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Propagation of blast waves initiated by a solid explosive

in a cylinder

Yoshio NAKAYAMA®, Tomoharu MATSUMURA®, Mitsuaki IIDA",
and Masatake YOSHIDA®

Blast wave characteristics for an open-ended vessel have been studied and discussed in numer-
ous reports. Much less study has been given to the numerical methods and comparisons of the
simulation results with the observed data.

This paper presents the results of an experimental and numerical study carried out to investi-
gate blast wave propagation outside a cylindrical vessel (L~1 m, L.D. = 0. 2 m). Air blast pressure
time histories were measured via pressure gauges, and four characteristic parameters of the air
blast were evaluated. From the experimental results, the effects of azimuth angle on wave decay
as a function of distance were investigated.

The simulation results of peak static over-pressure agreed fairy well with the experimental
results for all charge masses.

The time-of-arrival (TOA) simulation results showed shock wave arrival earlier than experi-
mental results. These time differences suggest a barrier effect attributable to the paper disks
used for supporting the explosive.

The numerical results for time-of-duration (TOD) agreed qualitatively with the experimental
results, however, for positive impulse, the simulation results predicted higher values than was
obtained experimentally.

In order to obtain a better agreement between the numerical results and the experimental
results, it is necessary to experimentally obtain the JWL parameters of detonation products for

Pentolite.

1. Introduction

When a condensed explosive charge is detonated
inside a chamber connected to a tunnel, an air blast
wave will propagate through the chamber and the
tunnel. Eventually the blast wave will emerge from
the exit and propagate outwardly. The propagation
of an explosively driven air blast wave from the
chamber to the tunnel and then to the surround-
ings has been investigated experimentally by many
researchers, notably Skjeltorp” ™, Millington®,
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Nakahara”, and K.ingeryﬁ) . However, little research
appears to have been accomplished with regards to
the relationship between blast wave attenuation
with distance, and the effect that azimuth angle
has on air blast characteristics in a symmetrical
geometry.

For instance, Skjeltorp” reported that attenua-
tion index, n, was -1.35 and was independent of
azimuth angle (defined as the angle from the
center axis of the underground explosives magazine)
at 0=0° to 180°. Similarly, Millington reported n=
-4/3 at 0=0°, 90°, and 180°. On the other hand,
Nakayama” reported that the attenuation index was
a function of azimuth angle which decreased as n=
-1.54, -1. 31, and -1. 16 at azimuth angles of 0=
0°, 90°, and 180°. In previous reports®, an open-
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ended cylinder was set horizontally at a height of
1 m above the ground, and blast wave pressures were
recorded (between § = 2° to 140° at =1 m from the
exit) by six pressure gauges and the effect of azi-
muth angle for the air blast pressure was determined
for Pentolite charges of 0. 1 kg to 0. 5 kg in mass. In
addition, numerical simulations were conducted by
two-dimensional axisymmetric finite difference
code and the results compared with experimental
results”. Two types of explosive geometries were
evaluated in the simulation. One was a cylindrical
charge with the same shape as used in the actual
experiments and the other was a disk shape charge
with a mass equivalent to the cylindrical charge. It
was shown that the front of the air blast became
convex in the direction of propagation for the cylin-
drical charge test case. Also, the peak overpressure
along this direction was higher in the simulation
results than in the actual experimental results. For
the disk shape test case, the numerical results of
the peak static overpressure agreed very well with
the experimental results. However, measurements
were conducted at a distance of only 1 m, therefore,
decay characteristic of the air blast as a function of
distance could not be evaluated. Thus we felt it nec-
essary to obtain blast data at a distance of 2 m and
investigate the attenuation index and blast wave
characteristics as a function of distance. We also
conducted a numerical simulation with a two-dimen-
sional code and compared the simulation results
with the experimental results.

2. Experiment setup
The explosive used in the experiments was a cast

Pentolite
Explosive

Paper
holder

cylindrical Pentolite charge (PETN:TNT = 50:50 by
mass). Tables 1 and 2 show the mass, length, and
diameter of the charges. The average density of the
charges was = 1640 kg-m™. A number six electric
detonator was used to initiate the explosive charges.
Figure | shows the experimental setup of the open-
ended cylinder with a Pentolite charge of 0. 207 kg.
Several paper disks (=2 mm in thickness) were used
to support the explosive charge. The experiments
were conducted at the test site of Asahi Chemical
Industry.

