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Abstract

The damage effects of an underwater explosion have always been a cru-
cial problem in the ship mechanics. Notably, the bubble evolution and the
jet impact load are one of the most difficult parts in the shock-resistance
design of ship structures due to the discontinuities and significant nonlinear
deformation. In this paper, the Eulerian finite-element method is introduced
to continuously simulate the shock wave and non-spherical bubble evolution
stages, and to evaluate the explosion impact load on a nearby solid wall with
the volume of fluid method and pressure balance technique used to solve the
multi-phase flow. The numerical model is established in a cylindrical coordi-
nate system and validated by comparing the results with a spark-generated
bubble experiment. After that, based on the present model, the shock wave
propagation and the bubble evolution are simulated to study the character-
istics of the impact loads of an underwater explosion. Besides, the influences
of the wall location (upside or downside) and the stand-off distance from the
wall are also analyzed. The results show that the features of the jet impact
load are much more complicated than those of the shock wave. Nearby a
downside wall, the buoyancy and Bjerknes force compete to dominate the
bubble motion with opposite influences. By contrast, They enhance the
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effect of each other to develop a liquid jet towards the upside wall. The
pressure peak, impact range, and duration time nonlinearly depend on the
combination of the case parameters and are not monotonic to a single one.
Within a proper range of the parameter combination, the jet impact load can
reach its maximum and be more destructive than the shock wave because of
a comparable pressure peak and a much longer duration.
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1. Introduction

Underwater explosion load is not only the main threat to the survival
of warships (Cole, 1948; Klaseboer et al., 2005a; Liang and Tai, 2006; Liu
et al., 2018a; Tian et al., 2019), but also is one of the critical values for the
design of marine structures. The underwater explosion consists of compli-
cated physical and chemical processes, and its detailed features vary with
the surrounding environment. The underwater explosion process is usually
divided into shock wave phase whose load form is shock wave and bubble
phase containing bubble pulsation and jet development. Because there are
large dimension ratios in both time and space between these two phases, it
is hard to find a numerical method to balance the accuracy and efficiency.
Thus, the simulations of these two phases were used to be treated separately.

During the shock wave phase, the load is usually calculated by the lin-
earized acoustic method (Lai and Khan, 2011; Sprague and Geers, 2004) or
by the semi-experimental expressions concluded by the empirical data in en-
gineering applications (Cole, 1948), which is valid for the mid-far field explo-
sion while the precision decreases along with the increase of the nonlinearity
in the near field cases. As for the bubble phase, the incompressible flow as-
sumption is widespread in the numerical simulation, because of the absence
of sound speed which severely restricts the time increment. It is found that
the bubble produces a jet under the effects of buoyancy and surrounding
boundaries (Plesset and Chapman, 1970; Lenoir, 1976) and that the jet form
varies along with their non-linear combination (Plesset and Chapman, 1970;
Hooton et al., 1994; Zhang et al., 2006; Blake and Gibson, 1987; Lee et al.,
2007; Cui et al., 2018; Li et al., 2019).

Explosion load can threaten the nearby structures, no matter with shock
wave load or the bubble load. An increasing number of researchers car-
ried out related works on bubble dynamics and its impact load. Among



the various numerical methods in bubble dynamics, the boundary element
method (BEM) has been one of the most salient methods. Khoo (Zhang
et al.; 2015; Lee et al., 2007; Wang et al., 2005, 2003; Dadvand et al., 2013;
Klaseboer et al., 2005a), Wang (Wang, 2004; Wang et al., 2005; Wang, 2013),
Zhang (Zhang et al., 2015; Zhang and Liu, 2015) and their collaborators have
pushed forward the application of BEM in this field. However, these stud-
ies are premised on incompressible or weakly compressible field assumptions.
For most time of a pulsation cycle of the underwater explosion bubble, the
Mach number is small enough to ignore the compressibility. But when the
initial shock wave or the jet impact lead to discontinuities, the BEMs cannot
capture these features. Besides, the explicit interface tracking needs compli-
cated unique numerical treatments and often leads to unstable simulations
(Wang et al., 2003; Wang, 2013; Li et al., 2019; Zhang and Liu, 2015) because
of the significant change of the mesh topology after the jet penetration.

