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Abstract

Korea has recently developed a total shock physics code, EXLO, based on the three-dimensional finite element
method in order to calculate highly transient events involving large deformations. One special feature of the code is that
the Lagrangian, ALE and Eulerian schemes are integrated into a single framework. The details of the numerical
schemes are described in a previous paper [1]. In this paper, the modeling capability of ExXLO has been described for
two extreme loading events: high-speed impacts and explosions. Results of three-dimensional calculations for penetra-
tion of long rods and segments (L/D < 1) into thick target show a good agreement with experimental results and other
finite difference solutions. Next, we include the free field air blast modeling by two approaches, one-dimensional
spherical coordinates and three-dimensional rectangular coordinates. The predictions are compared with an analytic
solution of air blast. For large scale simulations required for complex design problems, some advances in the field of

parallelization and adaptive meshing are demanded.
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1. Introduction

Studies of highly transient events rely on heavy use
of computer simulations. Simulations are used in the
detailed analysis of experiments. They can also be
applied to the areas that are expensive or too imprac-
tical to explore experimentally. Hence, significant
efforts have been devoted to develop the models and
computer codes [2]. Highly dynamic events can arise
in industrial applications such as high-speed machin-
ing [3] and shock processing of powders, and in mili-
tary applications such as high speed projectile-target
impact, shaped-charge jets, air blast and underwater
explosions [4]. The fundamental features of the prob-
lems listed above are categorized by the nonlinear
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wave propagation and huge strain rate associated with
high-speed multi-material interactions.

In 2004, an effort was launched in Korea to de-
velop a state-of-the-art code that combined the La-
grangian, ALE and Eulerian schemes. This code is
called EXLO. To validate the schemes a benchmark
problem such as Taylor impact of a copper rod was
already well compared with the existing experimental
data [1]. In this paper, modeling with EXLO is pre-
sented for computing highly transient dynamic prob-
lems of two extreme areas such as munition-target
impacts and explosions. Here the Eulerian scheme
has been applied to these applications.

2. Summary of an ExLO code

ExXLO has been developed as a three-dimensional
explicit dynamic program based on the finite element
method and written in C++. By employing a splitting
algorithm to the governing equations, the Lagrangian,
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ALE and Eulerian schemes have been combined into
a single framework. This enables EXLO to be appli-
cable for a wide variety of design problems including
fluid-structure interactions (FSIs), or otherwise, for
FSIs two separate codes need to be interfaced.
Currently, an eight node brick element is employed
with one point integration scheme to prevent locking.
The material models are elastic-plastic behavior,
Johnson-Cook fracture model and null model. Several
equations of state (EOS) are available such as the
Jones-Wilkins-Lee (JWL) for high explosive reactive
products, the ideal gas, and the Mie- Gruneisen type.
Piecewise-constant [5] and piecewise-linear [6] mate-
rial interface construction schemes provide the basis
for material interfaces between multi materials in a
mixed cell. During the interface tracking, the critical
volume fraction F, is typically set to 1.0™%. For cell-
centered properties such as mass and internal energy,
an upwind scheme, which is first-order, is adopted.
To reduce dispersion, a second-order scheme is also
included in the code [7, 8]. Finally, vertex-centered
advection is based on the SALE algorithm [9] and
some modifications are incorporated. Two mixture
theories studied are the equal strain rate model and
linearized pressure equilibrium model. More details
are included in a separate paper in this volume [1]. To
demonstrate the capabilities of EXLO, we simulated a
variety of problems of interest in the high-speed im-
pacts and explosions. These are discussed below.

3. Modeling of high-speed impacts

In this section, validation of our schemes is tested
for high-speed impact/penetration problems between
two different deformable objects. Three-dimensional
calculations were conducted in rectangular coordi-
nates, and the numerical results are compared with
existing experimental data or empirical correlations.

