
Application of the Runge Kutta Discontinuous Galerkin-Direct Ghost
Fluid Method to internal explosion inside a water-filled tube

Jinwon Park
Jangbogo-III Program Group, Defense Acquisition Program Administration, 47 Gwanmun-ro, Gwacheon-si, Gyeonggi-do, 13809 Republic of Korea

a r t i c l e i n f o

Article history:
Received 6 June 2018
Received in revised form
8 September 2018
Accepted 18 October 2018
Available online 5 November 2018

Keywords:
Runge-Kutta
Discontinuous galerkin
Ghost fluid method
Fluid structure interaction
Internal explosion
Non-matched meshing

a b s t r a c t

This paper aims to assess the applicability of the Runge Kutta Discontinuous Galerkin-Direct Ghost Fluid
Method to the internal explosion inside a water-filled tube, which previously was studied by many re-
searchers in separate works. Once the explosive charge located at the inner center of the water-filled
tube explodes, the tube wall is subjected to an extremely high intensity fluid loading and deformed.
The deformation causes a modification of the field of fluid flow in the region near the water-structure
interface so that has substantial influence on the response of the structure. To connect the structure
and the fluid, valid data exchanges along the interface are essential. Classical fluid structure interaction
simulations usually employ a matched meshing scheme which discretizes the fluid and structure do-
mains using a single mesh density. The computational cost of fluid structure interaction simulations is
usually governed by the structure because the size of time step may be determined by the density of
structure mesh. The finer mesh density, the better solution, but more expensive computational cost. To
reduce such computational cost, a non-matched meshing scheme which allows for different mesh
densities is employed. The coupled numerical approach of this paper has fewer difficulties in the
implementation and computation, compared to gas dynamics based approach which requires compli-
cated analytical manipulations. It can also be applied to wider compressible, inviscid fluid flow analyses
often found in underwater explosion events.

© 2018 Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Once the charge located at inner center of a water-filled tube
explodes, the tube wall is subjected to an extremely high in-
tensity fluid loading and deformed. The wall deformation may
cause a modification of the field of fluid flow in the region next
to the tube wall. There exist complex wave phenomena within
the tube. At first, the charge is instantaneously transformed into
a highly-pressured gas bubble due to the hydrostatic pressure
and gravitation. The gas bubble is assumed to have the same
volume and internal energy of the original charge (Liu and Liu,
2003). Shock hits the tube wall and deforms it. After reflecting
the shock off from the tube wall, reflection wave is created. The
interaction of the reflection wave and gas bubble creates
expansion wave traveling back toward the tube wall. The

expansion wave may reduce the density of water in the region
next to the tube wall. The relation p¼ p (r, e, …) tells that the
reduced density causes the pressure to be lower. When the
pressure of water drops below a vapor pressure, the water is
cavitated and the local cavitation zone is created. As time con-
tinues, the higher-pressure water pushes into the low-pressure
region and the cavitation zone is collapsed. The formation and
collapse of the local cavitation zone have substantial influences
on the response of the tube wall. The local cavitation zone
temporarily separates the structure from shock loading. Within
the water-filled tube, fluid-fluid and fluid-structure interactions
may occur. These complex phenomena increase a complication of
the fluid computation.

The internal explosions were previously studied by many re-
searchers in separate works. In 1999, the experiment conducted by
Sandusky et al. (1999) provides the useful plastic deformation
history of a water-filled tube subjected to 3 g Pentaerythritol tet-
ranitrate (PETN) explosion. The 2.8 g PETN plus 0.2 g detonator was
located at the center within awater-filled aluminum tube. The tube
bottomwas sealed by a thin plastic sheet and the tube top left open.E-mail addresses: jwpark1@gmail.com, jwpark3@korea.kr.
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The pressure-time history was measured at the inner center of the
tube wall. For details of this experiment, See reference (Sandusky et
al., 1999). Using experiment data for this case, they assessed the
applicability of a coupled Eulerian-Lagrangian Dynamic System
Mechanics Advanced Simulation (DYSMAS) hydrocode developed
by the Naval Surface Warfare Center (NSWC) Indian Head Division
(Sandusky et al., 1999). Wardlaw and Luton (2007) utilized GEMINI-
DYNA_N codes for the same problem. Both used the pressure cutoff
cavitation model to predict the formation and collapse of cavita-
tion. More recently, others employed the modified ghost fluid
method (MGFM) coupled with the modified Schmidt cavitation
model (Liu et al., 2004; Xie et al., 2006; Xie et al., 2007). The charge
was replaced by an ideal gas bubble rather than the explosive gas
bubble. The Johns-Wilkins-Lee (JWL) equation of state (EOS) states
the behavior of explosive gas well, while the application of the ideal
gas law loses its efficiency and accuracy in the region within the
8e10 times charge radius (Liu and Liu, 2003). The JWL EOS hasmost
often used to describe the behavior of explosive gas produced by
the charge explosion (Shin and Geers, 1995; Souli et al., 2000; Liu
and Liu, 2003; Alia and Souli, 2006). Wardlaw and Luton (2007)
provided a good description of cavitation mechanisms in explo-
sion events.

