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Abstract 

The coupled model for the interaction between an underwater explosive bubble and a floating structure is studied. 

During the violent expansion and collapse of the bubble, the explosive bubble deforms the structure. At the same 

time, the response of the structure affects the behavior of the bubble. In this study, the fluid domain for the bubble 

is modeled by using the boundary element method and the structure domain is modeled by using the finite element 

method. Based on the acceleration potential theory, we can construct a single set of coupled equations considering 

both the behavior of the bubble and the response of the structure simultaneously. In this study, we apply the 

quadratic surface fitting for constructing the coupled equation to avoid complex computation and weighted least 

square to minimize the error. To validate our model, we compare the results with both the rigid wall case and the 

free surface case. Then, the numerical example of steel plate is compared with LS-DYNA. Additionally, the 

change of the behavior of the bubble according to the stiffness of the plate is studied. 

 
Keywords Boundary element method, Finite element method, Fluid – structure interaction, bubble dynamics, 

Hydroelastic analysis, Direct coupled method, Floating plate structures. 
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Chapter 1.  introduction  

 

Generally, the dynamic behavior of a floating structure has been considered as rigid motion because this 

assumption give acceptable results with simple and efficient analysis. However, if a floating structure experiences 

an extreme situation such as an underwater explosion, we have to consider a deformation of the floating structure. 

The underwater explosion is a complicated phenomenon. It generally consists of shock wave, bubble pulsation, 

and jet impact. Until now, lots of studies about underwater explosive bubble have been studied by using finite 

volume method, smoothed particle hydrodynamics, boundary element method, and so on [8,23]. Furthermore, the 

interaction between an underwater explosion bubble and a structure has been studied gradually [9,20,25].  

 

Because of violent motion of the bubble caused by underwater explosion, the neighboring structure will 

be seriously deformed. At this moment, the structural deformation changes the shape of boundary and 

simultaneously affects the bubble’s behavior. For this reason, the interaction between an underwater explosion 

and a structure has strong nonlinearity. In this extreme environment where the survivability of naval ships is 

important, we have to take the nonlinearity of the coupling effects into account. 

 

There are some studies about interaction between bubble and structure. At first, using the spherical 

bubble model and elastic-plastic beam theory, the influence of spherical bubble pulse loads on a ship hull was 

studied [12]. The interaction between a bubble and a rigid movable structure has been studied [13]. Recently, 

some researchers have employed finite element method for structural part to study the interaction between a 

bubble and an elastic-plastic structure [14,25]. 

 

To predict a deformation of structure, we need to know the hydrodynamic force acting on the structure. 

In fluid-structure interaction problem, it is usually determined by integrating the pressure over the surface of 

structure. However, because of the nonlinear effects, it is quite difficult to compute the partial derivative of the 

potential with respect to time 𝜙𝜙𝑡𝑡  which is one of the Bernoulli equation terms to calculate pressure. Some 

researchers applied the finite difference method to compute 𝜙𝜙𝑡𝑡 [14,15,19]. However, this loosely coupled model 

using the finite difference method often results in numerical instabilities using the small time steps of bubble and 
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the motion of the boundary. In present study, a completely coupled model for interaction between underwater 

explosion and a structure is studied using acceleration potential theory to calculate 𝜙𝜙𝑡𝑡 precisely [16]. Using this 

theory, we can decouple the mutual dependence of the hydrodynamic force and the structural response [25]. 

However, the exceedingly complex numerical calculation is needed to compute the coupled equation terms. 

Therefore, in this study, we apply the surface fitting and the weighted least square to calculation the coupled 

equation terms to avoid the complexity. 

 

Fluid domain was assumed as an ideal fluid based on the assumption of irrotational, inviscid, and 

incompressible. Boundary element method is adopted to the fluid domain to calculate the velocity potential and 

the acceleration potential in the fluid domain. For the structural part, finite element method is adopted to the 

structural domain. we modeled the floating structure as shell structure, because most of the offshore structure or 

ships are almost made up of thin plate. Additionally, considering extension into the various shape of structure and 

the position of detonation, we implement fully three dimensional case.  

 

Overall description of the problem and assumptions applied to solve bubble dynamics problem is in 

chapter 2. In this chapter, we derive governing equations and discretize the equations for fluid and some numerical 

scheme for the initial conditions, the boundary conditions and time step. In chapter 3, the MITC3 shell finite 

element is introduced to modeling a floating structure. Then, based on the acceleration potential theory, the 

coupled model for the interaction between the explosive bubble and the floating structure is derived. To validate 

our model, the results is compared with the two extreme cases in the plate stiffness. For the numerical example, a 

large steel plate is compared with LS-DYNA. Finally, the behavior of the explosive bubble depending on the 

flexural rigidity of the plate is studied. 
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Chapter 2.  Background theory of the bubble dynamics 

 

Before constructing coupled model for interaction between an underwater explosive bubble and nearby 

structure, some background theories for the bubble dynamics are introduced in this chapter, such as the boundary 

integral method, boundary conditions for a gas bubble, and Rayleigh-Plesset equation for initial conditions. In this 

study, the shock wave which last very short time is negligible. So we assumed that the fluid in solution domain is 

an ideal fluid, which means that the fluid is irrotational, inviscid, and incompressible. Based on this assumption, 

we can use the Laplace equation and transform the governing equation into a boundary only equation. 

 

2.1.  Boundary Integral equation 

 

The fluid behavior near an explosive bubble is regarded as a potential flow because the flow induced 

by explosion has a high Reynolds number. So the potential flow assumes that the fluid in the solution domain is 

incompressible, inviscid, and irrotational. In this cases, we can define a velocity potential which satisfies the 

Laplace equation 2005. Using Green’s 2nd theorem, the Laplace equation could be transformed into the boundary 

equation. This boundary integral approach has advantages in computational cost by reducing integral dimension 

and convenience for handling boundary surface between a gas bubble and fluid. Based on the ideal fluid 

assumption, the velocity potential satisfies the Laplace equation [2]. 

2 2 2
2

2 2 2 0,
x y z
  


∂ ∂ ∂

∇ = + + =
∂ ∂ ∂

 (2.1) 

where 2∇ is the Laplacian operator,   is the velocity potential, and x , y , and z  is Cartesian coordinate 

axis. To solve above differential equation, we define a Green function which satisfies the three dimensional 

Laplace equation as follows: 

1 1( , )
PQ

G P Q
P Q R

= =
−

, (2.2) 

where P is a source point in the fluid domain, Q is a field point on the boundary of the fluid domain, and PQR  is 

the distance between the source point P and the field point Q as shown in the Figure 2.1. 
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Figure 2.1 A three dimension domain with a boundary surface 𝐒𝐒, and a volume V. the point P and Q are a 

source point and a field point, respectively. The vector n is an outward unit normal vector on the boundary 

surface. An extremely small sphere is located at the source point to avoid the singularity during the 

formulation. The radius of the sphere becomes zero. 

 

If the velocity potential and the Green function are continuous on the second derivatives, then we can 

transform the governing differential equation into an integral form based on Green’s second identity. 

2 2( )
V S

GG G dV G dS
n n


  

∂ ∂ ∇ − ∇ = − ∂ ∂ ∫ ∫ , (2.3) 

where V is the volume of fluid domain, S  is the surface of the fluid domain, and the direction of n  is outward 

normal. Although the velocity potential always satisfies the Laplace equation because of the definition, the Green 

function doesn’t satisfy the Laplace equation when the source point P and the field point Q are close to each other. 

To avoid this problem, we assume that there is an extremely small sphere with radius   and surface S  at the 

source point P, and then get rid of the volume V  in the fluid domain. 