There are also some researchers seeking new methods other than the BEM
to study bubble dynamics. Johnsen and Colonius (2009) adopted the Finite
Volume method (FVM) with high order WENO scheme to study the non-
spherical bubble collapse induced by a shock wave. Liu et al. (2017) studied
the bubble collapse based on the combination of front tracking method and
FVM. Tian et al. (2018) and Liu et al. (2018b) numerically simulated the
explosion from the shock wave phase to the bubble phase contiguously and
analyzed the breaking and re-closure of a bubble with the Eulerian finite-
element method (EFEM). In Liu et al. (2019), the EFEM is modified to
resolve the dynamics of an oscillating bubble initially at a liquid-liquid in-
terface. Anwar (2019) employed the lattice Boltzmann method to study the
rising bubbles interacting with cylindrical obstacles and coalescence.

In allusion to the problems mentioned above, we simulate and analyze
the jet development and impact load of underwater explosion bubble on the
solid wall based on the EFEM in this paper, taking full account of the com-
pressibility of the flow fluid. The context is organized as flows. Firstly,
considering the compressibility of the field and problem configuration, we
combine the Eulerian and Lagrangian viewpoints and establish the EFEM
using operator split technique, then construct the material interfaces with the
Volume of Fluid (VOF) method and the pressure balance in the multiphase
flow elements. Secondly, the model is validated by a spark-generated bubble
experiment. Thirdly, we analyze the evolution of bubble jet and impact loads
on the upside and downside solid wall for the shock wave and bubble phases.
In the end, some conclusions are given based on the presented investigation.
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Figure 1: Configuration of the underwater explosion near a solid wall

2. Theoretical and numerical models

2.1. Problem description and assumptions

In this paper, the underwater explosion bubble dynamics near a solid
horizontal wall is concerned, as shown in Fig.1. Following previous works in
underwater explosion bubble dynamics (Zhang et al., 2015; Klaseboer et al.,
2005b,a), the detonation process of the explosive is treated as completed in
an instant, i.e., the bubble is filled with high-pressure explosion products ini-
tially in still water. This assumption is reasonable for most explosives with a
detonation wave speed faster than sound speed such that the surrounding wa-
ter is undisturbed when the detonation wave reaches the material interface.
All other boundaries are assumed to be far enough from the bubble except a
planar solid wall located in the vicinity of the bubble. Because of the pres-
sure difference between the bubble interface, an initial Riemann problem is
proposed. Then, a shock wave propagates outward in the surrounding water
while a rarefaction wave propagates inward in the internal gas. In the mean-
time, the bubble interface expands as the contact discontinuity. Without
the influences of the solid wall and the buoyancy, the bubble will oscillate
spherically until all the energy is dissipated through the emitted pressure



waves. If the normal direction of the wall parallels to that of the gravity, the
problem can be assumed to be axisymmetric. Thus, we adopt a cylindrical
coordinate system whose origin locating at the initial bubble center and the
z axis pointing upward. The original distance between the bubble center
and the solid wall is denoted as d. The impenetrable boundary condition is
applied on the axis boundary and the solid wall. The non-reflecting bound-
ary condition proposed by Liu et al. (2018b) is applied on the outer edge
of the computational domain except the solid wall to eliminate the spurious
reflections.

2.2. Fulerian finite-element method

In this paper, the EFEM with operator split is adopted to simulate the
motion of the bubble with the compressibility of surrounding fluid consid-
ered. The main idea of this method is to split each time increment into two
phases. In the first one, namely the Lagrangian phase, the computational
mesh moves along with the fluid material. Thus, this phase is solved with a
Lagrangian scheme. After that, the fluid material is assumed to be fixed at
the new spatial position, and the mesh is moved back to the original place.
In this phase which is so-called Eulerian phase, the convection of the fluid
through all element interfaces are considered. Thus, at the end of the incre-
ment, the fluid material is advanced, but the mesh is still the same as that
at the increment beginning.

As for the Lagrangian phase, following the previous studies on bubble
dynamics, the surface tension effect, viscosity, and thermal conduction are
all neglected (Klaseboer et al., 2005a; Liu et al., 2017, 2018b; Zhang and Liu,
2015). Then, the stress tensor is defined as the inverse of the pressure scalar
p. The motion of the flow field can be described with the Euler equations:

dp
- u=0 1
d
,Od—lt1 + Vp — pg = 0,and (2)
dpein
u=0 3
i +pV-u (3)

where p is the density of the fluid; u = [u,, u,| is the velocity vector; g is
gravitational acceleration; e;, denotes the specific internal energy per unit
mass. The divergence of velocity in the coordinate system is defined as
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The system above is solved with the framework of EFEM (Wu and Gu,
2012) as described below. Denote T}, as the non-overlapping partition on the
computational domain 2 and a, € V}, is the numerical solution of the mate-
rial acceleration du/dt, where V}, is the finite-element space and is taken as
piecewise bilinear polynomial space on 7T}, in this paper. The goal is to find
ay so that the following Galerkin formula holds:

// papvpds = // (pVup, + pgop)ds —/ pupndl, Yuy, € V3, (5)
Q Q a0

where 0f) denotes the boundary of €2, and n the normal unit vector defined
as pointing outward. This equation is then be solved by taking the numerical
solution a;, = Zjvzl a(j)¢j and let the test function v, = ¢;, where the super-
script (7) indicates the nodal value of node j and the subscript ¢ means the
bilinear basis function for node i. Then, Eq.5 can be written as the following
linear system
MA, =F,
{MA =F (©)

where M is the mass matrix with its element M;; = [[, p¢;¢;ds, A, and A,
are the nodal acceleration vectors at the r and z directions, and F, and F,
are the corresponding load vectors relating the nodal force. Then, the nodal
velocity u is updated with the explicit integral scheme, and the mesh ad-
vances with the fluid material. The material density and the specific internal
energy e;, are updated with the Eq.1 and Eq.3.

Then, we need to implement the Eulerian phase in which the deformed
mesh is moved back with the material fixed at the advanced position. Dur-
ing this phase, the relative movement between the mesh and the fluid ma-
terial can be easily obtained, and the convected volume is integrated over
the shared edges between adjacent elements. Then, the element-centered
variables, p and e;,, are convected with the monotone upwind scheme for
conservation laws (MUSCL) (Benson, 1992; Leer, 1977), which is based on
a second-order upwind scheme. The node-centered variable, momentum pu,
is convected with the half index shift scheme proposed by Benson (2008).
These techniques will not be repeated in this paper.

After both the Lagrangian and the Eulerian phases, the pressure p of each
fluid phase is updated with the corresponding Equation of State (EoS). In
this paper, the water is modeled with the Tammann equation (Ivings et al.,



1998; Liu et al., 2019)

p = pein(y—1) =Py, (7)

where v = 7.15 is the specific heat ratio and P, = 330.9MPa is the reference
pressure. As the previous works did (Lee et al., 1968; Liu et al., 2018b; Do-
bratz, 1981), the internal explosion products are applied the Jones-Wilkens-
Lee (JWL) equation as

p=All = LB F + Bl — LB F + wpem. (8)
R1 R2

Herein, w, A, B, Ry, and R, are the material constants as shown in Table
1, 8= pﬂo is the relative density and pg is the mass density of the explosive.
In this paper, the explosive is taken as trinitrotoluene (TNT) whose mate-
rial properties are listed in Table 1, where e;,,¢ is the initial specific internal
energy.

Table 1: Material properties of TNT (Dobratz, 1981).

po(kg/m3) w A (GP&) B (GP&) R1 Rg €in0 (MJ)
1630 0.3 371.2 3.231 4.15 0.95 4.29

2.3. Pressure balance of mixture in double-phase elements

One difficulty of the VOF method in dealing with compressible multi-
phase fluid is how to determine the pressure of the mixture in mixed el-
ements. According to the continuity assumption in FEM, the two fluids
at different sides of the interface within an element should share the same
pressure. However, after the advance in one-time increment, the changes
of the two pressures usually differ from each other because of the difference
between their EoS parameters or even the EoSs. Therefore, the balanced
pressure must be calculated inside the element. Coralic and Colonius (2014)
proposed an analytical mixture rules to calculate the average pressure for the
element consisting of fluids described by the Tammann equation. However,
it is non-trivial to expand the rules to arbitrary EoSs.

In this paper, an iterative method is proposed for the pressure balance of
an element consisting of fluids with Tammann and JWL EoSs. Assume that a
concerned element consists of 2 different fluids with their volume fractions de-
noted by f;, where ¢ is the number of the liquid. Then, the interface between
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the two fluids is supposed to move from the side with the higher pressure
to the other hand, which changes the fluid fractions and the pressures. This
procedure should be accomplished in a short time, which is proportional to
the element size. Thus, when the element size is small enough, it can be
treated as adiabatic. Denoting the change of the i, fluid fraction by 4 f;, it
can be calculated by solving the following nonlinear equation

Padbl(pla ﬁ) = Padb2<p27 ﬁ): (9>

where §f = §f1 = dfo, and P,g(p, ) is the adiabatic EoS of the fluid ¢ with
respect to the pressure p; before the pressure balance procedure and the den-
sity ratio 5. For the Tammann EoS used in this paper, it can be expressed
as

Poay = (p+7Pu)B" — 7Py (10)
Similarly, the adiabatic JWL EoS reads (Lee et al., 1968; Liu et al., 2018b;
Dobratz, 1981)
Ry Ro
Padb =Ae 7 + Be 7 + Oﬁl—‘rw: (11)

where C' is the last term in Eq.8.