There exist a couple of complexities in numerically simulating
the internal explosion. First, to connect the fluid and the structure,
an effective meshing scheme is required. Classical Fluid Structure
Interaction (FSI) simulations employ a matched meshing scheme,
which the fluid and structure grids on the interface are discretized
with a single mesh density (Donea and Huerta, 2003). Since the
computational data should be exchanged by node-to-node
manner along the interface, the computation becomes expen-
sive. If the data is validly exchanged during the computation, a
non-matched meshing scheme can be used instead. Unlike the
matched meshing scheme, non-matched meshing schemes allow
for different mesh densities for discretizing the fluid and structure
domains. Second, a two fluid method is necessary. Since the
explosive gas and water are presented together inside the tube, a
special concern to treat the material discontinuity across the
interface is required. This paper employs the Runge Kutta
Discontinuous Galerkin-Direct Ghost Fluid Method (RKDG-
DGFM). The RKDGmethod solves the fluid field which is either the
explosive gas or water. The DGFM treats the explosive gas and
water flows as if it is single fluid. Third, the resulting wall defor-
mation may cause a modification of the fluid flow in the region
next to the tube wall which results in the formation and collapse
of cavitation. Neglecting the cavitation mechanisms does not
insure the correct computation of the internal explosion. The
structure computation is carried out by classical Finite Element
Method (FEM) and the formation and collapse of cavitation is
tracked using the pressure cutoff cavitation model. The applica-
bility of the RKDG-DGFM is assessed by comparing numerical
results with reference results taken from the past study (Wardlaw
and Luton, 2007). Since the intension of this paper is not to
explore a complete analysis of the structure deformation
including plastic theory, RKDG-DGFM results may not be consis-
tent with these reference results. Cavitation mechanisms are
addressed through the rigid wall tube case and the deformable
tube wall case.

2. Numerial approach

2.1. Governing equations

In explosion events, the fluid flow is considered compressible,
inviscid and the entire process is adiabatic (Liu and Liu, 2003). The
fluid flow is governed by a set of Euler governing equations as

vr

vt
þ V,rm ¼ 0

vrv
vt

þ V,ðrvmþ PÞ ¼ 0

vre
vt

þ V,ðremþ PvÞ ¼ 0

(1)

where the termm is convection velocity. The convection velocity is
the difference between flow velocity and mesh velocity. In the
Eulerian description, the convection velocity m becomes the flow
velocity only because the mesh is fixed in space. The Lagrangian
description does not include the convection term since the flow and
mesh motions are equal. In the midway between the Eulerian and
the Lagrangian descriptions, the Arbitrary Lagrangian Eulerian
description exists. For more details of these descriptions, see
reference (Belytschko et al., 2000). The internal explosion may
require an adjustment of the fluid mesh to the wall deformation. To
model the explosive gas and water existing within the tube, the
JWL EOS for the explosive gas and the Tait EOS for the water are
considered, respectively.

The structure is governed by the Lagrangian momentum equa-
tion only. Assuming that the structure density r is constant and the
entire process is adiabatic, allows the elimination of the continuity
and energy equations from the system of equations as

r
Dv
Dt

¼ V,s (2)

where the term s is a stress-strain relationship for linear elastic
materials, also referred to as Hook's material. Material behavior is
distinguished by the way of resistance against the deformation. By
tensor notation, the stress-strain relationship about Hook's mate-
rial is given as

sij ¼ Cijklεkl (3)

where the term Cijkl is the fourth-order tensor of material constants
and ??kl is linear strain. Hook'smaterial is one of simplematerials in
describing the structural behaviors and has often been used in solid
mechanics (Belytschko et al., 2000). This simple material model
may not be sufficient to analyze the real structural response
including plastic and nonlinear properties. For nonlinear plastic
materials, more complex stress-strain relations are necessary;
however, this paper does not consider these complexity. For more
details of nonlinear plastic material models, reference (Belytschko
et al., 2000) is recommended. Eq. (1) for the fluid is solved using
the RKDG-DGFM and Eq. (2) for the structure using the Galerkin
FEM (Belytschko et al., 2000).