2 2( )
V V S S

GG G dV G dS
n n 


  

− +

∂ ∂ ∇ − ∇ = − ∂ ∂ ∫ ∫ , (2.4) 

In the domain, both the velocity potential and the Green function always satisfies the Laplace equation. 
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So the left-hand side of above equation becomes zero. The remaining right-hand side of Eqn.(2.4) could be 

expressed as below, 

0
S S

G GG dS G dS
n n n n

 
 
∂ ∂ ∂ ∂   − + − =   ∂ ∂ ∂ ∂   ∫ ∫ , (2.5) 

 

Then depending on the definition of a small sphere, the second term of Eqn.(2.5) becomes, 

2

0
2 sin d

S

G GG dS G
n n n n

 
    
∂ ∂ ∂ ∂   − = −   ∂ ∂ ∂ ∂   ∫ ∫ , (2.6) 

where   is the anticlockwise angle at source point P based on the polar coordinate. Because the distance between 

the source point P and the field point Q becomes   in this case and the direction of outward normal is equal to 

the direction from field point Q to source point P, the equation becomes 

( ) ( ) 2
20

1 1 2 sin d
S

PG G dS P
n n n

 
    

 
 ∂   ∂ ∂ − = −     ∂ ∂ ∂      

∫ ∫ , (2.7) 

If we take the limit on the equation as   approaches zero, this equation becomes 

( ) ( )
0

2 sin d 4P P


   =∫ , (2.8) 

After substituting Eqn.(2.8) into Eqn.(2.5), we can get the final form of governing equation integral forms as 

follows: 

( ) ( ) ( ) ( , )4 ( , )
S

Q G P QP G P Q Q dS
n n


 

∂ ∂
= − ∂ ∂ 
∫ , (2.9) 

Because we only need to values on the boundary of the domain, we take the case that the source point P is on the 

boundary. Then the final form of the boundary integral equation becomes 

( ) ( ) ( ) ( ) ( , )( , )
S

Q G P QC P P G P Q Q dS
n n


 

∂ ∂
= − ∂ ∂ 
∫ , (2.10) 

where C is solid angle which is a geometrical parameter defined as the ratio of the fluid area to the spherical area. 

The solid angle on the bubble surface which is close can be calculated indirectly [4]. However, when considering 

the free surface, we have to calculate the solid angle directly. 
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2.2.  Boundary conditions on the surface 

 

  At all the boundary which is free to move, the motion of the fluid particle should satisfy certain 

conditions. These conditions on the motion of the fluid particle is a kinematic boundary condition. In this study, 

we assumed that the fluid is an ideal fluid which means irrotational, inviscid, and incompressible. Therefore, based 

on the definition of the velocity potential, we can define the kinematic boundary condition. 

= ∇v  on the fS  and bS , (2.11) 

where v  is the velocity of the fluid. The surface fS  and bS  are the free surface and the bubble surface as 

shown in the Figure 2.2. Besides the kinematic boundary conditions, there are the dynamic boundary conditions 

which mean the balance of the pressure at the boundary surface [22].  

 

Depending on the potential flow, we can use the unsteady Bernoulli equation for calculating the pressure 

21
2f atm fp p gz

t


   
∂

= − − ∇ −
∂

 on the fS , (2.12) 

21
2b atm bp p gz

t


   
∂

= − − ∇ −
∂

 on the bS , (2.13) 

where the subscript f and b means the free surface and the bubble surface and the z , atmp ,  , and g  are a 

position of the fluid, atmospheric pressure, fluid density, and gravitational acceleration.  

 

The fp  and bp  are the pressure at the free surface and the bubble surface which is given by, 

f atmp p=  on the fS , (2.14) 

b v gp p p= +  on the bS , (2.15) 

where the vp  and gp  are the vapor pressure and the gas pressure of the bubble. In this study, vp  is zero. 

The gas pressure can be obtained by assuming that the process is adiabatic. 

0
0g g

b

Vp p
V


 

=  
 

, (2.16) 
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Figure 2.2 A three dimensional solution domain and the global Cartesian coordinate is shown. Sb and Sf 

are the boundary surface for the bubble and the boundary surface of the free surface. The origin is located 

at the center of the bubble and the initial position of the bubble is given by initial depth length. 

 

where 0gp , 0V , and bV  are the initial gas pressure inside the bubble, the initial volume of the bubble and the 

volume of the bubble at each time step.   is the specific heat ratio. In this study, the value of the specific heat 

ratio is 1.25 which is for an explosion of TNT material. 

 

By substituting Eqs.(2.14), (2.15), and (2.16) into Eqs.(2.12) and (2.13), the relation between the 

Bernoulli equation and the balance of the pressure become 

21
2 fgz

t


   
∂

= − ∇ −
∂

 on the fS , (2.17) 

20
0

1
2atm g b

b

Vp p gz
t V




   
 ∂

= − − ∇ − ∂  
 on the bS , (2.18) 

To update the shape of the free surface and the bubble surface, we need to calculate the material 

derivative of the velocity potential not the partial derivative of the velocity potential with respect to time. Because 

the velocity potential is a function not only time but also position. From both the definition of the material 

derivative and the velocity potential, the relation between the material derivative and the partial derivative with 

respect to time of the velocity potential is given by. 
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d
t dt
 

 
∂

= −∇ ⋅∇
∂

, (2.19) 

 By substituting Eqn.(2.19) into Eqns.(2.17) and (2.18), the final form of the dynamic boundary conditions can 

be obtained. 

21
2 f

d gz
dt


= ∇ −  on the fS , (2.20) 

20 0 1
2

gatm
b

b

pp Vd gz
dt V





 

 
= − + ∇ − 

 
 on the bS , (2.21) 

Finally, we can update the deformation of the boundary surface by using the kinematic boundary 

condition, Eqn.(2.11), which means the shape of the free surface and the bubble surface. Additionally, we can 

update the velocity potential by using the dynamic boundary conditions, Eqns.(2.20) and (2.21) at each surface. 

 

 

2.3.  Initial conditions of an explosive bubble 

 

  In analysis of time domain, we have to know initial conditions of the solution domain. Because the free 

surface is steady state at the beginning, the initial value of the velocity potential is zero naturally. However, it is 

not easy to know the exact initial conditions of an explosive bubble. Therefore, we need to make some assumptions 

on the bubble shape, the inside pressure, and the velocity potential at the beginning of the simulation. In the case 

of the gas bubble, it is well known that the behavior of the gas bubble follows the Rayleigh-Plesset equation, if 

the gravitational acceleration is negligible. Therefore, if we assume the initial shape of the bubble is spherical, 

then we can obtain the initial shape of the bubble by using the Rayleigh-Plesset equation [7].  

 

Based on the assumption of the incompressible fluid and no gravity which means that the bubble is 

always spherical because there is no buoyancy, the Rayleigh-Plesset equation can be derived. From the mass 

conservation in the fluid domain, the velocity of the fluid particle can be obtained. 

2

2( , ) b bdR Rr r t
dt r

= , (2.22) 
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where r , r  are the radial velocity of the fluid particle and the position of the fluid particle, and bR  is the 

radius of the bubble. Therefore, r  should be larger than the bR  as shown in the Figure 2.3. If the inviscid is 

additionally assumed, the Navier-Stokes equation can be expressed as follows in the spherical coordinate. 

1r r pr
t r r
∂ ∂ ∂

+ = −
∂ ∂ ∂
 

 , (2.23) 

where p  is the pressure of the fluid. After substituting the Eq.(2.22) into the Eq.(2.23), integrate the equation 

with respect to r  then the equation becomes 

22 2 4

2 4

( , )2
4

p r t pd R R dR R R
dt r dt r r 

∞  − + − =      
, (2.24) 

where p∞  is the pressure of the far from the bubble.  

 

Figure 2.3 Based on the assumption of a spherical bubble, the schematic configuration of the derivation for 

the Rayleigh – Plesset equation is shown. P(r,t) and r(r,t) are the pressure and the velocity of the fluid 

particle at the position r. Rb(t) is the instantaneous radius of the spherical bubble. 

 

When considering the interface between the bubble and the fluid, it means that r R= , and the pressure 

( , )p r t  becomes ( )bp t . Thus, finally, the Rayleigh-Plesset equation is obtained. 

22

2

3 ( )
2 b

d R dRR p t p
dt dt

 ∞

  + = −  
   

, (2.25) 

( )bR t

( ), tr r

( ),p tr
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where R  is the instantaneous radius of the bubble. After multiplying 2RR  on both sides, the above equation 

can be integrated analytically. Although the radial velocity is not zero because of the high pressure of the bubble, 

it is set to zero for the numerical calculation. Then, the relation between the initial radius of the bubble and the 

initial pressure of the inside bubble can be obtained. 

( ) ( )0 3 3 3
0 0 0 1

1
gP

R R R
P



∞

− = −
−

, (2.26) 

 

To determine the initial radius of the bubble, we need to know the initial pressure of the bubble. There 

is an empirical formula between the initial gas pressure of the explosive bubble and the weight of TNT which is 

found by Cole. 