Figure 2 shows the test setup including pressure
gauges (side and front view). Air blast pressures
were measured around the test sample with seven
PCB piezoelectric pressure gauges. The pressure
gauges were set at azimuth angles of between
8.2° and 180° at intervals of =~ 30°. Each pressure
gauge was flush-mounted to a sharp-edged stain-
less steel disk (which had a diameter of 90 mm)
and mounted in the direction where the peak static
overpressure would be measured. The test charge
and the pressure gauges were located ~1 m above
ground so that the reflected blast wave from the
ground did not reach the gauge until the primary
blast wave at that location had decayed to atmo-
spheric pressure. The open-ended cylinder was
welded to a bench and the bench was welded to a
steel plate measuring 5 m X 3 m and nominal thick-
ness. Details of the experimental setup and the data
collection methods (including initiation methods)
are in a previous paper®.

3. Numerical simulation
The simulation code employed was the

Electric detonator
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Fig 1 Schematic cross sectional view of the model cylindrical vessel. The explosive length

denotes the case of pentolite 0. 207 kg.
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Table 1 The observed results of four blast characteristic parameters atlm

C:‘l::ge;m ) e(deg) Ps(Pa) | TOA(s) | TOD(s) |Is(Pa-s)
10.936| 2.0 '2 225E5 | 1. 196E-03 | 0.455E-03 | 56. 19
o001y | 12057 | 29 1.970E5|1.486E-03|0.554E-03| 30.10
45 | 1-022| 61 | 1.287E5| 1 689E-03]0.739E03 30. 01
o5 L0995 87 |7.276E4]1.946E-03 0. 758E-03 | 17.88
1.006| 118 | 2.840E4|2. 450E-03]0.995E-03| 10.47
0.992| 141 | - - - -
0.981| 1.9 |3.398E5|1.046E-03]0.633E-03| 51.74
00016 | -989 | 20 |2.168E5| 1. 513E-03|0.583E-03 | 31.98
4aqg |1-037] 60 [L305E5|L 675E-03 | 0. 767E~03| 31.04
0.5 0.997 | 86 1.332B4 1 896E-03 | 0. 663E-03 | 19.84
0.991 | 117 | 3.383E4|2.354E-03 ] 1.005E-03] 11.69
0.965| 141 | 2.115E4|2.502E-03 | 1.230E-03| 8.585
0.998| 1.8 |4.770ES5|1.283E-03 | 0.329E~03| 52.57
0,010 1L.105| 20 2.224E5) 1.543E-03| 0.581E-03| 31,92
1 g LLOAT] 60 I1 387E5 | 1. 684E-03 | 0.849E-03| 31.20
g (2999 85 '8445E4 1.802E-03/0.751E03| 21.24
(0.976] 117 13.807E4|2.329E-03 | 0.921E-03| 12.53
0.945| 141 |2.215E4|2.605E-03|0.884E-03| 9.097
1.013| 1.8 |7.087E5|1.081E-03 | 1.047E-03| 132.3
o105 | 1-195| 29 |3.816E5|1.291E-03]0.496E-03| 39.15 _
0.0 | 1047| 59 1.752E5 | 1. 466 E-03 | 0. 978E-03 | 41.83
w5 (%999 839 [1143E5|1733E-03]0.634E-03] 28.78
0.976| 115 | 4.102E4|2.201E-03]0.667E-03| 13.35
0.945 | 140 | 2.246E4|2.478E-03 ] 0.940E-03] 10.88
1.051| 1.7 |1.278E6]0.991E-03 ] 0.381E-03 | 235.0
oagy 151 28 0.925E5|1.116E-03|0. 106E-03| 67.28
y30. L-072] 58  2.954E5[1.359E-03]0.398E-03| 54.12
oo 10051 8 L 565E5 | 1. 604E-03 | 0. 765E-03 | 39.95
0.950 | 114 | 5.332E4|2.032E-03| 1.021E-03] 22.39
0911 139 | 2.386E4|2.300E-03|1.410E-03] 15.98

*Then values from top to bottom in a cell mean charge mass (kg)
length (mm), and diameter (mm), respectively.