3.1 Three-dimensional penetration of WHA rod into
thick steel target

First, a series of simulations were conducted for
L/D =5 tungsten rod penetrating thick 4030 steel tar-
get at velocities ranging from 1000, 1500 and 2000

m/s. Here L is the rod length and D is the rod diameter.

Table 1 shows the material properties used for WHA
and steel. A von Mises with a kinematic hardening
parameter f3 is used. Due to two symmetry planes, as
shown in Fig. 1, the computational domain is one-
quarter of a block. The thickness of the target along

Table 1. Material properties for von Mises model with kine-
matic hardening.

2, E poison| Y  [Kinematic
(kg/m®) | (GPa) | ratio (GPa) |hardening
Tungsten 117100 | 1908 | 03 | 180 | 1.0
alloy
steel 7830 | 416.0 0.3 0.79 1.0

Fig. 1. Three-dimensional calculation of a rod impact into a
thick target at 1500 m/s.

Fig. 2. Final shapes of a tungsten rod penetrating a thick
target using (a) 80<35>35 mesh, (b) 120<35<35 mesh, and
() 150<35>%35 mesh.

the penetration direction is three times the rod length.
To ensure reasonable computational effort, the width



2246 W.-J. Chung and M. Lee / Journal of Mechanical Science and Technology 23 (2009) 2244~2252

of target block is limited to eight times the rod radius.

A grid independence study is first carried out at the
impact velocity of 1500 m/s. Three meshes tested are
80%x35x35 (total cells 98,000), 120x35x35, and
150x35%35 (more cells along the penetration direc-
tion). The final shapes (at 80 ps) of the deformed
bodies are shown in Figs. 2(a), (b), (c) using three-
dimensional contour. It can be seen that the penetra-
tion depth is not changed at the finest mesh system.
For now, the 120x35%35 mesh is used for other cases.

The typical penetration processes are illustrated in Fig.

3 at three time steps. The main features of the long
rod penetration into a thick target are well captured.
To evaluate the accuracy of the numerical results, the
final penetration depth is calculated for several impact
velocities. The predictions are compared with an em-
pirical correlation [10],
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Fig. 3. Shapes of a tungsten rod penetrating a thick steel
target, impact velocity 1500 m/s.
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Fig. 4. Penetration depth (P/L) comparisons for L/D =5 rod.
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(1)
for 1.2<% <1.8 and 5<L/D <30,

where U, =1.0 km/s . The results of P/L are summa-
rized in Fig. 4, where P is the penetration depth. The
difference between two different meshes is within
8 %. Most of all, a good agreement is obtained within
a reasonable range for all three impact velocities. This
reveals that the truncated domain size and the mesh
size seem to be fairly good in terms of the computa-
tional economy for the three-dimensional calculation.

3.2 A segment impact into thick target

Recently, some studies have been conducted on
different types of impacting body to enhance the
penetration capability while the total mass remains
constant. One type is the segmented-rod consisting of
multiple, small aspect ratio segments (1/8 < L/D < 1).
As the aspect ratio of a body decreases and the body
becomes more disk like, the penetration mode
changes. To understand the penetration mechanics,
numerical [11], experimental [12-14] and analytical
studies [15] were carried out.

The ultimate question is how much the penetration
depth can be increased when a long body is broken
into segments. Early studies which analyzed the pene-
tration mechanics of a single segment indicate that the
penetration performance (P/L) increases with decreas-
ing L/D. However, as far as a train of segment is con-
cerned, more design parameters such as the aspect
ratio, impact velocity, and spacing between each
segment need to be investigated in order to provide
some answers. The previous results of numerical
calculation showed that for successive segments some
degradation in penetration performance is more pro-
nounced for segments of smaller aspect ratios [16].
Hence, more issues still have to be answered for a
specific design.