5
0

0

1.39 10g
Wp
V


 

= ×  
 

, (2.27) 

where W  is the weight of the TNT material. From above formula, we can obtain the initial gas pressure of the 

bubble. Because the relation between the initial radius and the initial gas pressure of the bubble are not independent, 

those values are need to be determined considering both Eqn.(2.26) and Eqn.(2.27) 

 

2.4.  Numerical modeling 

 

  In this chapter, the boundary surface of the fluid domain is discretized for the numerical calculation 

using the three node linear triangular elements and then the boundary integral equation is transformed into the 

matrix form of the algebraic equations. A single bubble which is initially sphere is considered and is modeled by 

icosahedron which has no preference for any direction as shown in Figure 2.4 [3]. In consideration of the 

expandability into the interaction with the offshore structures which are having an arbitrary shape, we implement 

the code as the fully three dimensional case. Besides the discretization, some numerical schemes are introduced 

such as how to determine the direction of normal vector, and the tangential velocity at each node, and how to 

determine the time step, etc. 
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Figure 2.4 The discretized bubble surface. For non-preference for any direction, the icosahedron is used for 

mesh. The initial shape of the bubble is assumed as spherical., 642 nodes for the bubble surface is used. 

   

After discretizing the boundary surface into some elements using a linear triangular element, the 

governing boundary integral equation, Eqn.(2.10), also needs to be discretized. The Eqn.(2.10) can be expressed 

as the summation of the integration over each element. 

( ) ( ) ( ) ( )
1 1

( , ) ( , ) ,   1, 2,...,
e e

j j

N N
i

i i iS S
j j

QG P QC P P Q dS G P Q dS i N
n n


 

= =

∂ ∂ + = =  ∂ ∂   
∑ ∑∫ ∫ , (2.28) 

where eN  and N are the number of the elements and the nodes, iP  is the position of the ith source point, and 

jS   means the surface of jth element. The integration over each element in the square bracket should be 

transformed into the local coordinate for the numerical calculation. Therefore, the area coordinate is used for the 

three node triangular element and the interpolation for the geometry, potential, the normal derivative of the 

potential can be expressed as follows. 

( )1 A B Cr s r s= − − + +x x x x , 

( )1 A B Cr s r s   = − − + + , 

( ) ,A ,B ,C1n n n nr s r s   = − − + + , 

(2.29) 

where x  and n  are the position vector and the normal derivative of the potential. The values with subscript 

A, B, and C are the vertex value of the triangle as shown in Figure 2.5. 

 



12 

 

Figure 2.5 The local area coordinate for the three node triangular element and the shape function are shown. 

The values inside the element is obtained by the nodal values based on the linear interpolation. 

 

Substituting above interpolation into the integration in Eqn(2.28), the first and the second integration 

term in the square bracket can be expressed as follows. 

( ) ( ) ( )( )1 1

30 0

1 2 3

( , )ˆ 1

ˆ ˆ ˆ

s P
A B CS

A B C

G P QH Q dS r s r s Jdrds
n R

H H H

   

  

− ⋅ −∂
= = − − + +

∂
= + +

∫ ∫ ∫
n x x

, (2.30) 

( ) ( )1 1 , , ,

0 0

, 1 , 2 , 3

1
( , )

s n A n B n C

S

n A n B n C

r s r sQ
G G P Q dS Jdrds

n R
G G G

  

  

− − − + +∂
= =

∂
= + +

∫ ∫ ∫ , (2.31) 

where n , J , and R is the outward normal vector, the determinant of the jacobean and the distance between 

the source point P and the field point. The discretized integral equation can be expressed as matrix form. 

( ) ( ) ,
1 1

ˆ ,   1, 2,...,
e eN N

i i ij j ij n j
j j

C P P H G i N  
= =

+ = =∑ ∑ , (2.32) 

 

To simplify above matrix form, define the relation between the solid angle and the influence coefficients 

matrix Ĥ  as below. 

( )ˆ
ij ij i ijH H C P = + , (2.33) 

where ij  is Dirac delta function. Finally, the boundary integral equation in the matrix form can be obtained. 

n=Hφ Gφ , (2.34) 
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Figure 2.6 The ith node with the black point and the local configuration of the surrounding elements are 

shown. The outward unit normal vector is approximated by the weighted average using the normal vectors 

of surrounding element. The weight is an inverse of an element area. 

 

We can get the normal velocity on the boundary surface by solving the matrix equation. Although we 

know the normal velocity at each node now, the direction of the normal vector at each node is still unknown. 

Furthermore, the tangential velocity and its direction should be determined. 

  

In order to determine the direction of the normal vector at the node, we use weighted average by using 

an area of surrounding element as shown in Figure 2.6, because there is no mathematically exact solution for the 

discretized boundary surface [5]. 

1

1

1

sur

sur

N
i

i i
N

i i

A

A

=

=

=
∑

∑

n

n , (2.35) 

where surN  is the number of the surrounding element at each node. iA  and in  are the area and the normal 

vector of the ith element surrounding the node. Because a smaller element gives a more accurate estimation on 

the local properties than a larger element, the weighting function is an inverse of the area[2001zhang]. In the same 

way, we can obtain the tangential velocity vector at a node. 

1iA =

2iA =

3iA =

4iA =

5iA =

6iA =

1=in
2=in

3=in

4=in

5=in

6=in
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1

1

1

sur

sur

N
i

i i
N

i i

A

A

=

=

=
∑

∑

v

v , (2.36) 

where iv  is the tangential velocity of the surrounding element at a node. The tangential velocity of an element 

can be obtained using the finite difference method as shown in Figure 2.7.  

Figure 2.7 The tangential velocity of an element and its direction are shown. The magnitude of the velocity 

along each direction is obtained by the finite difference method and the direction of the velocity is obtained 

by the edge points in accordance with the calculation of the velocity. 

AB B A
AB

AB B Al
  ∂ −

= =
∂ −

v
x x

, AC C A
AC

AC C Am
  ∂ −

= =
∂ −

v
x x

 (2.37) 

where l and m is the direction vector of the tangential velocity which is defined by along the edge line of the 

triangle. Depending on the equations from Eqn.(2.34) to Eqn.(2.37), we can determine the velocity at a node on 

the boundary surface. However, the velocity is expressed as local component based on the normal and the 

tangential vector. We need to transform the component into the global coordinate to update the shape of the 

boundary. 

1

x x y z n

y x y z l

z x y z m

v n n n
v l l l
v m m m





−
    
    = =     
        

v , (2.38) 

After obtaining the velocity in the global coordinate, we can update the shape of the boundary surface 

in accordance with the kinematic boundary conditions in chapter 2.2. In this study, we adopt the Runge-Kutta 4th 

order method for time integration in the bubble dynamics and the Euler forward method in the bubble-structure 

ABv ACv
A

B

C
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interaction problem. 

2.5.  Results 

 

Because of the complexity of the underwater explosion which consists of various phenomena including 

shock wave, pulsation, and jet impact, it is not easy to experiment the large scale explosion. Therefore, we simulate 

the small scale explosion to verify implemented code by comparison with previous and the experiment results. 

The behavior of an explosive gas bubble near the rigid wall is compared with previous study [1] and the behavior 

of an explosive gas bubble under the free surface is compared with experiments results. 

 

2.5.1.  Comparison with previous study 

 

The bubble shape as a function of time under the different distance from the rigid wall and the effect of 

the buoyancy is compared with previous study. To consider the rigid wall, we adopt the mirror source technique 

which uses the reflected image of the explosive bubble[6]. The domain and the schematic configuration are shown 

in Figure 2.8. The distance from the rigid wall and the buoyancy are non-dimensionalized [1,11]. 

 

 

Figure 2.8 The schematic configuration shows the initial position from the rigid wall and the gravity. 

 

m

h
R

 = , mgR
p




∞

= , (2.39) 

where h   and mR   is the initial depth of the detonation and the maximum radius of the bubble. the bubble 
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behaves variously depending on the distance from the nearby rigid wall and the buoyancy as shown. 