AUTODYN-2D Euler code'”. The simulation was
performed in three stages at different grid resolu-
tions. For the first 200 u s the cell size was chosen
at=4mm X 4mm(0=x=940 mm and 0= r<96.5
mm). Then the simulation was performed using a
8 mm X 8 mm grid resolution (0<x=<2724 mm and
0=r=1367 mm) up to about 1. 2 ms, and finally ex-
tended to an = 16 mm X 16 mm grid(-1195=x =
3489 and 0= r=2477 mm) until the end of the simu-
lation at 10 ms. The origin of the x direction in the
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simulation was the end wall of the vessel. The mass
and the diameter of the Pentolite charges are shown
in the left hand column of Tables 1 and 2. The
charges were set 50 mm apart from the end wall
of the cylinder. The thermo-equilibrium code
CHEETAH'” was used to determine the parameters
of detonation products for Pentolite when employ-
ing a JWL Equation of State (EOS). The EOS for
the detonation products was converted into an ideal
gas EOS at a volume of more than a hundred times

KRERTE



Table 2 The observed results of four blast characteristic parameters at2m

T
C:lz;ge R(m) O(deg) Ps(Pa)  TOA(s) | TOD(e) iIs(Pa's)
"~ "1983| 82 [7.880E4|3.15E-03 L. g§zp—o§°; 1 36.32
1993 29 | - I3.346E-03 - | -
0.104 11.975| 57 |5.431E4]3.672E-03  1.260E-03| 25.91
49.4 12,045 90  2.684E4 4.498E-03]1.284E-03| 13.67
40.8 wz 008| 119 | 1.612E4|5.024E-03|1.202E03  8.51
1992 149 ' 1.152E4]5.536E-03] 1. 192E-03]  6.32
. Lot 180 | 1.011E4 | 5.816E-03|1.199E-03|  5.96
1 983 8.2 7.077E4]3.178E-03|1.270E-03| 35.17
'1.993| 29 [7.883E43.382E-03|1.531E-03  43.28
0.104 | 1.975 | '57"—?&53'15:? 3.728E-03 | 1. 194E-03| 26.14
49.5 [2.045| 90 . — |4.550E-03 1.241E-03,  —
40.6 12.008] 119 ”3'1 676E4 | 5. 092E-03 | 1. 379E- 03| 8.86
ﬁﬁzﬂi' 149 | 1.096E4 5.610E—03t1 316E-03] 6.5
1.974 | 180 |8.277E3)5.808E-03 1.499E-03| 5.70
'\ 1.9831 8.2 |1.759E5 |2 146E-03| 2. 046E-03| 55.17
"1993| 20 (1,414E52. 800E-03(1.615E-03| 78.98
0.207 [1.9751 57 |9.252E4|3.246E-03]1.442E-03 |  40.38
98.2 [2 045| 90 |3.761E4]4.252E-03]1.281E-03| 20.52
40.7 | 2.008| 119 | 1.974E44.920E-03 | 1.470E-03| 12.00
1992 19 ;1 244E4|5.460E-03 | 1.420E-03|  7.60
'1.974| 180 |8.417E3|5.792E-03 | 1.420E-03| 6.64
(1,983 | 8.2 [3.012E5]2.132E-0313.592E-04| 49.68
1.993 | 29 13.262E5 | 2. 362E-03 1.488E-03 | 167.2
0.516 | 1975 57 | 1.592E5 2 846E-03 | 1.404E-03| 61.15
213.2 | 2 045 | 90 |5.771E4 | 3.950E-03 | 1.329E-03| _ 30.96
40.9 |2.008 119 |2.813E4|4.794E-03| 1.537E-03| 18.51
1992 149 | 1.239E4|5.352E-03 | 1.662E-03] 11.73
3 1974 180 | 1.492E4 |5.732E-03 | 2.752E-03| 14.83

length (mm), and diameter (mm), respectively.

Pressure
gauges

Then values from top to bottom in a cell mean charge mass (kg),

I

Model (steel) ;* 4200 :;;

l Pressure gauges égé
/////)?77/////////7?3///T/

Side view

Front view

Unit; mm

Fig. 2 Setup of the model cylindrical vessel and pressure gauges
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that of the initial volume. Air was treated as an
ideal gas with a specific heat ratio of 1. 4. The open-
ended cylinder was treated as a rigid body.