2.2. Discretization

Various numerical methods need to be applied to assess the
dynamic response of the fluid and structure in underwater explo-
sion (UNDEX) simulations. To accurately predict the response of a
structure subjected to strong transient loading, both the accurate
prediction of fluid flow and reasonable dynamic coupling of the
structure to the fluid are essential. The differential form of the
governing equation, Eq. (1) is not directly applied to the numerical
simulation involving flow discontinuities. The weak formulation,
which is based on the weighted-residual method, as opposed to the
strong formulation based on the differential form, is usually
advised in the discretization of the governing equations above. For
the partial differential Eq. (1), both spatial and temporal dis-
cretization are necessitated. There also exists a material interface
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between explosive gas and water. A ghost fluid method treats these
two separate single fluids with a specific interface treatment.

The Discontinuous Galerkin (DG) method discretizes Eq. (1) in
space, the Runge-Kutta (RK) method deals with Eq. (1) in time,
separately. The DG method combines advantages of FEM and Finite
Volume Method (FVM): high-order accuracy, simple treatment of
complex geometry, and weak connectivity between elements.
High-order accurate approximation is achieved by increasing the
order of basis functions. It is superior to FVM. And since all the
terms except the boundary integral are treated as in the standard
Galerkin method, the DG method simply treats complex geometry
as in the FEM. Weak connectivity between elements is achieved by
allowing a simple extension of numerical flux functions proven
successful in the FVM. These characteristics make the RKDG
method especially attractive for the compressible flow analysis
where strong shock exists.

A one-dimensional analysis is considered to provide some
insight for the spatial discretization. As shown in Fig. 1, the domain
U is subdivided by elements dx¼ [xj-1/2, xjþ1/2] and j¼ 1, 2, …, N is
the number of elements used.

The set of one-dimensional Euler fluid equation, Eq. (1) can also
be expressed as

Uðx; tÞt þ FðUðx; tÞÞx ¼ 0 (4)

where U ¼ ½r; ru; re�T and FðUÞ ¼ ½rm; rumþ P; remþ Pu�T . A
standard DG spatial scheme applied to Eq. (4) gives a local weak
formulation with a test function ??(x) as

ðxjþ1=2

xj�1=2

�
Utðx; tÞuðxÞ � FðUðx; tÞÞuðxÞx

�
dxþ FðUðx; tÞÞuðxÞjxjþ1=2

xj�1=2
¼ 0

(5)

Where

FðUðx; tÞÞuðxÞjxjþ1=2
xj�1=2

¼ F
�
U
�
xjþ1=2; t

��
u
�
xjþ1=2

�

� F
�
U
�
xj�1=2; t

��
u
�
xj�1=2

�

The FVM uses the piecewise-constant approximation which
means the values are constant within the element, while the DG
employs the piecewise-polynomial approximation which means
the values vary within the element. The accuracy in spatial dis-
cretization can be improved simply by increasing the order of the
basis function. The P2 Legendre polynomial approximation is
considered as in (Li, 2006). For P2 Legendre approximation, the
approximated solution bUðx; tÞ of Eq. (4) within the element

h
xj�1

2
�

xjþ1
2

i
is expressed by

bUðx; tÞ ¼ UðtÞ þ UxðtÞP1ðxÞ þ UxxðtÞP2ðxÞ

¼ UðtÞ þ UxðtÞxþ UxxðtÞ
�
x2 � 1

3

� (6)

where the normalized Legendre polynomials are
P0ðxÞ ¼ 1; P1ðxÞ ¼ z; and P2ðxÞ ¼ x2 � 1

3 and x is Gauss points.
Because of flow discontinuity in the domain, the boundary flux

terms F(U(xj±1/2, t)) are replaced with numerical functions
depending on two values at inter-elemental boundaries as

F
�
U
�
xjþ1=2; t

��
¼ F

�
Uþ
jþ1=2;U

�
jþ1=2

�
and F

�
U
�
xj�1=2; t

��

¼ F
�
Uþ
j�1=2;U

�
j�1=2

�
(7)

where Uþ
j±1=2 ¼ limxYxþj±1=2Uðx; tÞ and U�

j±1=2 ¼ limxYx�j±1=2Uðx; tÞ.
The interior information is denoted by the superscript “-” and the
exterior by the superscript “þ”, respectively. The element j and its
neighbors are communicated only through the flux computation at
the inter-elemental boundaries. Numerical fluxes are computed by
the First Order Center (FORCE) flux scheme often used in the FVM
applications (Leveque, 2002).