One difficulty associated with the experimental
study is that it is hard to make a perfectly aligned train
of segments. Hence, numerical simulations in which
all parameters and geometry conditions are well pre-
determined can provide a good methodology espe-
cially for this problem. In this section a series of
three-dimensional calculations are conducted for
tungsten segments of L/Ds ranging from 1 to 1/4
penetrating a thick 4030 steel target. The impact ve-
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locities considered are 1.5 km/s and 2.0 km/s. The
same material properties with the previous section
were also used here. Eulerian modeling is suitable for
such deep penetration and high-speed impact prob-
lems. The three-dimensional domain in this study is
not a quarter block but a half block, just for checkup.
The result is the same. The domain is modeled by
either 100x80x40 (total cells 320,000) or 80x80x40
(total cells 256,000). In general, zoning is 10 cells
across the length of the disk. It usually takes 3 hours
until the segment completely stops on a personal
computer with 2G memory.

The penetration processes of a L/D = 1/4 segment
into a thick target at an impact velocity of 1.5 km/s is
illustrated in Fig. 5. The segment is more like a disk
and plain symmetry waves are produced, which is
different from the case of long rod impact. The main
features of a disk penetration into a thick target are
well simulated. Fig. 6 shows the penetration proc-
esses of L/D = 1 segment into thick target at the same
impact velocity. The final crater profiles and residual
segments can also be compared with Figs 5 and 6 for
different aspect ratio segment.

=0 40 a0 a0

20 40 60 ac

Fig. 5. Penetration processes of disk-shaped segment (L/D =
1/4) into thick target using 80<80%<40 Eulerian mesh
(256,000 cells), =0, 5, 10 and 20 ps.

Since the kinetic energy of the segment is propor-
tional to the length for equal diameter and constant
impact velocity, it is certain that the penetration depth

o
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Fig. 6. Penetration processes of disk-shaped segment (L/D =
1) into thick target using 10x80%40 Eulerian mesh (320,000
cells), =0, 10, 20 and 30 ps.
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Fig. 7. Comparison of P/L versus L/D.
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increases with increasing L/D. To evaluate the pene-
tration efficiency, it is necessary to estimate the value
of P/L, which is calculated for different aspect ratios
at two impact velocities of 1.5 km/s and 2.0 km/s.
The simulation results obtained from EXLO are
shown in Fig. 7. Some experimental data [12] and
CTH [15] simulation results are also compared in the
figure. In general, the different methods show that the
P/L increases with decreasing L/D. The EXLO predic-
tion matches well with both the experimental data and
CTH predictions.

4. Modeling of explosion

Blast waves in air and underwater explosion and
the consequent damage to nearby structures have
been of great interest in both defense science and
protective system design industrial applications. Due
to the extreme loading conditions, a state-of-the-art
computational approach can be attractive. In this sec-
tion the aim is to provide the Eulerian modeling of
ExLO for the explosion events in air, in which gen-
eration and subsequent propagation of blast waves are
simulated. The results are compared with an analyti-
cal solution. Air-shock is first simulated by using a
one-dimensional spherical coordinate. A three-dimen-
sional calculation is also conducted in rectangular
coordinates to demonstrate the modeling capability in
complex real problems.

4.1 Equation of state (EOS) for air blast

Development of the detonation product gases of the
TNT is modeled with the standard Jones-Wilkins-Lee
(JWL) equation of state (EOS). The equation [17] for
pressure is,

Pt 1= e gl 1T |orr  PE (o)
RV RV 1

where V' is the volume of the material at pressure P
divided by the initial volume of the unreacted explo-
sive (non-dimensional value), and 4, B, R;, R,, and
@ are adjustable constants. Caution is required in
the code implementation of the explosive initial en-
ergy since E is the internal energy per unit volume
(=0.07 Mbar). Table 2 contains the unreacted equa-
tion of state parameters. It can also be noted that at

Table 2. Equation of state parameters for unreacted TNT.

s, A B
ety | @ | ovan) | vban | B R
1630 | 03 | 3712 |003231] 415 | 095

large expansion ratio (¥ — ), the first and second
terms on the right hand side of Eq. (2) become negli-
gible and hence the explosive can be assumed as an
ideal gas. The density of TNT is 1630 kg/m’. The
values used for JWL TNT are obtained from the
handbook [18].