4. Results and discussion
4. 1 Pressure contour of air blast waves

It was reported that the finer the mesh size, the
stronger the convex shape of the shock front along
the direction of propagation. A mesh size of 2 mm
X 2 mm resulted in a strong convex shape both
inside and outside the vessel as shown in the Fig. 5
of a previous paper”. The reason for this was

thought to be due to multiple reflections and focus-

ing between the wall and the central axis of the
cylinder. Therefore, in the present simulation, the
effects of mesh size on the shape of the shock front
were re-examined and a coarser mesh size was used
for the first stage of the simulation to avoid a strong
convex shape. Figure 3 shows pressure contours at
time ¢ =0, 5 ms for charge masses of 0. 1 kg, 0. 2 kg,
and 0. 5 kg at a mesh size of 4 mm X 4 mm. It was
found that as shock waves discharged from the exit
they propagated into a spherical shape for all charge
masses. Figure 4 shows the pressure contour at time
t =2. 2 ms for a charge mass of 0. | kg. As the shock
wave propagated, the shock front became an almost

500 T T 1
= W=0.1kg t=0.5ms
E 250 J
oy
0 .
0 500 2000
500 Y
z W=0.2kg t=0.5ms
>
0 a
0 500 2000
500 — T T
- =0.5kg t=0.5ms
£ 250} .
=
0 A - —
0 500 1000 1500 2000

xmm)

Fig. 3 Simulation result of the pressure contours at time £=0. 5ms

1500 : ,
1000 }

£

£

S
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T T 1500
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Fig 4 Simulation result of the pressure contour at time £ =2.2ms
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Fig. 5 Pressure-time records of static overpressure for seven azimuth
angles. The explosive is a Pentolite 0. 104 kg. The solid lines
denote the observed data and the broken lines denote the simu-
lation results. The symbols § and R denote azimuth angle and
distance from the exit, respectively.

spherical shape.

4, 2 Static overpressure time records

Figure 5 shows the pressure-time traces at=2 m
from the exit (at azimuth angles of 8. 2°, 29°, 57°,
90°, 119°, 149°, and 180°) generated by the detona-
tion of a Pentolite charge with a mass of 0. 104 kg.
The solid lines in Fig. 5 denote the experimental
results and the results of the numerical analysis are
represented by dotted lines. It was found that the
larger the azimuth angle, the lower the peak static
overpressure and the slower the time-of-arrival.

Though the fine mesh grid size resulted in higher
peak static over pressures in the earlier simulation
study, the present simulation results showed a high
correlation with the experimental results. Since a

distance error between the center of the explosive
and the center of the cylinder was about =2 mm in
the experiments, a mesh size of 4 mm X 4 mm may
yield relatively good agreement in the axisymmetric
simulation.

On the other hand, the numerical results showed
earlier TOAs than the experiment results. Though
a gas effect (dissociation and ionization) for air was
not considered in the simulation, this effect should
be very weak considering the distance from the
charge and therefore not a factor. It is believed
rather that the primary reason for this difference is
due to a barrier effect caused by the paper holders
used for supporting the explosive.

The spikes observed on the experimental wave-
form were probably caused by reflected shocks from

Kayaku Gakkaishi, Vol. 62, No. 5, 2001 — 249 —




nearby chamber walls and from the ground. The
noisy waveform at an azimuth angle of 8. 2° may be
caused by the fragmenting paper holders.

4. 3 The decay of peak static overpressure

The time-histories were interpolated by smooth
cubic natural spline functions to obtain four
characteristic blast parameters: peak static over-
pressure; time-of-arrival; time-of-duration, and the
positive pressure impulse (the time-integral of the
overpressure during the positive pressure phase).

Tables 1 and 2 show the measured results of these
blast parameters at distances of = | m and 2 m,
respectively.

Since insufficient data was available for
discussion of this subject in a previous paper, the
similarity rule was not discussed in detail. Figure
6 shows the effect of charge mass on peak static
overpressure decay with scaled distances for the
averaged azimuth angles of 29°, 87°, and 144°. The
open symbol and the closed symbol show the data
at the distance of 1 m and 2 m, respectively. The
large, medium and small symbols denote the data
for 0.5kg, 0.2kg, and 0.1 kg charge masses
respectively. It was apparent that a single line could
not fit the data for the 29° azimuth angle. This
means that a similarity rule is not applicable for
the present study. The similarity rule may be valid
at larger distances.

Distance attenuation characteristics were inves-
tigated from the data obtained at 1 m and 2 m. The
empirical formula below (1) was used to evaluate
the attenuation of the peak static overpressure as a
function of reduced distance.