Eq. (5), which is the semi-discretized equation in space, requires
the temporal discretization because it is still continuous in time.
The RK scheme for temporal discretization is employed. Since the
order of a RK integrator must be kþ1 or higher, the third-step RK
scheme for P2 Legendre approximation seen in Eq. (6) is preferred
(Cockburn, 1998). The third-step RK temporal scheme is employed
to discretize Eq. (4) as

Uð1Þ ¼ Uð0Þ þ DtR
�
Uð0Þ

�

Uð2Þ ¼ 3
4
Uð0Þ þ 1

4

�
Uð1Þ þ DtR

�
Uð1Þ

��

Uð3Þ ¼ 1
3
Uð0Þ þ 2

3

�
Uð2Þ þ DtR

�
Uð2Þ

��
(8)

where the term R(U) is the vector of the right terms of Eq. (4). The
superscript ( ) and Dt represent the number of level in single time
step and the size of time step, respectively. The size of time step is
determined by the Courant-Friedrichs-Levy (CFL) condition as

jcj dt
dx

� 1
2kþ 1

(9)

where jcj is the absolute value of the speed of sound and k is the
order of polynomial, i.e., Pk (Li, 2006).

2.3. Two-fluid method

For the multi-fluid flow simulation such as involving a gas and a
water, GFM requires any interface tracking/capturing method to
identify the material interface location during the computation.
This paper considers the Level Set Method (LSM) to analyze the
motion of the material interface (Osher and Fedkiw, 1999). The LSM
provides topological information such as curvature and normal
vector. The material interface is embedded on a spatially-fixed
mesh and transported by Eulerian manner as

vf

vt
þ v,Vf ¼ 0 (10)

where the function f labels every point in the domain as either one
fluid or the other. Eq. (10) implies that some information is trans-
ported by flow velocity v ¼ ubnx þ vbny þ wbnz. The function f is
initially set as the signed distance function f¼± d(x) that is the
value of the shortest normal distance to the interface. The function
defines that f¼ 0.0 is for points on the interface, f¼ - d(x) for outer
points and f¼ d(x) for inner points in the domain. By numerically
solving Eq. (10), the LSM evolves a time varying shape of the ma-
terial interface. Once each time step is completed, the interface
location can be identified by a sign change of the function f asFig. 1. One-dimensional representation of DG approximations.
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fj � fjþ1 <0 (11)

where the interface is located somewhere between the elements j
and jþ1. It means that the value of the function f at the element j is
negative and the value at the element jþ1 is positive, or vice versa.
In the GFM, every element possesses its ownmass, momentum and
energy either from the real fluid or the other fluid (ghost fluid)
which does not really exist (Fedkiw et al., 1999). Once the ghost
fluid is defined, the RKDG method separately evolves respective
fluid flows with no special concern on the material interface and
provides flow velocity v as one output. For subsequent time step,
the function f is then transported using flow velocity v. The pro-
cedure of the GFM coupled with the LSM is illustrated in Fig. 2.

The key of the GFM is how to define the flow variables in the
ghost region of each fluid. The original GFM obtains the flow var-
iables obtained by numerically computing various gas-dynamical
relationships. The coupled approach of original GFM and RKDG
methods has been applied to some gas dynamics applications
(Fedkiw et al., 1999; Zhao et al., 2013). However, such a coupled
approach mostly limited to gas-to-another gas or fluid-to-another
fluid where density jump between two fluids is not serious. Even
most of problem domain considered is restricted in one-
dimensional applications. The dimensional extension of such
approach may not be trivia due to geometric and thermodynamic

relations. This coupled approach to a compressible gas-to-water
fluid flow may fail due to a large density jump between two
fluids. A small density error in stiff water may generate spurious
pressure oscillations at thematerial interface, and cause the sudden
breakdown of the computation at early time step. The density
modified by the original GFM is probably a source of numerical
instability. The density modification in the original GFM is not
easily be applicable to the explosive gas and water flows normal in
UNDEX events. Unlike the original GFM application, the direct GFM
introduced in this paper helps decrease the density instability
across the material interface, thus minimizing spurious pressure
oscillations in vicinity of the material interface. The variable
extrapolation of the DGFM is illustrated in Fig. 3. The density in the
real medium is extended into the ghost medium by numerically
solving an advection equation with having to do a few iterations

vr

vt
±v,Vr ¼ 0 (12)

where the term ?? Is artificial time scale and v is flow velocity
obtained from the flow computation. The positive sign is to extend
the density in the region where the function f< 0 to the region
where the function f> 0, and the negative sign is to extend the
density in the region where the function f> 0 to the region where
the function f< 0. Both the velocity and pressure are treated as in
the original GFM.