Air is modeled as an ideal gas which uses a gamma
law equation of state,

P=(7—1)7» 3)

where y (=1.4) is the ratio of specific heats. The
initial density of air, p,, is 1.29 kg/m3. The initial
specific internal energy, E, is 0.1938 MPa in order to
satisfy standard atmosphere pressure (0.1 MPa). Note
that the unit of £ is the unit of pressure.

4.2 One-dimensional spherical coordinate modeling

In this section, an one-dimensional spherically infi-
nite computational domain has been considered. Nu-
merical results are compared with an analytical equa-
tion for blast waves formed in air. The one-
dimensional free-field model setup with a three-
dimensional code is illustrated in Fig. 8. Non-
rectangular hexahedron elements, whose top and bot-
tom are parallel but whose sides have a slope of 0.01,
were used to model the TNT and air medium. The
dimensions used in this study are summarized in Ta-
ble 3. The unit is (m, sec, kg), so the pressure is Pascal.
To study computational grid sensitivity, the total
number of cells of 500, 1000 and 2000 is included to
a radius of 100 m. Since the uniform cell size is used
throughout to the outer boundary, the initial size of
the 9,080 kg explosive is modeled by 5 cells over its
radius for / = 500 case. The same amount of TNT is
modeled by 10 cells and 20 cells for /= 1,000 and / =
2000 cases, respectively.

The pressure signatures calculated at two locations
(A, B) are displayed in Fig. 9, showing the typical
blast waveforms. At shock arrival time, ¢, the pres-
sure rises quickly to a peak pressure, P__ , and re-

max

turns to the ambient pressure. Then the pressure drops
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Table 3. Computational dimensions in one-dimensional
spherical coordinate.

Table 4. Overpressure and shock arrival time comparisons
from spherical coordinates.

riam) Fe(n) ram) A (m) B (m)
0.1 1.1 100.1 20.7 31.3
TNT A B
Al
""‘ (0.1 I\l/‘['Pa)
It q‘

=1 =11 1=1000

Fig. 8. One dimensional model setup (spherical coordinate)
using a three-dimensional code.
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Fig. 9. Pressure signatures calculated at two different loca-
tions.

to a partial vacuum state causing a secondary shock at
the later stage. Analytic equations to predict charac-
teristics of blast waves in air have been provided in
the referene [19]. For computer calculations, it is con-
venient to have the overpressure-distance data in ana-
lytic form and given by,

. )
R A

where P’ =P, —P and scaled distance Z (m/kg'"”)
is the distance away from explosive with an energy
release of one kilogram TNT in the standard atmos-

phere. Since the shock velocity is uniquely related to

. (4)

Numerical

Analytical
alytica (mesh sensitivity)

Scaled
distance Egs.

4.0

1=2000 I=1000| I =500

A
(Z=10 | 1015 | 917 | 872 | 7.74
mlkg"™)

(Pox —F)
F, B

(Zz=15 4.00 3.19 3.17 292

mlkg'"™)
4 A 1031 | 1170 | 11.90 | 12.10
(msec) B 2265 | 2582 | 2595 | 26.40

overpressure ratio, the time required for that shock to
travel out to various distances can be also given by,

0.5

x

L= || ©)
ox| 1+ %P,,

where C, is the speed of sound in the undisturbed
atmosphere and x, is the charge radius.