 
Table 2.1 Initial depth and buoyancy parameters for each case 

Case 1 2 3 4 5 6 

Parameter 
γ 2.0 1.0 2.0 2.0 1.0 1.0 

δ - - 0.316 -0.316 0.224 0.447 

 

 Case 1 and 2 are the comparison under the initial depth when there is no buoyancy. Case 3 and 4 are the 

comparison under the direction of the buoyancy when the initial depth is same. Finally, case 5 and 6 are 

comparison under the magnitude of the buoyancy when the others are in same conditions. From Figure 2.9 to 

Figure 2.14, left figure (a) shows the previous bubble dynamics results in axialsymmerty case and the right figure 

(b) show the implemented codes results in three dimensional case. 

 

  

(a) (b) 

Figure 2.9 Bubble dynamics results for 𝛄𝛄 = 𝟐𝟐.𝟎𝟎 ,𝛅𝛅 = 𝟎𝟎 in case 1. 

 
 

(a) (b) 

Figure 2.10 Bubble dynamics results for 𝛄𝛄 = 𝟏𝟏.𝟎𝟎 ,𝛅𝛅 = 𝟎𝟎 in case 2. 
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(a) (b) 

Figure 2.11 Bubble dynamics results for 𝛄𝛄 = 𝟐𝟐.𝟎𝟎 , 𝛅𝛅 = 𝟎𝟎.𝟑𝟑𝟏𝟏𝟑𝟑 in case 3. 

 

 

 

(a) (b) 

Figure 2.12 Bubble dynamics results for 𝛄𝛄 = 𝟐𝟐.𝟎𝟎 ,𝛅𝛅 = −𝟎𝟎.𝟑𝟑𝟏𝟏𝟑𝟑 in case 4. 

 

 The bubble expands maintaining the spherical shape at the beginning. Then, it loses its spherical shape 

and the bottom surface is flattened when the initial distance from the rigid wall is small. The axialsymmetry results 

and the three dimensional results are in general agreement. As shown in the Figure 2.9 and Figure 2.10, the closer 

the wall is, the stronger collapse which forms the jet flow occurs from the case 1 and case2. When the initial 

distance and the direction of the gravity are same, the jet flow direction can change depending on the direction of 

the gravity from the case 3 and case 4 as shown in Figure 2.11 and Figure 2.12. Although the initial distance and 

the direction of the gravity are same in case 5 and case 6, the behavior of the bubble moves in the opposite direction 

at each other because of the magnitude of the gravity. 
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(a) (b) 

Figure 2.13 Bubble dynamics results for 𝛄𝛄 = 𝟏𝟏.𝟎𝟎 ,𝛅𝛅 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 in case 5. 

 

 

(a) (b) 

Figure 2.14 Bubble dynamics results for 𝛄𝛄 = 𝟏𝟏.𝟎𝟎 ,𝛅𝛅 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟒𝟒 in case 6. 
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2.5.2.  Comparison with experiment 

 

An experiment with small scale underwater experiment is conducted to observe the behavior of an 

explosive gas bubble and the deformation of the free surface. The experiment is carried out in a tank with 10mm 

thick steel plate as shown in Figure 2.8. The charge weight of the Pentolite is 7.5g which is equivalent to 9.975g 

of TNT. The position of an explosive is the center of the tank and the depth is 0.25m from the free surface. The 

high speed camera is used to observe the bubble. The bubble and free surface shape at given time are shown in 

Figure 2.15. 

 

 

(a) 

 

(b) 

Figure 2.15 Comparison between bubble dynamics under the free surface and the experiment. (a) is for 

the expansion and (b) is for the collapse. 
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Figure 2.16 Time history of the bubble radius compared with experiment. 

 

 The Figure 2.15 (a) and (b) show the behavior of the bubble at the expansion and the collapse, 

respectively. Under the influence of the deformation of the free surface, the bubble shape is elongated along the z 

direction. When the bubble reaches its maximum volume, the upper part of the bubble is positioned above initial 

free surface as shown in Figure 2.15 (a). Then, it starts to collapse moving downward while the center of the free 

surface continues to elevate as shown in Figure 2.15 (b). The maximum radius from the experiment and the result 

are 0.3297m and 0.3349m, respectively and the period of the bubble are 0.0475sec and 0.0469sec, respectively as 

shown in Figure 2.16. 

 

 The results in this chapter will be used to validate the implemented codes for the coupled model for the 

interaction between an explosive bubble and a floating plate. Because the floating plate could be regarded as rigid 

wall and the free surface, depending on the stiffness of the plate, the two extreme cases in the stiffness of the plate 

are compared with the rigid wall case and the free surface case, respectively. 

  

Result 
Experiment 

R
ad
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Chapter 3.  Interaction between an underwater explosive bubble 

and a floating structure 

 

We construct a coupled model for the interaction between an underwater explosive bubble and a floating 

structure to analysis the transient response of the structure. Because most of the offshore structure or the ships are 

made of thin plate shape, we modeled the floating structure as shell structure using finite element method. The 

fluid domain is modeled using boundary element method as mentioned in chapter 2. In the interaction problem, 

to accurately predict the deformation of the structure, the hydrodynamic force acting on the structure should be 

precisely computed. In this study, we adopt the acceleration potential theory to obtain the hydrodynamic pressure 

action on the structure surface simultaneously considering both the bubble dynamics and the response of the 

structure [16, 25]. The schematic configuration is shown in Figure 3.1. 

 

Figure 3.1 The schematic configuration for the interaction between an underwater explosive bubble and a 

floating structure. The gas bubble is modeled by using the boundary element method and the structure is 

modeled by using the finite element method. Based on the acceleration potential theory, the coupled model 

is constructed and the partial derivative of the velocity potential is directly calculated. 
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3.1.  Shell element for the structure 

 

Figure 3.2 A continuum mechanics based finite shell element for the three node triangular element is shown. 

The nodes are located at the mid surface and the values inside the element are interpolated by using the 

nodal values 

 

The fundamental assumption of the shell element is that there is no deformation along the thickness 

direction which is normal to the mid-surface of the structure. The geometry of a three node shell element is shown 

in Figure 3.2. Based on the isoparametric finite element procedure which means that the same shape functions are 

used for the interpolation for coordinate and the displacement, an arbitrary point within the element can be 

interpolated by 

3 3

1 2 3
1 1

( , , ) ( , ) ( , ) 1 , ,
2

i
i i i i n

i i

tr s t h r s a h r s with h r s h r h s
= =

= + = − − = =∑ ∑x x V , (3.1) 

where ix  is the nodal position vector at the global Cartesian coordinate system and ih  is the two dimensional 

shape function for the standard isoparametric procedure to the ith node. i
nV  is the director vector and ia  is the 

thickness of the shell. 

 

  Based on the same shape function, the displacement interpolation can be obtained by 

( )
3 3

2 1
1 1

( , , ) ( , ) ( , )
2

i i
i i i i i i

i i

tr s t h r s a h r s  
= =

= + − +∑ ∑u u V V , (3.2) 

where iu  is the ith nodal displacement vector, i  and i  are the rotations of the director vector 2
iV  and 1

iV , 
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respectively. The director vector is defined by 

2
1

2

m
m n

m
n

×
≡

×
e VV
e V

, 2 1
m m m

n≡ ×V V V  , (3.3) 

 

The covariant components of the infinitesimal strain tensor is given by 

( ), ,
1
2ij i j j ie = ⋅ + ⋅g u g u , (3.4) 

where g  is the covariant base vector of the natural curvilinear coordinate. 

, 1 2 3, , , ,i i
i i

with r r r s r t
r r
∂ ∂

= = = = =
∂ ∂

x ug u , (3.5) 

 

The corresponding contravariant base vector should satisfy the relationships: 

j
i ij⋅ =g g , (3.6) 

where ij   is the Kronecker delta function. To satisfy the basic assumption that there is no stress along the 

thickness, we introduce the local Cartesian coordinate system and construct the constitutive matrix which has zero 

value at the component relevant to the thickness direction.  