Fig. 2. Description of the GFM coupled with the RKDGM and the LSM.
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For the gas, the density at the element i - 1 is extrapolated to the
element i in the real region as well as those in the ghost region.
Unlike the original GFM requiring complex gas dynamical calcula-
tions, the DGFM does not require any entropy calculation including
the ratio of specific heat as in (Xie et al., 2007; Zhao et al., 2013). So,
the implementation and computation of JWL EOS, Eq. (22), does not
increase difficulty and complexity. In multi-dimensions, the vari-
ables in the ghost region are extrapolated along the normal to the
interface as in the one-dimensional manner above. This simple
dimensional extension does not require complex multi-
dimensional shock analysis as in the traditional gas dynamics
based method.

2.4. Cavitation model

The cavitation has substantial influence on the response of
structure in UNDEX simulations. The prediction of the formation
and collapse of cavitation near the fluid-structure interface is an
important component. To help track the formation, collapse, and
reloading of cavitation near the fluid-structure interface, the pres-
sure cutoff cavitation model utilized by Wardlaw and Luton (2007)
is considered. The pressure cutoff cavitation model describes that
the cavitation occurs when the water pressure is lower than a pre-
determined pressure. He found that the low pressure limit has little
impact on the solution as long as it is positive and much less than
1bar (Wardlaw and Luton, 2007).

P ¼ MAX
�
ppredict ; plim

�
(13)

where Ppredict is a calculated pressure and Plim is a pre-determined
pressure. It permits easy implementation by comparing between
the calculated pressure and predetermined pressure limit. In this
paper, the predetermined pressure limit is 0.05 bar as recom-
mended by Wardlaw and Luton (2007).

2.5. Boundary conditions

There are several boundary conditions to realize the complex
phenomenon of UNDEX fluid flows. Rigid wall boundary condition
is used in the rigid-wall simulation, but moving wall boundary
condition in the deformable wall simulation. Outflow boundary
condition is applied to both top and bottom of the tube. To deal
with the symmetric surface of a cylindrical object, symmetric
boundary condition is utilized. It requires no flow normal to the
symmetric surface. Due to the same physical characteristics of rigid
wall condition, the implementation of symmetric boundary

condition is the same as in the rigid wall condition.
Rigid wall condition requires no flow normal to the surface as

y
.
,n
. ¼ 0 (14)

For example, along the left and top boundaries, velocities are
treated as

u0;j ¼ �u1;j and vi;nyþ1 ¼ �vi;ny (15)

where u and v are velocities in x and y-directions. Other quantities
Q along surfaces (0, j) and (i, nyþ1) are taken from values of the
nearest interior cell as

Q0;j ¼ Q1;j and Qi;nyþ1 ¼ Qi;ny (16)

Moving wall condition is usually considered in the fluid struc-
ture interaction simulation. When the right boundary of a fluid
domain interacts with an impermeable wall, velocity unxþ1, j is
defined as

unxþ1;j ¼ �unx;j þ 2uwall;j (17)

where uwall, j is moving wall velocity taken from structure
computation of Eq. (2). Other quantities are treated as in the rigid
wall condition.

Outflow boundary condition requires no wave reflections from
boundaries back into domain

vQ

v x
. ¼ 0 (18)

where Q denotes conservative quantities in Eq. (1). This condition
allows wave to propagate outward without any disturbance at
boundaries. The simplest way is the zero-order extrapolation (or
zero-gradient) of interior values into fictitious values.

Q0;j ¼ Qi;nyþ1 and Qi;nyþ1 ¼ Qi;ny (19)

Depending on the angle of outgoing wave, this condition is often
inadequate for preventing nonphysical wave reflection; Since the
zero-order extrapolation may lose information of the oblique wave,
an incorrect representation of the outgoing oblique wave may
occur. This paper deals with early-time transient fluid flows so that
the utilization of outflow boundary condition would be sufficient.
The computing code was just run to a final time of 1.5E-4 s. Unlike
fluid flow in incompressible fluid flow analysis requiring longer
running time, the fluid flow in this very early-time UNDEX simu-
lations ought not be likely oblique wave.