Ap=k(R/W")" (1)

where R is distance (in meters) from the exit, Wis
the charge mass (inkg), A p (in Pa) is peak static
overpressure, k is the attenuation constant and n
is the attenuation index. Table 3 shows the values
of the charge mass, the azimuth angle, & and n.
For example, the attenuation index for a charge with
a mass of 0. 1 kg at azimuth angles of 0 =29°, 59°,
87°, 118°, and 145° became n=-1. 64, -1. 46, -1. 55,
-1. 09, and -0. 972, respectively. The experimental
results by Skjeltorp”, Millington”, Nakahara® and
Nakayama” are included in Table 3. Skjeltorp re-
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Fig. 6 The decay of peak static overpressure with
scaled distance. The open symbols and the
closed symbols denote the observed data at
about 1 m and 2 m, respectively. The azimuth
angles are the averaged values for the three
charge masses.

ported that n=-1. 35 for azimuth angles of 0° to
180°. However as the azimuth angle increases, the
absolute value of the attenuation index decreases
for the present study, and decreased to a constant
value of n=-1 (which corresponds to the value for a
spherically decaying sound wave). Nakayama”
reported the same trend. The pressure contours
shown in Figs. 3 and 4 also suggest that the shock
wave is very weak in the direction of large azimuth
angles. It may be reasonable to conclude that at-
tenuation index is a function of azimuth angle.
Also shown in Figure 6 is the standard overpres-
sure for Pentolite in free air which was derived from
the data tabulated by Baker'” (assuming that heat
of explosion of the Pentolite is 5. 1046 X 10°J - kg™
atmospheric pressure is 101. 3 kPa, and atmospheric



Table 3 The observed results of the attenuation constant £ and the attenuation index n

Charge mass " Azimuth angle Const.ant, : Index : Scaled
Method | Explosive W 0 ; k ‘ distance
‘ | (kg) | (deg.) . (Pa) | (- ) (m/kg'”)
o S | 20 | 8.86E+05 | -1.61
| 59" 4.16E+05 | -1.46
| 0.096° | 87" 2.62E+05 | -1.55 | 2.2-4.2
| 118" | 7.93E+04 | -1.09
| o 145" | 4.50E+04 | -0.972 |
| ' 29° 1. 17E+06 | -1.74
Pentolite 58° | 3.24E+05 | -1.04
Present |  (PETN/TNT= 0.201° T8 2.72E+05 | -1.60 | 1.7-3.4
50/50 wt.%) - oar . 7.06E+04  -1.04
144 3.34E+04  -0.814
) 28" | 2.21E+06 -2.10
58° _ 4.08E+05 -1.05
0.502° . 86° 2.23E+05 -1.44  1.2-2.5
16 | 6.36E+04 0890
144 2.86E+04  -0.910
"""" - ) o 2:0' 5 and 0 . 5.76E+03 | -1.54
Nakayama | TNT Lo Lo %0 1.57E+03 | -1.31 | 5-30
| | 180 . 0.544E+03 | -1.16 _
Skejeltorp ":I‘NT 7 ; 0. 095-0. 152 | 0,30, 60, o120,1 -1.35 143-67
‘ | 150 and 180
Millington | RDX/TNT=60/40wt% |  0.163 | 0,45,and%0 | — {-4/3 | 1-10
Nakahara T TNT TEE&S | 0 7—1.A677E+06v :T—7 7 0.7-5

“The averaged values of the Tables 1 and 2

density is 1. 225 kg*m™).

The experimental results of peak static overpres-
sure are higher than that of a free air explosion at
small azimuth angles. This observation is very
important from a safety standpoint.

4. 4 Comparisons of the experimental results with
simulation results

Figures 7, 8, 9, and 10 show the experimental and
numerical blast parameters as a function of azimuth
angles for charge masses of 0. 1, 0. 2, and 0. 5 kg.
The charge characteristics for the Pentolite (charge
mass, length and diameter), distances of the
pressure gauges, azimuth angles, and the four blast
parameters are shown in Tables 1 and 2. The trian-
gular and circular symbols denote the experimental
results at 1 m and 2 m, respectively. The solid lines
denote the simulation results.