Table 4 summarizes the results for the peak pres-
sure and shock arrival time from the numerical calcu-
lations and from the analytic Egs. (4) and (5). A good
agreement is obtained. The magnitudes of peak over-
pressure from predictions are somewhat underesti-
mated compared to the analytic results, and this is
also responsible for the delay of shock arrival time. It
is academic to address that the analytic solution as-
sumes a perfect discontinuity at the shock front, while
a stiff enough shock front is inevitable in the numeri-
cal method due to the use of the artificial viscosity.
Hence, the shock is allowed to spread to several cells
resulting in a reduced peak and subsequently delayed
shock front. Note that in the numerical solution the
shock arrival time is estimated by the average be-
tween the time of first wave arrival and the time of
peak wave arrival. The mesh sensitivity study indi-
cates a resolved solution with a finer mesh of total
number of cells of 2000.

Fig. 10 displays the pressure contours at several
time steps to illustrate the shock wave propagation.
As it propagates, the peak decays and the waveforms
become broad. One interesting aspect from the con-
tour is that a second wave is generated and starts to
propagate at late stage shown in Fig. 10(c). At a late
stage the explosive gas product becomes a partial
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@

(b)

©

Fig. 10. Typical pressure contours from air shock, (a) 10
msec, (b) 20 msec, and (¢) 40 msec.

vacuum state due to over expansion caused by inertia.
The ambient pressure is now relatively larger than the
pressure inside the gas product and then a collapse
phase starts. This contraction phase continues until
the gas pressure becomes much larger than the sur-
rounding fluid pressure and then a second expansion
follows.

4.3 Three-dimensional rectangular coordinate mod-
eling

For the purpose of addressing the possibility of a
three-dimensional computational study, an extension
of the previous one-dimensional model to a quarter of
a block is considered in this section. The computa-
tional domain is a box and TNT is placed on a corner
of the box. A first simulation was conducted with the
total number of cells at 27,000 (30 x 30 x 30). A sec-
ond simulation was with 216,000 (60 x 60 x 60).
Equal length cells are used in this model. Again, de-
velopment of the detonation product gases of the
TNT is modeled with the standard JWL EOS, and the
ideal gas EOS is used for air.

Fig. 11 shows the results for the peak pressure from
the numerical calculations and from the analytic Egs.
(5) and (6). The scaled distance Z chosen for this
three-dimensional study ranges from 0.5 to 1.0. Note
that in the three-dimensional calculation the pressure
sensors can be located arbitrarily at different angles
with same distance from the charge. In general, the
magnitudes of peak overpressure are underestimated
compared to the analytic results. This trend is already

60

L W ExLO
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Fig. 11. Peak pressure decay along the propagation distance,
three-dimensional calculation compared with air-blast ana-
lytical solution.

(b)

Fig. 12. Typical pressure contours in three-dimensional rec-
tangular coordinates.

shown in the previous one-dimensional result. The
problem presented here shows that EXLO can accu-
rately predict explosion events. For the application of
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ExXLO to real complex design problems, it will be
necessary to develop an efficient mesh generation
technique in the future. Fig. 12 displays the pressure
contours at two time steps. The spherical shock waves
are well illustrated, and as the waves propagate the
magnitude of the peak shock front decreases.

5. Conclusion

A new three-dimensional total shock physics code,
ExLO, has been tested for highly transient problems
involving large deformations associated with high-
speed impact/penetration and explosion events. For
both cases, Eulerian modeling is efficient or the only
method to handle the mesh distortion problem natu-
rally. Two high-speed impact problems are a long rod
impact into a thick target and a disk-shaped segment
impact into a thick target. EXLO predictions are com-
pared well with previous experimental data. Other
extreme loading conditions are the explosions. Here
air-shocks are simulated in both a one-dimensional
spherical coordinate system and three-dimensional
rectangular coordinate system. The one-dimensional
numerical results compared well with the air-blast
analytical solution due to the resolved mesh resolu-
tion. However, the magnitude of peak shock pressure
obtained from three-dimensional calculations is
somewhat smaller than for the analytical solutions.
This is the general feature occurring in the three-
dimensional simulations. With more advances in both
adaptive meshing and parallelization, EXLO may
become an excellent analysis tool for design of ex-
treme loading conditions.
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