Fig. 3. The description of the DGFM for explosive gas and water flow simulations.
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3. Fluid structure interaction

The simulation of fluid-structure interactions requires data ex-
change between the structure and the fluid as a feedback loop. See
Fig. 4. The fluid pressures at time step n - 1 acting on the structure
are obtained from the fluid computation at time step n - 1. The
structure computation at time step n generates interface dis-
placements to accommodate the fluid mesh against the interface
deformation (Donea and Huerta, 2003).

Typical FSI simulations define that interface nodes behave in
Lagrangianmanner and internal nodes move independently of flow
motion (Belytschko et al., 2000; Donea and Huerta, 2003). Since the
flow and mesh motions may not be equal, flow variables must be
convected to somewhere in the domain. The Eulerian mesh is fixed
in space so that the imposition of interface conditions becomes
complicated if two meshes are overlapped. Since the Lagrangian
mesh is fixed on thematerial, error associated withmesh distortion
exists when the interface is subjected to large deformation.
Accordingly, the Arbitrary Lagrangian Eulerian (ALE) fluid govern-
ing Eq. (1) is considered. The interface nodes are adjusted by an
arbitrary manner. Along the interface, the kinematic and dynamic
conditions are imposed. No particles can cross the interface. The
stress must be continuous across the interface. To impose interface
conditions, interface nodes must remain permanently aligned
during the computation (Donea and Huerta, 2003). It is accom-
plished by prescribing that the node velocity of the fluid mesh is
equal to the flow velocity on the interface. The displacement along
the interface is defined as

nf ,uf ¼ ns,us (20)

where the terms n and u are normal vector and displacement, and
subscripts f and s represents the fluid and the structure. Condition
(20) implies that the fluid and structure never overlap during the
computation. The dynamic condition requires that the stress along
the interface be continuous as

nf p ¼ ns t
.

(21)

where the terms p and t
.

are fluid pressure and surface traction
acting on the structure interface. To connect the fluid and the
structure, an efficient meshing scheme is required. Two types of FSI
meshing scheme, a matched and a non-matched meshing, are
shown in Fig. 5.

A matched meshing scheme is that both the fluid and structure
domains are discretized using a samemesh density. A non-matched
meshing scheme allows for different mesh densities. The matched
meshing scheme has permanently aligned nodes along the inter-
face and the imposition of interface conditions (20e21) is
straightforward. Since the size of time step Dt may be determined
by the density of structure mesh, the computation becomes
expensive. If valid data exchange between the fluid and structure
meshes with different mesh densities can be carried out, compu-
tational efficiency can be improved with a larger time step,
compared to the matched meshing scheme. This is called the non-
matched meshing scheme. The communication is carried out via a
set of virtual interface nodes. Although this scheme requires careful
dimensional grid matching along the interface, it can be considered
as an alternative coupling scheme for the matching scheme which
requires intensive computing. This paper considers the non-
matched mesh scheme with a coarser structure mesh to increase
the size of time step Dt. There are three data exchanges between
the fluid and the structure: fluid pressure to the structure, interface
displacement to the fluid and interface velocity to the fluid. The
“three-to-one” non-matched meshing scheme is considered. Three
fluid elements communicate with one structure element. See Fig. 6.
The fluid pressures are directly copied to quadrature points along
the structure interface. Both cell-vertex displacements and cell-
centered velocities in the fluid are taken by the linear interpola-
tion of structural values. For more details of meshing schemes, see
reference (Boer et al., 2007).

A high intensive fluid loading impinges on the structures and
deforms the structure. To accommodate the resulting interface
deformation, the fluid mesh is required to be adjusted during the
computation. The computation sets the motion of interface nodes
as Lagrangian motion. After updating the fluid interface nodes, the
remapping of fluid internal nodes is required to maintain the
quality of the fluid mesh. It is accomplished by employing an
averagingmesh-smoothing scheme (Belytschko et al., 2000; Linder,
2003).

4. Internal explosions inside the tube

4.1. Rigid wall tube

Based on the experimental arrangement (Sandusky et al., 1999),
the initial conditions for computing are shown in Fig. 7. Since the
internal fluid flow is axi-symmetry along the axis z, the fluid

Fig. 4. A feedback loop of FSI simulations (Donea, J. and A. Huerta, 2003).
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computation only needs to treat the right half of the domain [0,
4.415]� [-8.900, 8.900] cm discretized with 40� 160 uniform el-
ements. The modification of three-dimensional governing equa-
tions is carried out by the procedure as in (Broglia et al., 1995; Toro,
1997; Leveque, 2002).