The following iteration method is applied to solve Eq.9 by assuming the
pressure change is linearly related to the density change with the slope of C?
during each iteration increment, and 7 is the number of the fluid:

A= f1) =)
fi(p1CF — p2C3) + p2C3 |

where n is the number of the iteration step. Then, the volume fractions of
the 2 fluids can be updated with

of™ = | (p1 —p2) (12)

= A1 e, (13)
=g o, (13D)
To maintain the stability of the iteration, o f is limited by the following con-

ditions
5" < Samin(f, f2)™, (14)

where S, is a constant fraction which is taken as 0.1 in this paper.
The linear assumption is only used in Eq.12 to estimate the fluid fraction
change in each iteration, and then the EoSs of Eq.7 and Eq.8 are used to
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update the new pressure of each phase after the fluid fraction is updated for
each fluid in the element. The densities are recalculated with the conser-
vation of mass, and the new pressures are recalculated with the non-linear
EoSs. The iteration is stopped when the following criterion is satisfied:

Ip1 — pz\(n)ﬁ Scomin(py, pa, Poo)(n)7 (15)

where S., is taken as 0.01 in this paper, and P,, denotes the undisturbed
pressure at the bubble center.

Note that the energy is not conservative in this procedure because the
internal energy changes of the two liquids are not equal:

fl(nJrl) f2(n+1)

pdf + / padf <0, (16)

which means that some energy is lost. However, the lost energy must con-
verge to 0 while the element size is decreasing.

3. Results and Discussion

3.1. Model validation and general features of collapsing bubble near solid wall

We carried an experiment to validate the numerical model, with the bub-
ble generated by underwater discharge in a water tank sized by 0.5 x 0.5 X
0.5m3. Though there are significant differences between explosion and spark
generated bubbles, such as the bubble formation process, internal gaseous
contents, and spatial scales, the underwater discharge experiment has been
widely used as an substitution to study underwater explosion bubble dy-
namics(Jayaprakash et al., 2012; Buogo and Cannelli, 2002; Zhang et al.,
2015). The reason is that the two kinds of bubbles follow the same mecha-
nism and have the same motion features during their collapsing phases which
are driven by the balance of pressure difference and fluid inertia. The evo-
lution of the bubble is recorded by a high-speed camera. The size of the
spark generated bubble is so small that it is not easy to measure the pres-
sure history at a specific point for numerical validation. Alternatively, it can
be referred to Liu et al. (2018b) with an underwater explosion experiment
in which the pressure history is compared with experimental results. The
detailed experiment setup can refer to Zhang et al. (2016). The equivalent
maximum bubble radius is R,, = 12.08mm (calculated with the maximum



volume). The bubble is initially generated 0.2m below the free surface with
a horizontal still plate locating 10.78mm beneath the bubble. According to
the non-dimensionalization theory of bubble dynamics (Zhang and Liu, 2015;
Klaseboer et al., 2005a), the gravity is negligible as a result of the small buoy-
ancy parameter 6% = %. In this case, the internal gas is modeled with the
ideal gas equation (Tiaﬁ(> et al., 2018)

p = pein(y —1), (17)

with v = 1.4 rather than the JWL EoS, because it is not generated by the
explosion. The initial internal pressure py = 100P,;,, (Klaseboer and Khoo,
2004; Turangan et al., 2006), where P, = 1.01 x 10°Pa is the atmosphere
pressure.

The computational domain is set as a rectangle size by 4R,,, and 6R,, for
the radial and vertical directions, respectively. The element size is taken as
[l =0.005R,,,0.01R,,,0.02R,,,0.04R,, and 0.06 R,, to test the convergence of
the numerical model. OpenMP parallel technique is used to accelerate the
simulation, which takes 4 hours to simulate the case with the finest mesh
(the total element number is 240000) on a computer with 16GB memory and
Intel i7-8700 CPU(3.2GHz x6).