2

1 0 0 0 0
1 0 0 0 0

0 0 0 0 0 0
10 0 0 0 0

21
10 0 0 0 0

2
10 0 0 0 0

2

E

k

k











 
 
 
 
 − 

=  −  − 
 
 −
 
 

C
, 

(3.7) 

where C  is the constitutive matrix in local Cartesian coordinate system. E ,  , and k are the Young’s modulus 

and the Poisson ‘s ratio, and the shear correction factor. In this study, the shear correction factor is one. Because 

the constitutive matrix and the strain tensor are defined in different coordinate system, we should transform one 

of them into the other. The local Cartesian base vectors are defined by 

1 3 3 3

1 3 3 3

, ,r
r s t

r

× ×
= = =

× ×
g g g e ge e e
g g g e g

, (3.8) 

The transformation matrix between the local Cartesian coordinate and the global Cartesian coordinate 
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is given by 

1 1 1

2 2 2

3 3 3

r s t

r s t

r s t

⋅ ⋅ ⋅ 
 = ⋅ ⋅ ⋅ 
 ⋅ ⋅ ⋅ 

e e e e e e
R e e e e e e

e e e e e e
, (3.9) 

 

Based on above relationship, we can transform the component of the constitutive matrix or the strain 

into each other.  

Figure 3.3 (a) The constant covariant transverse shear strain along the edge is shown. (b) The tying points 

for the assumed shear strain for MITC3 element are given. 

 

However, above a three node triangular shell finite element has some problems in shear locking and it 

behaves very stiff in bending dominant problems. To reduce this problems, let me introduce the MITC3 element. 

The MITC3 element has the same interpolation for the geometry and displacement but has a difference when 

dealing with the transverse shear stress. 

 

The constant covariant transverse shear strain along the edge lines of triangle is assumed to construct 

shear strain field. The tying points for the assumed shear strain is given as shown in Figure 3.3. The assumed shear 

strain in covariant component is defined by 

(1) (2) (2) (1) (3) (3), ,rt rt st st st rt st rte e cs e e cr with c e e e e= + = − = − − + , (3.10) 
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3.2.  The velocity potential field 

  

If there is a structure at the boundary surface of fluid domain, the boundary conditions are different and 

then the final form of the matrix equation is also changed. In the same way like in chapter 2, the fluid domain is 

considered as irrotational, incompressible, and inviscid fluid. The velocity potential and the normal derivative of 

the velocity potential will be obtained and it is used to update the shape of a bubble and calculate the boundary 

conditions for the acceleration potential field. 

 

3.2.1.  boundary conditions for the velocity potential 

 

There are both the kinematic boundary conditions and the dynamic boundary conditions in common 

with the bubble dynamic problems. However, to define the dynamic boundary conditions which mean that the 

balance of the pressure, we need to know the pressure on the wet surface. Because the hydrodynamic pressure on 

the wet surface is obtained from the acceleration potential field, we define the boundary conditions except for the 

dynamic boundary condition for the wet surface in this chapter. 

 
The kinematic boundary condition for the bubble surface is defined from the relation between the 

velocity of a fluid particle and the velocity potential in the same way in Eqn.(2.11). 

= ∇v  on the bubble surface, bS , (3.11) 

 

The kinematic boundary condition for the wet surface should satisfy the non-penetration condition. The 

non-penetration condition means that the velocity of the structure and the velocity of the fluid particle are the 

same in the normal direction. 

n
∂
= ⋅

∂
u n  on the wet surface, wS , (3.12) 

where u  is the velocity of the structure point on the wet surface, and n  is the outward normal unit vector.  

 

The dynamic boundary condition for the bubble surface is defined from the balance between the 
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Bernoulli’s equation and the inside pressure in the same way in Eqn.(2.21) 

20 0 1
2

gatm
b

b

pp Vd gz
dt V





 

 
= − + ∇ − 

 
 on the bubble surface, bS , (3.13) 

 

Form the given velocity potential on the bubble surface and the normal derivative of the potential on 

the wet surface, we can solve the boundary integral equation [19]. The matrix form for the interaction problem 

will be studied in next chapter. 

 

3.2.2.  Coupled equation for the velocity potential 

 

From the discretizing the boundary surface using the three node triangle element, the matrix form of the 

integral equation is obtained from Eqn.(2.34). 

,

,

n bbb bs b bb bs

n ssb ss s sb ss

      
=       

       

φH H φ G G
φH H φ G G

, (3.14) 

where the subscripts b and s mean the bubble and the structure, respectively. At a given time, the velocity potential 

on the bubble surface is known and the normal derivative of the potential on the wet surface can be computed by 

Eqn.(3.12). Therefore, we need to rearrange the matrix equation in accordance with the unknown variables. 

,

,

bbb bs n b bb bs

n ssb ss s sb ss

− −       
=       − −       

φG H φ H G
φG H φ H G

, (3.15) 

 

Solving this equation, we can determine the velocity on the bubble surface using from Eqn.(2.35) to 

Eqn.(2.38). Although we can update the bubble shape at a given time using the nodal velocity on the bubble 

surface, we cannot update the wet surface shape which is calculated from the deformation of the structure. To 

predict the deformation of structure, it will be explained how to compute the hydrodynamic pressure on the wet 

surface. 
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3.3.  The acceleration potential field 

  

To accurately predict the structural deformation, the hydrodynamic force acting on the wet surface 

should be calculated precisely [17]. The force can be obtained by integrating the hydrodynamic pressure from the 

Bernoulli’s equation. However, it is difficult to precisely compute the partial derivative of the velocity potential 

with respect to time. Some research adopted the finite difference method to compute the partial derivative, but it 

leads numerical instabilities and inaccurate results because the partial derivative using finite difference 

approximation is not simultaneous value and loose its meaning when the boundary is moving [21]. Therefore, 

based on the acceleration potential theory, we directly calculate the partial derivative of the velocity potential with 

respect to time by solving the boundary integral equation one more time [25]. 

  

The acceleration of a fluid particle can be defined by 

( )d
dt t

∂
= = + ⋅∇

∂
v va v v , (3.16) 

where a  and v  are the acceleration and the velocity of a fluid particle. Depending on the definition of the 

velocity potential, substituting Eqn.(2.11), we can express the acceleration by using the velocity potential. 

( )

( ) ( )2 21 1
2 2

d
dt t

t t

 
 

 
 

∇ ∂∇
= = + ∇ ⋅∇ ∇

∂
∂∇ ∂∇   = +∇ ∇ = ∇ + ∇   ∂ ∂   

a
, (3.17) 

 

Then, the acceleration of a fluid particle can be obtained by the gradient of the last term in Eqn.(3.17) 

and, based on the above relation, the nonlinear acceleration potential can be defined as 

( )21
2t


 

∂
≡ + ∇
∂

, (3.18) 

where   and   is the acceleration potential and the velocity potential, respectively. Similar with the velocity 

potential whose gradient becomes the velocity, the gradient of the acceleration potential becomes the acceleration. 

However, in the contrary to the velocity potential that satisfy the Laplace’s equation, the acceleration potential 

doesn’t satisfy the equation because the second term of Eqn.(3.18) is nonlinear.  
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Unlike the acceleration potential, the partial derivative of the velocity potential with respect to time 

which is the first term of the right hand side of Eqn.(3.18) satisfy the Laplace’s equation. Therefore, we solve the 

boundary integral equation about the t , and the acceleration potential is used for constructing the additional 

boundary conditions to solve the equation. 

 

3.3.1.  Boundary conditions for the acceleration potential 

  

In common with the kinematic boundary condition about the velocity potential on the wet surface, the 

acceleration potential also should satisfy the non-penetration condition. The kinematic boundary condition for the 

acceleration potential on the wet surface can be obtained by the scalar product of the outward normal unit vector 

and the acceleration vector. 

n
∂
= ⋅

∂
u n  on the wet surface, wS , (3.19) 

where u  is the acceleration vector of the structure at a node. If we take the normal derivative on the both sides 

of Eqn.(3.18), then the equation can be express as a function of the velocity potential without the acceleration 

potential. 