The JWL EOS with PETN parameters and the modified Tait EOS
are used to model the explosive gas and water, respectively. The
JWL EOS is given as

p ¼ A
�
1� uh

R1

�
e
�R1
h þ B

�
1� uh

R2

�
e
�R2
h þ ureint (22)

where the parameters experimentally determined A, B, R1, R2 and u
are 6.1327E11 Pa, 0.15069E11 Pa, 4.4, 1.2, and 0.25, respectively
(Sandusky et al., 1999; Wardlaw and Luton, 2007). The initial in-
ternal energy eint is 10.1E9 J/m3 and the term h is the ratio of the
current density to the initial density. The modified Tait equation is
given as

p ¼ ðN � 1Þreint � NðB� AÞ (23)

where the coefficients N, A and B are 7.15, 10E5 Pa, and 3.31E8 Pa,
respectively (Cooke and Chen, 1991; Chen and Cooke, 1994).

The internal explosion inside the rigid wall is considered, first.
Along the axis z, the symmetry condition is applied. Both the top
and bottom are treated using the outflowcondition tominimize the

interference from reflection waves at boundaries (Leveque, 2002).
The RKDG-DGFM code is run to a final time of 1.5E-4 s. The
pressure-time history at the inner center of the outer wall is shown
in Fig. 8.

The peak pressures at shock arrival and reloading times, i.e. at
1.5E-5 s and 1.2E-4 s, are predicted to 6.6E9 dyne/cm2 and 3.2E9
dyne/cm2, which are very close to the reference results taken from
past study (Wardlaw and Luton, 2007). A pressure jump occurs at
around 1.4E-4 s. This is likely due to the different boundary con-
ditions used for both top and bottom. This paper defines them by
the outflow condition. The condition used in the past study is not
clear. Otherwise, the pressure-time history shows excellent
agreement. The pressure contours at various times are shown in
Fig. 9. Before the cavitation cutoff at 4E-5 s, interactions between
the primary shock, expansion wave and gas bubble are dominant.

After the initial shock reflects off from the rigid wall, the re-
flected wave interacts with the gas bubble at 3E-5 s. The interac-
tion between the reflected wave and gas bubble creates expansion
wave traveling back toward the tube wall. The expansion wave
reduces the surface pressure on the wall. This low pressure next to
the tube wall causes the surrounding water to be cavitated. The
local cavitation originates from the center of the rigid wall around
4E-5 s. The high pressure surrounding water rushes into the low
pressure zone, and the low pressure zone collapses at 1.2E-4 s. The
cavitation collapse causes the rigid wall to be reloaded. These

Fig. 5. Description of FSI meshing schemes.

Fig. 6. Communication between the fluid and the structure.
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results prove the fact that the cavitation mechanism of the rigid
wall case is mainly influenced by the shock-bubble interaction.

4.2. Deformable wall tube

Now the rigid wall is replaced by a deformablewall (e.g., AL5086
material). The wall deformation is described by Hook's material.
Typical properties of AL5086 are used in the computation. The non-
matched mesh technique is used to connect the fluid and the
structure meshes along the interface. The tube wall is treated using
the moving wall boundary condition, and the fluid domain [0,
4.415]� [-8.900, 8.900] cm is discretized with 60� 240 uniform

elements. The structure domain [4.415, 5.050]� [-8.900, 8.900] cm
is discretized with 3� 80 uniform elements by the “three-to-one”
non-matched mesh scheme. The initial FSI meshes are shown in
Fig. 10.

Both the top and bottom structure nodes are fixed in r and z di-
rections during the computation. Unless stated otherwise, the same
fluid computation used in the rigid wall tube is applied to this FSI
simulation case. In Fig. 11, the pressure-time history from the RKDG-
DGFM computation is similar to the experimental data (Sandusky et
al., 1999) and results from the numerical study (Wardlaw and Luton,
2007). The predicted peak pressure 6.05E9 dyne/cm2 is somewhat
lower than the experimental value 6.25E9 dyne/cm2. In the

Fig. 7. Experimental arrangement and initial conditions.