Kayaku Gakkaishi, Vol. 62, No. 5, 2001

It was found that the larger the azimuth angle,
the lower the peak static overpressure. Though the
tendency is weaker at greater distances, the pres-
sure at an azimuth angle of 180° is more than one
order of magnitude lower than the pressure at =
0°. A good description of this phenomenon is that
the strong shock waves propagated forward and the
weak pressure waves propagated backward. Since
a maximum Prandlt-Meyer function for super sonic
expansion flow around a corner is estimated to be
130° for air and the expansion wave can not expand
beyond the critical angle, the air blast pressures
could be weak larger than the angle. The average
measurement error due to the size of the pressure
gauges was found to be 3 %®. Therefore, from Fig.
7, it is concluded that the experimental peak static
overpressures agreed fairy well with the numerical
results for all charge masses.
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Fig 7 The peak static overpressure as a function of

azimuth angle for the three charge mass at
the distances of | m and 2 m from the exit

For the TOA, the simulation results showed ear-
lier arrival than the experimental results for all
charge masses and at all distances. The systematic
deviation of the experimental results from the
simulation may be attributed to the effect of the
paper disks used for supporting the explosive, as
previously mentioned.

For the TOD, since there are some large
variations in the experimental results, it may be
concluded that the numerical results agreed
qualitatively with the experimental results rather
than quantitatively.

For the positive impulse, the simulation results
were higher than the experimental results, espe-
cially at small azimuth angles and at a distance of
1 m. The differences could not be attributable to a
measurement error associated with the size of the
pressure gauges. The parameters of detonation
products for Pentolite were calculated using the

8 T M ¥ T M ¥ T

} O . & Experimental
——  Calculation

Time of arrival(ms)

o _ _ R=im

0 60 120 180
Azimuth angle, 6 (deg.)

Fig. 8 The time-of-arrival as a function of azimuth
angle for the three charge masses at the dis-
tances of ] m and 2 m from the exit

CHEETAH thermo-equilibrium code and employing
a JWL EOS. In order to obtain a better agreement
between the numerical results with the experimen-
tal results, it is necessary to consider the validity of
the EOS parameters used in the simulation. For
this purpose, the EOS parameters for the Pentolite
charge (via eylinder expansion and detonation ve-
locity tests) should be conducted in a future study.

5. Conclusions

In order to understand the blast propagation
around an open-ended cylinder, blast characteris-
tics were measured by pressure gauges and an
AUTODYN-2D numerical simulation was
conducted. From an evaluation of the pressure
contours, the smaller the mesh size, the stronger
the convex shape of the shock front along the center
axis and the higher the peak static overpressure.
Since the experimental error of the distance between
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Fig. 9 The time-of-duration as a function of azimuth
angle for the three charge masses at the dis-
tances of 1 m and 2 m from the exit

the center of the cylinder vessel and that of the
explosive was *2 mm, axisymmetric simulation
models with a rather course mesh size showed bet-
ter agreement with the experimental results.
From the observed peak static overpressures for
the charge masses of 0.1, 0.2, and 0.5 kg, no
similarity rule was applicable for the present ex-
periments within measured ranges. The similarity
rule may be valid at greater distances. Moreover,
when the present results were compared with the
data for a free air explosion, it was found that the
peak overpressure from the cylinder were higher
than that for free air tests at smaller azimuth angles.
The larger the azimuth angle, the weaker the peak
static overpressures. In other words, the shock
waves propagated forward and the weak pressure
waves propagated backward. The directionality of
blast wave was weaker at greater distances. It was
confirmed, from the experimental and simulation

& Experimental{R=1m)
o Experimental{R=2m)
Calcutation

W=0.1kg

100}

A=1m

10{

100

10

Positive impulse(Pa * s)

100}

10}

0 60 120 180
Azimuth-angle, @ (deg.)

Fig. 10 Positive impulse as a function of azimuth
angle for the three charge masses at the dis-
tances of | m and 2 m from the exit

results, that the attenuation index of peak static
overpressures depend on the azimuth angle.

For peak static over pressures, the simulation
results agreed reasonably well with the experimen-
tal results for all the charge masses. The TOA
values generated by the 2D simulation were earlier
than the experimental results. The time differences
suggested that the paper disks used for supporting
the explosive may have retarded the shock waves.
A better support method should be used in a future
experiments.

Since there were large variations in the
experimental TOD, it may be concluded that the
numerical results agreed qualitatively with the
experimental results rather than quantitatively.

For the positive impulse, the simulation results
were higher than the experimental results especially
at small azimuth angles and at a distance of 1 m.
In order to obtain a better agreement between the
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numerical results and the experimental results, it
is necessary to measure the EOS parameters and
the detonation velocity of the Pentolite charge.

It was demonstrated in this study, that the simu-
lation model is valid for the estimation of the peak
static overpressure. From safety stand-points, the
present simulation will provide basic data helpful
for establishing a safe distance for placement of
explosive storage facilities, such as underground
magazines.
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