( )21
2n t n




∂ ∂ ∂   + ∇ = ⋅   ∂ ∂ ∂   
u n  on the wet surface, wS , 

 

(3.20) 

Figure 3.4 In order to calculate the radius directional derivative of the square of the gradient of the potential, 

the local polar coordinate is introduced. The origin is located at the center of the tangential circle. 


r

n

s
Fluid

Local center
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The second term of the left side could be calculated in the local polar coordinate whose origin is located 

on the center of the tangential circle as shown in Figure 3.4 [16]. The radius directional derivative of the square 

of the gradient of the potential is written as 

( )
2 2

2
2

1 1 1
2r r r r r r r r

    


  
 ∂ ∂ ∂ ∂ ∂ ∂ ∇ = + − +  ∂ ∂ ∂ ∂ ∂ ∂ ∂   

, (3.21) 

where r  and   are the coordinate of the local coordinate system. Also, the Laplace’s equation is written as  

2 2

2 2 2

1 1 0
r r r r
  


∂ ∂ ∂

+ + =
∂ ∂ ∂

, (3.22) 

Substituting Eqn.(3.21) into Eqn.(3.20), the equation is written as 

( )
2 2 2

2
2 2

1 1
2r r r r r r r r r

     


   

 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂        ∇ = − + − +        ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂         
, (3.23) 

 

Furthermore, there are some useful relations. 

1, ,
r n r s r




∂ ∂ ∂ ∂
≡ ≡ ≡

∂ ∂ ∂ ∂
, (3.24) 

where   is the curvature of the tangential circle along the s direction at a node. Using above relations, the final 

form of the second term of the left side in Eqn.(3.19) can be written as 

( )
2

22
2

1
2n n s s s n

   
  

∂ ∂ ∂ ∂ ∂ ∂   ∇ = − ∇ − +   ∂ ∂ ∂ ∂ ∂ ∂   
, (3.25) 

 

After solving the velocity potential field, the right side of above equation can be obtained by locally 

adopting the moving least square using the distributions of the velocity potential and its normal derivative. A local 

Cartesian is used for calculation and its origin is located at the considered point. The Z direction is same with the 

normal vector at the node as shown in Figure 3.5. Because we need to obtain the second derivative of the velocity 

potential, a second order polynomial is used for the interpolation. 

( ) 2 2
1 2 3 4 5 6,F X Y c c X c Y c X c XY c Y= + + + + + , (3.26) 

where X and Y are the local coordinate of the surrounding nodes. 
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Figure 3.5 The considered node and the surrounding elements and the nodes are shown. The coordinate

o xyz−  is the global Cartesian coordinate and the coordinate O XYZ−  is the local Cartesian whose 

Z  direction is same as the normal vector at the node. 

 

 The weight coefficient kw   is defined by using the distance between the considered node and its 

surrounding nodes. To make the contribution large when the surrounding node is near, the weight kw  is inversely 

proportional to the exponential function [18]. 

exp
2
k

kw
d

 − − 
=  

 

r r
, (3.27) 

where kr  and r  are the position vector of the surrounding nodes and the considered node, respectively. d  is 

the average distance between the surrounding nodes and the considered node. 

 

 The coefficients form 1c   to 6c   for the interpolation are determined from the values of the 

surrounding nodes. Because both the potential field and the normal derivative of the potential field are necessary 

to compute the Eqn.(3.24), Two error function are defined in accordance with the weighted least square [10]. 

( ) ( )1 1 2 3 4 5 6 1
1

, , , , , ,
surrN

k k k k
k

E c c c c c c w F X Y 
=

= −  ∑ , (3.28) 
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( ) ( )2 1 2 3 4 5 6 2
1

, , , , , ,
surrN

k k k
k k

E c c c c c c w F X Y
n


=

 ∂ = −   ∂  
∑ , (3.29) 

where 1E   and 2E   are the error function for the surface interpolation for the velocity potential and for the 

normal derivative of the velocity potential, respectively. surrN  is the number of the surrounding nodes. 

 

 The coefficients, jc , are obtained by minimizing the error function. In order to make the error function 

minimized, the derivatives of error function with respect to the coefficients should be zero. 

( )1 2 3 4 5 6, , , , ,
0

j

E c c c c c c
c

∂
=

∂
,  for j = 1, 2, …, 6. (3.30) 

Substituting from Eqn.(3.25) to Eqn.(3.28) into Eqn.(3.29), the matrix form the equation is obtained by 

6

1

n
ij j j

j
A c B

=

=∑ , for i = 1, 2, …, 6, (3.31) 

where A  and B  are made up of the local position, the weight, and the value at the surrounding nodes including 

the considered node. 1B  and 2B  are for the 1E  and 2E , respectively. 

1

surrN

ij k ki kj
k

A w  
=

= ∑ , (3.32) 

1

1

surrN

i k ki k
k

B w  
=

= ∑ , (3.33) 

2

1

surrN

i k ki
k k

B w
n



=

∂ =  ∂ 
∑ , (3.34) 

The ki  value is determined as below. 

1 1k = ,  2k kX = ,  3k kY = ,  

2
4k kX = ,  5k k kX Y = ,  2

6k kY = , for k = 1, 2, …, surrN . 
(3.35) 

 

After determining the coefficients for the interpolation for the normal derivative of the velocity potential, 

and the velocity potential, the normal derivative of the square of the gradient of the velocity potential is easily 
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obtained. In this study, since the finite shell element is only formulated for the linear elastic range, the 

displacement is small enough. Therefore, the curvature of the tangential circle is negligible and assumed as zero. 

 

The right side term in Eqn.(3.19) could be calculated from the structural governing equation. 

( )1U R U−= −
  

N NM K , (3.36) 

where M , K , U


, U


 , and R


 are the mass matrix, the stiffness matrix, the nodal displacement vector, the 

nodal acceleration vector, and the external force vector, respectively. the external force can be obtained by 

integrating the hydrodynamic pressure from the unsteady Bernoulli equation. 

2

2m m

T T
w t wS S

m m
R dS dS


  

 ∇ = − −       
∑ ∑∫ ∫



H n H n , (3.37) 

 

Let us define a coefficient matrix C  and an array for the values of Eqn.(3.24) at each node to express 

the Eqn.(3.19) simply, 

2

1
1

2

,
m

s

T
w S

m

N

dS






−

 ∇    ≡ ≡    
∇  

∑∫ C NM H n T , (3.38) 

Substituting Eqn.(3.25) into Eqn.(3.19), the final form of the matrix equation is obtained by 

11
2tn t U

n
− ∂

+ = − − +
∂



φ Cφ CT NM K T , on the wet surface, wS . (3.39) 

The matrix C, M, K, and N are calculated only from the geometry and the properties of the structure and the array 

T can be obtained by solving the velocity potential field, and the nodal displacement U is initially given.  

 

Therefore, the right side of above equation is all known values and denoted by beta. 

tn t+ =φ Cφ β  on the wet surface, wS . (3.40) 

The kinematic boundary condition for the acceleration potential has changed into the additional boundary 

condition for the velocity potential. This additional condition will be used for directly solving the boundary 

integral equation to obtaining the time derivative of the velocity potential. 
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3.3.2.  Coupled equation for the acceleration potential 

 

For the numerical calculation of the interaction between the underwater explosive bubble and the 

floating structure, the hydrodynamic force acting on the structure surface should be accurately calculated. The 

loads acting on the structure are obtained by integrating the hydro dynamic pressure over the surface and the 

unsteady Bernoulli equation is used to obtain the hydro dynamic pressure. However, the main difficulty is on the 

calculation of partial derivative of the velocity potential which is one of the terms of the Bernoulli equation. 

 

 As mentioned in introduction, the finite difference approximation is widely used for the calculation of 

the partial derivative of the velocity potential, because it is easy to implement with a little effort. However, the 

approximated value often causes the numerical instability because it is not instantaneous value. Moreover, when 

considering the interaction problems which have the movable and deformable boundary, the finite difference 

approximation is not suitable, because the position of the nodes is also changed. In this case, the meaning of the 

approximated value obtaining from the finite difference method is much closer to the material derivatives rather 

than the partial derivatives with respect to the time. There are some efforts to make correction by using the relation 

between the material derivatives and the partial derivative. However, there is still inaccurate when the time step 

is very small in the initial and the final stage of the bubble pulsation 

 

 In order to obtain the hydro dynamic pressure accurately and stably, the direct calculation methods to 

get the partial derivative of the velocity potential with respect time are studied recently. In this study, to construct 

the fully coupled model, the nonlinear acceleration potential is introduced and its non-penetration condition at the 

boundary surface is used. To directly calculate the time derivative, the boundary integral equation for the time 

derivative of the velocity potential is solved because it satisfies the Laplace equation also. 