The most crucial difference between the experiment and the numerical
model is that the bubble is generated by a continuously discharge, which leads
to a much slower expansion phase rather than an instantaneous detonation.
But when the discharge is finished, the numerical model can simulate the
experiment well. Thus, both the results from the experiment and the numer-
ical simulation are presented from the bubble reaching its maximum volume
and the moment is marked as ¢ = 0.0ms (2.27ms from the discharge in the
experiment and 1.65ms from the beginning of the simulation, respectively).

The overall convergence of the numerical model is evaluated in Fig.2
with the volume histories of the bubble with different mesh sizes. As we can
see, the pulsation period of the bubble decreases and convergences together
with the refining of the computational mesh. When [ further decreases from
0.02R,, to 0.005R,,, the improvement of the results is quite limited. In Fig.3
, the bubble profiles at t = 1.58ms with different mesh sizes are compared for
the convergence test. The coarsest meshes with [ = 0.04R,,, and [ = 0.06 R,
fail in predicting the bubble volume because of their inaccuracy in the bubble
pulsating period simulation as shown in Fig.2. When [ is reduced to 0.02R,,,,
the overall shape of the bubble is well simulated, while the resolution of the
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Figure 2: Comparison of equivalent radius histories simulated with different mesh sizes
= 0.005R,,,0.01R,,,0.02R,,,,0.04R,,, and 0.06R,,, respectively.

mesh is too low to capture the annular jet. Though these evolution details
after the jet penetration are not strongly related to the impact load if the
jet penetration process is well simulated, the mesh size is taken as 0.01R,,
to archive better results.

In Fig.4, we compare the experiment (left) and the simulation (right)
results of the bubble contraction phase when the bubble is set near a solid
wall. The two sets of results agree with each other well in the whole collaps-
ing phase. The wall obviously attracts the bubble. Due to the high pressure
above the bubble, there is a high-speed liquid jet forming and impacting on
the wall at ¢ = 1.60 ms. The jet speed is up to 71 m/s before the impact,
and the impact pressure is as high as 4.75 MPa (see the first pressure peak
in Fig.5 in which the hydrodynamic pressure at the wall center is drawn in
Fig.5 with the equivalent radius history and the 3 round marks indicate the
moments of the last three subfigures in Fig.4). After the jet impact, the
pressure dramatically attenuates. When ¢ = 1.80 ms, the first bubble period
finishes, and the local pressure reaches the second peak which is comparable
with the previous one caused by the jet impact. This pressure peak corre-
sponds to the bubble pulsating load. In Fig.5, we can see these two pressure
peaks occur closely, and the interval is as small as 0.2ms. In other words,
They can enhance the effects of each other and pose the main threats of a
collapsing bubble to the nearby structures.
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3.2. Underwater explosion bubble above a horizontal solid wall

Usually, the gravity of the surrounding fluid generates a downward pres-
sure gradient around the bubble. Because the density of internal gas is much
smaller than the surrounding fluid, the gravity-related pressure gradient in-
side the bubble is negligible such that buoyancy emerges, and the lower part
of the bubble collapse faster. As a result, the bubble starts to collapse non-
spherically and develop an upward jet in a free-field flow. Then, the solid
wall induces the nearby bubble to develop a liquid jet toward the wall. Thus,
when these two effects are in the opposite directions, the joint force is ex-
pected to be offset by each other, and the greater one dominates the bubble
dynamics.

Firstly, we present the simulation of a case of this kind problem, i.e., the
solid wall locates right beneath the bubble. Here, we consider the cases that
the bubble impacts on a downside solid wall. A TNT explosive weighted
100kg is initially detonated at a depth of 50m. If the explosion occurs in
free-field, the maximum radius of the bubble is predicted with the empirical
formula presented by Cole (1948):

1
W 3
=338 ——— ) . 1
R 338(h+10.3> (18)

which is 4m in this case. Herein, W is the explosive weight and h is the
depth from the free surface. Thus, the initial stand-off distance can be non-

dimensionalized to be the distance parameter v, = Ri. At first, the solid
horizontal wall is placed beneath the explosive with a distance of 2m, i.e.,
Yd = 0.5.

As described in Sect.2.1, the fluid around the bubble interface formu-
lates a Riemann problem initially. A shock wave is emitted and propagates
outward in the water, which refers to the shock wave stage. The wave propa-
gates towards the wall and is reflected. Then the reflected shock wave meets
the expanding bubble and is reflected again to generate a rarefaction wave
towards the wall, as shown in the first subfigure in Fig.6. These waves are re-
flected by the wall and the bubble interface for several times until the energy
dissipates into the surrounding flow, which forms a complex wave structure.

