 2D
axisymmetric model

In this section, the cavitation effect induced by two big charges
placed vertically is studied quantitatively by the two-dimensional
(2D) axisymmetric model in underwater explosions at deep water
depth, as shown in Fig. 16. The initial radius (Ro) of the charge is set
to 0.25 m, which corresponds to the 100 kg spherical TNT explosive.
The distances H; and H, are set to 5 m. Here, the mesh strategy has
been shown in Fig. 17, where non-uniform grids are used in both
x and y directions.

Figure 18 reveals the numerical results of the density, pressure,
vapor volume fraction, and cavitation domain contour plot (from
up to down) at times of ¢ = 13.1, 34.9, 60.8, and 73.8 ms (from left
to right). It is found from the density plots that the two explosion
bubbles begin to merge as the single bubble expands. The volume
of the cavitation domain reaches its maximum, and a high-pressure
zone appears around the explosion bubble at 34.9 ms. With the con-
tinuous advancement of the high-pressure zone to the cavitation

domain, the cavitation volume is squeezed and gradually decreases
at 60.8 and 73.8 ms. Figure 19 shows the numerical results at times
of t = 104, 135, 165, and 200 ms, which corresponds to the stage
of the explosion bubble motion. With the continuous expansion of
the bubbles, the interface between the two gradually disappears and
finally completely merges into a complete bubble.

Figure 20 shows the time-history of the cavitation domain. The
evolution of the cavitation domain shows the detailed expansion
stage and contraction stage, and the duration of these two stages
is basically the same, which seems to be very similar to the pul-
sating process of explosion bubbles under water. Figure 21 shows
the pressure time history curve at the four locations closer to the
free surface in the horizontal direction. The peak pressure decreases

Rotation
axis

Radial axis

X

Air

Ro

Explosive
charge

FIG. 16. Schematic diagram of two charges placed vertically in underwater
explosions.
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FIG. 18. Numerical results of the density, pressure, vapor volume fraction, and cavitation domain contour plot (from up to down) at times of t = 13.1, 34.9, 60.8, and 73.8 ms
(from left to right) at Ry = 0.25 m, Hy =5m, and H, =5 m.
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FIG. 19. Numerical results of the density, pressure, vapor volume fraction, and cavitation domain contour plot (from up to down) at times of t = 104, 135, 165, and 200 ms
(from left to right) at Ry = 0.25 m, Hy =5m, and H, =5 m.

gradually with the increase in the distance between the measuring

point and the charges in the shock wave stage shown in Fig. 21(a). 6000 16000

However, this algorithm does not apply to the pressure characteris-

tics in the cavitation stage. It is found that the maximum pressure 4000 4000
: : £~ b T

occurs at the location of (4, —0.5) m and the peak pressure value is 4

7.26 MPa. Meanwhile, the cavitation pressure characteristic of this é

point is quite different from others. The peak pressure at this point ™ 5000- 12000

is large, but the effective time is short, while the peak pressure at
other points is small, but the effective time is long. In order to inves-
tigate the mechanics of this phenomenon, the numerical results of 0- 40
pressure and cavitation domain contour plots are shown in Fig. 22. : . : :
It is found that the cavitation located on the y-axis begins to collapse 0.00 002 004 0.06 008
and the cavitation domain moves to both sides at 17.4 ms. However, 1(s)
high pressure zones appear on both sides an_d sprea dto the outsu_ie FIG. 20. Time-history curve of cavitation domain volume evolvement at
?t. 197.61 ms, which corresponds to the measuring point (4, —0.5) m in Ry =0.25m, Hy =5m, and Hy = 5 m.
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FIG. 21. Pressure time-history curves of four locations at Ry = 0.25 m and Hy = 5 m. (a) The pressure at the shock wave stage. (b) The pressure at cavitation stage.
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FIG. 22. Numerical results of the pressure and cavitation domain contour plot (from up to down) at times of t = 10.9, 17.4, 19.6, and 21.8 ms (from left to right).

IV. CONCLUSIONS

In this paper, the strong nonlinear interaction between the
two charges and cavitation is numerically researched by a four-
equation system with a phase transition model to understand the
cavitation effect in underwater explosions near free surfaces. A two-
dimensional plane model is used to qualitatively study the two
charges placed horizontally with different charge radii Ry and deto-
nation depths Hy. Numerical results show that not only the rarefac-
tion wave reflected from the free surface will produce a vapor zone
in water but also the water will be evaporated from the free surface
and spread into the air when the compression wave is transmitted
to the air domain. The vapor volume fraction diffused into the air
is generally greater than 0.8. This is because when the cavitation
domain produced by one of the charges begins to increase, the shock
wave generated by the other charge may have just arrived. There-
fore, the shock wave produced by two charges has an important
inhibitory effect on each other’s cavitation domain, which affects
the normal evolution process of the cavitation domain produced by

each other. Meanwhile, a two-dimensional axisymmetric model is
adopted to quantitatively investigate the two charges placed verti-
cally. It is found from the numerical results that the peak value of
the cavitation pressure can reach 7.26 MPa and that the algorithm of
pressure distribution in the shock wave stage is quite different from
that in the cavitation stage. The occurrence of the generation, devel-
opment, and collapse of cavitation can be captured directly in all the
numerical cases.

This study investigates the cavitation effect induced by two
charges in underwater explosions near free surfaces. The complex
interaction between these multiphase fluids with the surrounding
structures is an interesting topic for future studies.
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