( ) ( ) ( ) ( ) ( , )( , ) t
t tS

Q G P QC P P G P Q Q dS
n n


 

∂ ∂
= − ∂ ∂ 
∫ , (3.41) 

where the subscript t means the partial derivative with respect to time. The above equation is derived in the same 

way in chapter 2.1. The matrix form is expressed as below 
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, ,

, ,

t b tn bbb bs bb bs

t s tn ssb ss sb ss

      
=      

      

φ φH H G G
φ φH H G G

, (3.42) 

where the subscript n means the partial derivative with respect to the normal direction [21]. 

 
 Depending on the relation between the gas pressure inside the explosive bubble and the Bernoulli 

equation, the time derivative of the velocity potential can be determined similarly with Eqn.(2.18) 

20 0 1
2

gatm
b

b

pp V gz
t V





 

 ∂
= − − ∇ − ∂  

, on the bubble surface, bS . (3.43) 

Rearrange the Eqn.(3.42) for the unknowns, 

,
,

,
,

,

tn b
bb t bbb bs bs

t s
sb t bsb ss ss

tn s

 
−      =     −     

φ
H φG H G

φ
H φG H G

φ
, (3.44) 

The number of unknowns is 2b sN N+  and the number or equations is b sN N+ . Therefore, the 

above equation is underdetermined. To solve this equation, we need more conditions and the condition is obtained 

from the non-penetration condition for the acceleration condition in chapter 3.3.3. The matrix form of the 

additional boundary condition is in Eqn.(3.39). 

 

Substituting Eqn.(3.40) in Eqn.(3.44) yields 

, ,

, ,

,0

bb bs bs tn b bb t b

sb ss ss t s sb t b

tn s

 −   
    − =    
        

G H G φ H φ
G H G φ H φ

C I φ β
, (3.45) 

Solving the above equation, the time derivative of the velocity potential is directly calculated and then, the hydro 

dynamic pressure can be obtained simultaneously and instantaneously considering both the response of the 

structure and the bubble dynamics. Because we consider the response of the structure in the coupled model, there 

is no need to compute the added mass effect. 
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3.4.  Results 

 

After validating the implemented code both of the bubble dynamics using the boundary element method 

and the shell element using the finite element method, respectively, the coupled model for the interaction between 

the bubble and the structure is studied. To validate presented model, we make comparisons between the results of 

the coupled model and the results of the bubble dynamics under the two extreme structural stiffness. Additionally, 

a circular steel plate case is studied for the numerical example and it is compared with the commercial tool(LS-

DYNA). Finally, the behavior of the bubble over the various stiffness of the plate was studied. 

 

Figure 3.6 shows the computational domain considered. For the simplicity of the numerical simulation, 

the radius of the floating plate is set to ten times larger than the maximum radius of the explosive bubble and the 

outer most nodes of the floating plate are fixed, so it is enough to neglect the effect of the free surface outside the 

plate[]. All the numerical simulations in this chapter have the same conditions in the weight of the TNT, the initial 

depth of the explosion, and the radius of the floating plate as shown in Table 3.1. The potential is initially zero. 

 
Figure 3.6 The solution domain and the schematic configuration for the interaction between an underwater 

explosive bubble and a floating plate.  

 
Table 3.1 Parameters for bubble and the radius of the plate 

Structure parameters 

TNT 5 (g) 

Initial depth 0.25 (𝑚𝑚) 

Radius of the plate 2.6 (𝑚𝑚) 
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3.4.1.  Comparison between the high stiffness wall and the rigid wall 

 

When the structure has high stiffness with infinitely large Young’s modulus and extremely small Poisson 

ratio, the structural behavior is close to the rigid body and then the structure can be regarded as the rigid body. 

The properties of the structure are shown in Table 3.2. Figure 3.7 and 3.8 shows the behavior of the bubble and 

the response of the structure in the expansion stage of the bubble.  

 

(a) 

  

(b) 

  

(c) 

  

Figure 3.7 The result of the high stiffness wall and the rigid wall case in expansion stage. The left side is the 

coupled model for interaction and the right side is the bubble dynamics under the ideal rigid wall. 
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(a) 

  

(b) 

  

(c) 

  

Figure 3.8 The result of the high stiffness wall and the rigid wall case in collapse stage. The left side is the 

coupled model for interaction and the right side is the bubble dynamics under the ideal rigid wall. 

 

In the early stage of the expansion, Figure 3.7 (a), the bubble maintains the spherical shape because of 

the high internal gas pressure of the bubble. Soon after, the bubble loses its spherical shape and the top surface of 

the bubble becomes flattened along the wet surface. When the bubble reaches its maximum volume, Figure 3.7 

(c), the bubble is elongated in the normal direction of the wet surface. Then, the bubble starts to collapse. Figure 

3.8 shows that the response of the structure and the behavior of the bubble in the collapse stage of the bubble. The 

bottom surface of the bubble is attracted toward the structure as shown in Figure 3.8 (b). Finally, it develops the 

strong jet flow as shown in Figure 3.8 (c). 
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Table 3.2 Structure parameters for high stiffness plate case 

Structure parameters 

Young’s modulus (E) 2.1e14 (𝑁𝑁/𝑚𝑚2) 

Poisson ratio (υ) 0 - 

Density (𝜌𝜌𝑠𝑠) 7800 (𝑘𝑘𝑘𝑘/𝑚𝑚3) 

Thickness (t) 0.1 (𝑚𝑚) 
 

The overall behavior of the bubble under the high stiffness plate is well matched with the bubble 

dynamics result under the rigid wall case. Additionally, during the whole simulation, the displacement of the plate 

is small enough to be neglected. Figure 3.9 shows that the volume of the bubble and the z-directional displacement 

at the center over time, respectively. The maximum volume of the bubble is close to 0.08𝑚𝑚3 and the period is 

about 0.058sec in both cases. The displacement at the center of the plate is close to zero. 

 

Figure 3.9 The volume of the bubble and the z-directional displacement at the center of the plate over time 

are shown. The blue line is for the interaction model coupled with high stiffness wall and the black line is 

for the bubble dynamics under the rigid wall. 
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3.4.2.  Comparison between the low stiffness plate and the free surface 

 

When the structure has low stiffness with extremely small Young’s modulus and Poisson ratio tends to 

0.5, the structural behavior is close to the free surface and then the structure can be regarded as non-existence. 

The properties of the structure are shown in Table 3.3. Figure 3.10 shows the behavior of the bubble and the 

response of the structure in the expansion stage of the bubble. During the simulation, the overall behaviors of the 

bubble are well matched and the deformed shapes of the plate and the free surface are also in agreement with each 

other. 

(a) 

  

(b) 

  

(c) 

  

Figure 3.10 The result of the low stiffness wall and the free surface case in expansion stage. The left side is 

the bubble dynamics under the free surface and the right side is the proposed coupled model for interaction. 
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(a) 

  

(b) 

  

(c) 

  

Figure 3.11 The result of the low stiffness wall and the free surface case in collapse stage. The left side is the 

bubble dynamics under the free surface and the right side is the proposed coupled model for interaction. 

 

As shown in the Figure 3.10 (a), the bubble maintains the spherical shape right after detonation for a 

little because of the high internal gas pressure of the bubble and the wet surface is slightly swollen. Then, the 

bubble loses its spherical shape and is elongated along the z direction at the top and bottom surface both. When 

the bubble reaches its maximum volume, Figure 3.10 (b), the top surface of the bubble is positioned above the 

base free surface at this moment. The bubble starts to collapse after reaching its maximum volume as shown in 

Figure 3.11. The top surface is moved toward the bottom surface and the jet flow is developed along the movement 

of the bubble surface.  
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Table 3.3 Structure parameters for low stiffness plate case 

Structure parameters 

Young’s modulus (E) 2.0e5 (𝑁𝑁/𝑚𝑚2) 

Poisson ratio (υ) 0.48 - 

Density (𝜌𝜌𝑠𝑠) 1700 (𝑘𝑘𝑘𝑘/𝑚𝑚3) 

Thickness (t) 0.001 (𝑚𝑚) 
 

The overall behavior of the bubble under the low stiffness plate is well matched with the bubble 

dynamics result under the free surface case. Additionally, during the expansion stage, the deformed shape of the 

plate is also well matched with the shape of the free surface but during the collapse stage, the deformed shape of 

the plate is slightly different with the shape of the free surface because the stiffness of the structure is small, but 

still exists. Figure 3.12 shows that the volume of the bubble and the z-directional displacement at the center of the 

plate over time, respectively. The maximum volume of the bubble is about 0.08𝑚𝑚3 and the period is about 0.04sec 

in both cases. 