In the rest subfigures of Fig.6, the evolution of the bubble and the flow
field pressure are presented. At the moment the bubble stops its expan-
sion (the second subfigure), the downside surface fuses with the solid wall

13
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Figure 6: Evolution of the underwater explosion bubble near the downside solid wall
generated by an explosive weighted 100kg and detonated at a depth of 50m. The non-
dimensional stand-off distance of the solid wall is 0.5. The black curve, color contour, and
vector field represent the bubble interface, pressure, and velocity fields, respectively.

together. During the bubble contraction phase, it is attracted by the wall
intensively. A high-pressure region emerges above the bubble and pushes
the bubble to develop a high-speed downward jet to impact the solid wall
straightly. The jet speed is up to 200m/s at the instant of impact and gen-
erates a peak pressure of 15MPa. The toroidal bubble continues collapsing
until ¢ = 0.3867s. Meanwhile, the bubble pulsation pressure caused by the
internal pressure emerges. Subsequently, the bubble starts rebounding and
expands faster in the radial direction, which creates a high-pressure ring
around the toroidal bubble close to the wall.

Fig.7 shows the evolution of the pressure distribution on the wall chang-
ing with time. The incident and reflected shock wave overlay together and
form a narrow, high-pressure strip in the R-t space. Because of the curva-
ture of the incident shock wave, the slope of the pressure strip gets higher
with the increase of time. After 0.0015s from the wave reaching the wall,
the rarefaction wave reflected by the bubble surface acts on the wall. Thus,
a minor suction effect affects the wall right after the impact of the shock
wave. Fig.7(b) shows the pressure distribution during the period from 0.36s
to 0.43 when the jet impact occurs. The jet impact region is very localized.
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Figure 7: Change of pressure distribution of the solid wall along with time for the same
case in Fig.6.

Although the pressure peak is much smaller than the shock wave, about only
30MPa, the duration is much longer. Thus, the total impulse is in the same
order. Following the jet impact pressure, the pulsation pressure is emitted
from the bubble around ¢ = 0.387s when the bubble stops collapsing and
starts rebounding. The pressure peak is about 45MPa and acts in a broader
region than the jet impact.

Next, a case with a greater stand-off distance of 4m is simulated with the
other case parameters remain the same. The bubble evolution is shown in
Fig.8. Similar features can be found in this case, such as the multi-reflection
of the shock wave between the solid wall and the bubble surface, the high-
pressure region occurs above the bubble because of the rigid wall effects and
the downward liquid jet impacting on the solid wall. However, the jet is thin-
ner but faster. The jet speed is up to 400m/s so that the impact generates a
pressure peak of 110MPa, which is comparable to the shock wave, as shown
in Fig.9. The thickness of the downward jet is not enlarged as quickly as
that of the previous case. Thus the jet rushing pressure region is still very
localized even after the pulsating load.

The case with a further greater stand-off distance of 6.2m (74 = 1.5) is
calculated, and the bubble evolution is shown in Fig.10. Compared with the
solid wall, the buoyancy plays a dominant role in the joint effects. The liquid
jet in the collapsing phase points straight up, and there is no direct impact
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Figure 8: Evolution of the underwater explosion bubble near the downside solid wall gen-
erated by an explosive with the same initial conditions as the case in Fig.6 except for the
non-dimensional stand-off distance of the wall is 1.0.
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Figure 9: Change of pressure distribution of the solid wall along with time for the same
case in Fig.8.
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Figure 10: Evolution of the underwater explosion bubble near the downside solid wall
generated by an explosive with the same initial conditions as the case in Fig.6 except for
the non-dimensional stand-off distance of the wall is 1.5.

on the wall. Significantly, the bubble is penetrated by the jet at t = 0.3428s
during its rebound because the most effects of the wall and buoyancy offset
each other, and their conjunct effect is quite weak. The upside bubble splits
into many small bubbles moving upward instantly at the end of the expand-
ing phase in the second pulsating cycle. Then, the central bubble begins to
collapse, and a high-pressure region develops under it, which indicates the
effects of the wall is also much weaker than that of buoyancy in this pulsat-
ing cycle. As shown in Fig.11, the pressure peak magnitude has been greatly
weakened whether in the shock wave phase or the bubble impact phase. No-
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Figure 11: Change of pressure distribution of the solid wall along with time for the same
case in Fig.10.

tice that the explosion loads effects on the wall is getting closer to the plane
forces, and even the entire wall is affected by the bubble pulsation pressure.
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Figure 12: Comparison of pressure histories at the center of the solid wall of the 3 cases
with v4 = 0.5,1.0, and 1.5 as shown in Fig.6, Fig.8, and Fig.10, respectively.