Fig. 8. Pressure-time history taken by RKDG-DGFM for the rigid wall tube.
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experimental results, the first cavitation occurs at 3E-5 s with
reloading and the second cavitation at 6E-5 s. Previous studies
conclude that at about 9E-5 s, the final cavitation collapses and
reloading occurs (Sandusky et al., 1999; Wardlaw and Luton, 2007).
The RKDG-DGFM results show that pressure reloading at about 4.7E-
5 s and 8.5E-5 s are earlier than those of the experiment (Sandusky et
al.,1999). Earlier time appearances are likely due to the elasticmodel
used in this work. Pressure contours at various times are provided in
Fig. 11. The first cavitation occurs at about 2.8E-5 s in the water next
to the tube wall which is earlier than in the rigid wall case. This is
mainly due to the wall deformation from the initial shock impact.
The deformedwall generates an extra volume required to be filled by
the surrounding water and reduces the density of water (Wardlaw
and Luton, 2007) (see Fig. 12).

This volume increase makes the initial shock strength lower
than that of the rigid wall case after the peak pressure, and the low
pressure cavitation region on the wall is generated at about 2.8E-
5 s. At around 3E-5 s, another cavitation occurs midway between

the tube and gas bubble. This is due to the interaction between the
reflected wave from the wall and the gas bubble. Subsequently, the
interaction generates an expansion wave traveling back toward the
tube wall. These observations lead to the conclusion that the first
cavitation is related to the lowered wall pressure and the second
cavitation is associated with the shock-bubble interaction as in the
rigid wall tube case. The first cavitation may not occur in the rigid
wall case, since it is mainly related to the wall deformation. Two
cavitation regions merge at about 4E-5 s and collapses later. Unlike
the DYSMAS calculation, small cavitation and collapses at about
4.7E-5 ~ 5.8E-5 s is reflected in the RKDG-DGFM calculation. The
tube wall is reloaded at about 8.5E-5 s. The RKDG-DGFM using the
elastic material model provided a reasonable description of the
significant cavitation mechanisms (one cavitation related to the
wall deformation and the other cavitation due to the shock-bubble
interaction). Unlike the rigid wall case, the presence of the
deformable wall in the FSI simulation was very important. This
approach better interpreted the cavitation mechanism and shock

Fig. 9. Pressure contours for the rigid wall tube.
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history rather than DYSMAS results (Wardlaw and Luton, 2007).
There are shown two shock loadings followed by the initial shock
loading as in the benchmark experiment, even if the time scale is
slightly different (Sandusky et al., 1999).

The numerical assessments of this paper support that the RKDG-
DGFM was good at predicting the internal explosion phenomenon.
The comparison of this paper's results to past numerical or exper-
imental results shows good agreement both at pressure and time
scale. Unlike other methods (Xie et al., 2007), the JWL EOS does not
increase difficulties and complexities in the implementation and
computation of the RKDG-DGFM method. Compared to the gas
dynamics based CFD approaches which require the solution of
Riemann problems at the material interface (Liu et al., 2004; Xie et
al., 2007; Zhao et al., 2013), the RKDG-DGFM method does not
require such additional analytic calculations.

5. Concluding remarks

The numerical simulation of the internal explosion inside the
water-filled tube was carried out by a coupled computation of the
RKDG-DGFM and FEM. For the fluid, governing equations were
written in the ALE description. The ALE meshing played an
important role to adjust the fluid mesh against the interface
deformation. The RKDG-DGFM analyzed the explosive gas and
water flow produced by the internal explosion of 3 g PETN charge.
To ensure proper, efficient numerical communication between the
fluid and structure, the non-matched meshing scheme, the “three-
to-one” meshing scheme was used. The comparison of the RKDG-
DGFM with the previous works shows that the RKDG-DGFM will
be useful for numerically simulating the internal explosion with
ease. The RKDG-DGFM results explained cavitation mechanisms
well: one related to the wall deformation and the other associated
with the shock-bubble interaction. Compared to the previous
NSWCwork using a Coupled Eulerian Lagrangian (CEL) scheme, this
ALE-based FSI simulation seems more attractive for explosion-
induced FSI simulations. There was no error caused by mesh-

Fig. 10. The initial FSI meshes for the deformable wall tube.

Fig. 11. Pressure-time history taken by RKDG-DGFM for the deformable wall tube.
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overlapping, data exchange and so on. The coupling of the RKDG-
DGFM for the fluid and the FEM for the structure has fewer diffi-
culties in the implementation and computation. This coupled
approach can also be applied to wider near-field UNDEX applica-
tions with some further studies: contact explosion, bubble jetting,
fuel/oxygen/hydrogen-tank internal explosion and so on. To more
extend its applicability, one can consider the linking with reliable
commercial structural codes.
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