 

Figure 3.12 The volume of the bubble and the z-directional displacement at the center of the plate over time 

are shown. The blue line is for the interaction model coupled with low stiffness wall and the black line is for 

the bubble dynamics under the free surface. 
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3.4.3.  Numerical example for steel plate 

 

In this section, the hydroelasic response of floating plate structure is studied and the results are compared 

with the commercial tool(LS-DYNA). The properties of the structure are shown in Table 3.4. The plate model, 

the position of the detonation and the weight of TNT in chapter 3.4 are used again. Figure3.13 shows the behavior 

of the bubble and the response of the structure in the expansion stage of the bubble. The behavior of the bubble 

and the displacement of the plate are compared at each time. 

 

 

 

 

 

Figure 3.13 The response of the steel plate and the behavior of the explosive bubble in expansion stage are 

shown. The left side is the result of the LS-DYNA and the right side is the result of the implemented code.  
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Figure 3.14 The response of the steel plate and the behavior of the explosive bubble in collapse stage are 

shown. The left side is the result of the LS-DYNA and the right side is the result of the implemented code. 

 

As shown in the Figure 3.13 (a), the bubble keeps its initial spherical shape at the beginning and then, the bubble 

violently grows up losing its spherical shape while deforming above plate. The maximum displacement at the 

center occurs before the bubble reaches its maximum volume as shown in Figure 3.13(b). Afterwards, the plate is 

attracted and moves downwards while the bubble still expands. Because of the influence of the floating plate, the 

top surface of the bubble moves slower than the bottom surface, which makes bubble elongated in direction normal 

to the wet surface. Moreover, the bubble does not expand sufficiently in volume as shown in Figure 3.13 (c). 
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Table 3.4 Structure parameters for numerical example 

Structure parameters 

Young’s modulus (E) 2.03e11 (𝑁𝑁/𝑚𝑚2) 

Poisson ratio (υ) 0.3  

Density (𝜌𝜌𝑠𝑠) 7800 (𝑘𝑘𝑘𝑘/𝑚𝑚3) 

Thickness (t) 0.01 (𝑚𝑚) 
 

Due to the influence of the deformable moving boundary, the volume of the bubble and its period are 

significantly changed. The maximum volume of the bubble decrease to 0.06𝑚𝑚3 and also the period decrease to 

0.04sec compared with the results in chapter 3.4.1. Figure 3.15 shows that the volume of the bubble and the z-

directional displacement at the center of the plate over time, respectively. The deformation of the floating plate 

and the overall behaviors of the bubble are in general agreement in both results from the implemented code and 

the commercial tool. There are some differences in the maximum displacement and its occurrence time in Table 

3.5 because the different numerical methods and the finite element are used. 

 

Figure 3.15 The volume of the bubble and the z-directional displacement at the center of the plate over time 

are shown. The results of the implanted codes are blue line and the result of the LS-DYNA are black line. 

 
 

Table 3.5 Maximum values of the results in the Figure 3.15 

 Maximum volume Period Maximum 
displacement Occurrence time 

LS-DYNA 6.075e-2 4.044e-2 2.249e-2 6.001e-3 

Implemented code 6.041e-2 4.212e-2 1.871e-2 7.126e-3 
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3.4.4.  The behavior of the bubble depending on the rigidity of the plate 

 

The maximum volume of the bubble, the period, and the final bubble shape are studied in this chapter 

because the boundary surface has a significant effect on the behavior of the bubble [24]. The geometric 

information and the initial parameters in Figure 3.6 and Table 3.1 used again. The flexural rigidity of the plate is 

expressed as  

( )
3

212 1
EtD


=

−
, (3.46) 

where E, v, and t are the Young’s modulus, Poisson ratio, and the thickness of the plate. 

 
Figure 3.15 shows that the maximum volume and the period depending on the various flexural rigidity of the plate 

in logarithmic scale. The closer to the left is flexible and the closer to the right is stiff. As mentioned in chapter 

3.4.1 and 3.4.2, the plate can be regarded as a rigid wall or the free surface when the stiffness of the plate is 

extremely large or small. There is a transient section between 4 and 8 as shown in Figure 3.15. In that range, the 

period becomes larger from 0.04 sec to 0.06 sec as the rigidity increases. However, the maximum volume 

decreases from 0.08𝑚𝑚3 to 0.06𝑚𝑚3 which is its minimum, and then, increases to 0.08𝑚𝑚3 again. Additionally, the 

direction of jet flow is changed from downward to upward, and the occurrence location is changed from upper 

surface to lower surface of the bubble as the rigidity of the plate increases. 

Figure 3.16 The behavior of the bubble depending on the rigidity of the plate. 

 



46 

 

Chapter 4.  Conclusion 

 

In this study, the fully coupled model between the bubble dynamics and the floating structure is 

constructed. For the bubble dynamics, the fluid is modeled by using the boundary element method with the 

assumption of ideal fluid which is irrotational, inviscid, and incompressible. For the structural domain, the floating 

structure is modeled with MITC3 shell element by using the finite element method.  

 

Contrary to the most previous study using the finite difference approximation to obtain the partial 

derivative of the velocity potential, the derivative is directly calculated by solving one more boundary integral 

equation. To solve the underdetermined problems at this approach, the additional equations can be constructed by 

defining the nonlinear acceleration potential. Based on the boundary conditions for the acceleration potential, we 

can construct the fully coupled model instantaneously and simultaneously considering both the response of the 

structure and the bubble dynamics. 

 

When constructing the additional equation for the coupled model, some derivatives of the potential and 

its normal derivative should be computed, which are extremely complex. In this study, to avoid the complexity, 

we apply the surface fitting for the potential field and its normal derivative field, respectively. The second order 

equation is used for the interpolation and to make the error minimized, the weighted least square method is used. 

The weight is determined in accordance with the distance from the considered node. The complex computation 

for calculating the coupled equation terms could be avoided by using some interpolation coefficients. 

 
Prior to constructing the couple model, the bubble dynamics and finite element analysis using MITC3 

are validated, respectively. The underwater explosion near a rigid wall is compared with the previous study and 

the underwater explosion near a free surface is compared with the experimental result. In each case, the period 

and the maximum volume are well matched and the behavior of the bubble is also matched with the result. The 

finite element analysis is validated by using the commercial tool, ADINA. The individual results are used to 

validate the implemented coupled model in two extreme cases. 

 

If the stiffness of the floating plate is very large, the plate can be regarded as rigid wall. Therefore, the 
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interaction between a bubble dynamics and the high stiffness wall is compared with the underwater explosion near 

a rigid wall. Because of the large stiffness, the displacement of the plate is small enough to neglect. The volume 

of the bubble and the period is close to the rigid wall case, and the behavior of the bubble is also well matched 

over time. If the stiffness of the floating plate is very small, the plate can be regarded as non-existence. Therefore, 

the interaction between a bubble dynamics and the low stiffness wall is compared with the underwater explosion 

near a free surface. The volume of the bubble and the period is close to the free surface case, and the behavior of 

the bubble is similar over time as well. However, the z directional displacement at the center node is a bit different 

because the stiffness of the structure is small, but it still exists. From this comparison with two extreme case, the 

implemented code is indirectly validated. 

 
For the numerical example, the steel circular plate is simulated and the result is compared with the 

commercial tool, LS-DYNA. The overall behavior of the bubble, the period, and the volume are close to each 

other and the displacement at the center node is compared. The maximum displacement and the minimum 

displacement occur almost similarly, but the magnitude is different because the different numerical method and 

the finite element are used for each. 

 

Interaction between the bubble dynamics and the structure is studied and the fully coupled model is 

implemented in three dimension for the expandability of an arbitrary shape of structure. the response of the 

floating structure and the bubble dynamics is studied over the stiffness of the plate. Under the same weight of 

TNT and the initial depth, the period of the bubble and the volume is increased as the stiffness is increased. In this 

study, the bubble dynamics can only simulate right before the jet impact occur, and the structural dynamics is for 

linear elastic range. Therefore, the toroidal bubble model would be added and the plasticity or the geometrical 

nonlinear would also considered. 
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