Fig.12 shows the comparison of the impact pressure histories for these 3
cases at the center of the solid wall where » = 0.0m. In the shock wave phase,
the pressure peak delays and decays along with the increase of 74. Because of
the absence of the cavitation model in the present numerical model, negative
pressure appears when the rarefaction wave reflected by the bubble reaches
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the stable wall. As for the bubble impact phase, we can see that the bubble
load is not monotonic with the stand-off distance. The jet impact pressure
and the bubble pulsation pressure reach their maximums when v; = 1.0. In
the case with 74 = 0.5 which is the smallest in the 3 cases, the liquid jet starts
developing at an earlier time dominated by the solid wall such that the jet
is thick but slow, which leads to a smaller jet impact pressure. During the
bubble collapsing, a more substantial part of total energy is occupied by the
surrounding flow because of the non-spherical movement. Thus, the bubble
pulsation pressure is also weakened. As for the case with v, = 1.5, the wall
is so far that the bubble is dominated by buoyancy and no jet impacts on the
wall. The pulsation pressure, in this case, is even smaller than the case with
v4 = 0.5 as a result of the further distance. At last, the case with a medium
va = 1.0 takes all the positive factors to enhance the jet impact and pulsation
loads. Thus, in the view of the bubble impact load, the impact pressure is
not monotonic to the stand-off distance, and the most severe threaten is not
generated by the closest underwater explosion.

As stated before, the jet direction is determined by the conjunct effect of
buoyancy and solid wall. Buoyancy does not change with different distances
because it only depends on the pulsation period, gravity, bubble size, and
density difference across the bubble interface. According to the mirror the-
ory, the effect of the solid wall can be imitated by an imaginary bubble on the
other side. The pressure generated by the imaginary bubble is proportional
to 1/d. Thus, the effect of the solid wall on the oscillating bubble should be
comparable to 1/d?. When distance d is small, the solid wall effect is greater
than that of buoyancy so that the jet points to the solid wall. When d is great
enough, the jet will turn its direction to that of buoyancy because the solid
wall effect is too small. To demonstrate the transition from downward jet
to upward jet, the bubble profiles when they are penetrated by the jets with
different stand-off distances are plotted together in Fig.13, in which v; = co
represents that the bubble oscillates in the free field. It can be seen that
the transition stand-off distance is about 1.3. When ~4; > 1.0, the downward
jet can not impact directly on the solid wall. The water layer between the
impact point and the wall can act as a cushion to protect the wall. How-
ever, the jet speed can be much higher than that with a smaller v;. With
v4 increasing to 1.3, the effects of buoyancy and solid wall are comparable,
and the bubble tends to be split into parts by an annular jet. If 74 further
increases, the liquid jet turns to upward, and the bubble motion tends to
approach that in free-field. It should be noted that the transition v, depends
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Figure 13: Bubble profiles when they are penetrated by jets with stand-off distance
(left)yq = 0.5,1.0,1.2,1.3 and (right)ys = 1.3,1.4,1.5,2.0,00, respectively. The non-
dimensional stand-off distance of the solid wall is 0.5. Each dotted line represents the
wall position, and its color corresponds to the bubble in the same case. It is noted that
when 4 > 1.0 = oo, there is no wall in the free field.

on the buoyancy parameter, i.e., with a different buoyancy parameter, the
transition stand-off distance will also change.

3.3. Underwater explosion bubble beneath a solid horizontal wall

In this section, the bubble dynamics of an underwater explosion bubble
generated above a solid wall is investigated. All the initial conditions are the
same as the first case in Sect.3.2 except the solid wall located above the bub-
ble, which indicates that its effects on the bubble are in the same direction as
those of buoyancy. In the first stage, i.e., the shock wave propagation stage,
the characteristic time is too short for the buoyancy to have a noticeable
effect. Thus, similar results are expected to be observed. After that, the
contact discontinuity, i.e., the bubble interface, expands quickly and evolves
non-spherical motion because of the effects of buoyancy and solid wall. Fig.14
displays the bubble evolution, from which we can see that the bubble is also
slightly rejected by the wall before reaching its maximum volume. After
t = 0.1775s, the bubble starts collapsing, and an upward jet develops in the
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Figure 14: Evolution of the underwater explosion bubble near the upside solid wall where
W = 100kg, h = 50m, and the non-dimensional stand-off distance is 1.0.

joint action of the wall and the buoyancy. Because the two effects are in
the same direction, the jet is better developed when it reaches the different
bubble interface compared with the counterpart case in the previous sec-
tion. Thus, the jet is much thicker than that in the counterpart case with a
downside solid wall and penetrates the bubble at ¢ = 0.3492s. As a result,
the impact pressure is not as localized as before. Then, the toroidal bubble
continues shrinking, and the high-pressure region is expanding because the
bubble pulsating pressure is taking over domination. After the collapsing
velocity of the bubble decaying to zero, it starts rebounding with the jet
current continuing rushing onto the solid wall.

The pressure evolution of the solid wall along with r and ¢ is shown in
Fig.15 for shock wave stage and jet impact stage, respectively. There are two
noticeable pressure strips in Fig.15(a) in which the earlier one on the lower
side is the joint pressure of the shock wave emitted from the bubble and
the reflected shock wave by the solid wall. As discussed above, the reflected
shock wave is indicated by the expanding bubble surface to generate a rar-
efaction wave propagating towards the wall, which refers to the later pressure
strip in Fig.15(a) on the upper side. We can see that the pressure peak of
the wave on the wall decays smoothly along with r, which means that the
shock wave does impact a broad range of solid wall. On the contrary, the jet
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Figure 15: Change of pressure distribution of the solid wall along with time for the same
case in Fig.14.

impact load is much more localized within the area of » < 0.5m, as shown in
Fig.15(b). The jet impact pressure wave propagates along with r and forms
the diagonal pressure strip. At the end of the first pulsation cycle, when
t = 0.37s, the bubble pulsating pressure comes to its peak. The pulsating
pressure is similar to the shock wave with a relatively more extensive impact
range. The pressure amplitude is smaller but lasts for a longer time. In the
view of the loaded impulse, the bubble load is even more destructive than
the shock wave.

At last, the results of a case with a stand-off distance of 1.5 are presented
in Fig.16. Because of the greater stand-off distance, the penetration point is
still about 2m away from the solid wall such that the jet does not impact on
the wall directly. Thus, the impact pressure is only about 6MPa and is much
smaller than that of the previous case. Significant differences are observed
compared with the case with the same stand-off distance and a downside
wall, which is shown in Fig.10. The jet still points to the solid wall, although
the stand-off distance is great. The bubble motion will approach that of a
underwater explosion in the free field which is dominated by gravity and de-
velops an upward jet penetrating the bubble if the stand-off distance further
increases.
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Figure 16: Evolution of the underwater explosion bubble near the upside solid wall where
W = 100kg, h = 50m and the non-dimensional stand-off distance is 1.5.

4. Conclusion

In this paper, the EFEM is introduced to simulate the evolution and
impact load of the underwater explosion bubble on a solid wall. An experi-
ment validates the simulation results of the numerical model. Then, several
cases of underwater explosion bubbles initiated both above and beneath a
solid horizontal wall are simulated. Through the analysis of the results, the
following conclusions are drawn.

The jet development of a collapsing bubble is greatly affected by the lo-
cation of the nearby solid wall. As for the bubble pulsating in the vicinity of
a downside wall, the wall and buoyancy compete to gain domination in the
direction of the liquid jet. With a small stand-off distance from the wall, the
bubble is dominated by its attraction. On the contrary, buoyancy dominates
jet development when the stand-off distance is far enough. However, the jet
speed and impact pressure reach their peaks at a certain stand-off distance
with which jet impact occurs latter and has more time to speed up. As for
the upside wall, the bubble dynamics is more straightforward because the
two effects of buoyancy and solid wall are in the same direction. With their
joint forces, the jet shows earlier and broader when the bubble is penetrated.

Three components of the impact loads of an underwater explosion on a
nearby solid wall are investigated through the pressure distribution on the
r — t plane. Shock wave tends to be of high pressure but short duration. It
affects a broad range of the solid wall and decays smoothly. The jet impact
pressure is very localized within the range of impact. Its pressure peak is
comparable to the shock wave, but it lasts much longer. As for the bubble
pulsation load, it is similar to the shock wave in the distribution but has
lower pressure peak and longer duration. The last two loads can be very
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close to each other in the time domain and lead to more destructive effects
on nearby structures. With a proper stand-off distance, they can pose severer
threaten than the shock wave.
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