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SHALLOW UNDERGROUND TUNNEL/CHAMBER EXPLOSION TEST
Charles E. Joachim
U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

INTRODUCTION

A considerable amount of research has been performed in the last two
decades to develop a technical data base and methods to predict the airblast
and ejecta/debris hazards from accidental explcsions in underground magazines
Much of the work was concerned with detonations in magazines so deep that
venting of the detonation through the magazine ccver rock does not occur. The
effect of cover venting on the reduction of external airblast from the
entrance portal has been demonstrated in small-scaie tests performed in the
United Kingdom (Millington, 1985). The Shallow Underground Tunnel/Chamber
Test Program was designed to provide large-scale airblast and ejecta/debris
effects from a detonation of 20,000-kg (net explosive weight) in a shallow

undeiground magazine.

The test program was primarily funded on an equal share basis by three
organizations: the U.S. Department of Defense Fxplosives Safety Board; the
Safety Services Organisation of the Ministry of Defence, United Kingdom; and
the Norwegian Defence Construction Service. Additional funds were provided by
the Pyrotechnie Saint Nicolas, France; the Royal Swedish Fortifications
Administration, Sweden; and the Amt fur Bundesbauten, Switzerland, to expand

the scope of blast instrumentation and debris measursments,

This paper summarizes the hazard analyses (Joachim, 1990) based on the

technical data acquired during the test.

OBJECTIVE

The overall objective of the test program was to determine the hazardous
effects (debris, airblast. and ground shock) produced by a simulated
accidental detouation of ekp]osive stores which ruptures the overhead cover of
the underground chamber. The results will be used to evaluate and validate

quantity-distance (Q-L) safety standards for underground storage of munitions.
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DESCRIPTION OF TEST

The Shallow Underground Tunnel/Chamber Explosion Test Program involved
the detonation of a 20,000-kg charge of Composition B explosive, simulating
the accidental explosion of ammunition stored inside an underground magazine
in granitic rock. A large-scale storage chamber and access tunnel were
constructed for this test at a selected site on the Naval Weapons Center test
range at China Lake, CA (Halsey, et al, 1989). For the TNT-equivalent (1.1
equivalence factor) 20,000-kg net explosive weight (NEW), the chamber loading
density was 66.4 kg/m®. The storage chamber (with the 20,000-kg explosive
charge) and access tunnel are shown in plan and profile in Figure 1. Active
measﬁrements included (1) internal chamber and access tunnel airblast
pressures, (2) free-field overpressure along the 0, 39, 45, 60, 90, and 180-
degree azimuths, measured from the tunnel portal, (3) beta densitometer/
general purpose blast stations at the 75-m range along the 15, 30, and 60-
degree azimuths, and (4) ground motion measurements along the 0, 90, and 180-
degree azimuths (note: the O-degree azimuth is the extention of the tunnel
axis beyond the portal). Passive airblast and ejecta/debris measurement
devices consisted of blast cubes, wire drag gages, smoke puffs, and artificial
missiles. In addition, an ejecta collection study was performed and motion

picture film analyzed to quantify the ejecta missile ranges.

AIRBLAST INHABITED BUILDING DISTANCE

’ The distances required for protection of inhabited areas from airblast
and debris depends, to a large degree, on the depth of overburden over the
storage chamber. The chamber cover depth for the Shallow Underground
Tunnel/Chamber Explosion Test ranged from 9.4 to 13.7 m (scaled cover depth
frrm 0.34 to 0.49 m/kg!’?). The minimum scaled cover depth required to ensure
containment of the explosion (except for gas venting through the access
tunnel), and to ensure that no significant surface disruption occurs, is 1.4
m/kg!/® in the current DOD Explosives Safety Standards (DOD 6055.9-STD) and
0.2 m/kg!/? in the Manual on NATO Safety Principles (NATO AC/258). For
overburden depths less than this, the Standards require consideration of both
airblast and debris effects. When the actual scaled overburden depth is less

than 0.2 m/kg!/?, the Standards state that the airblast at large distances may
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not be appreciably reduced from that of a surface burst. Thus, the scaled
cover depth for this test fell between these limits, and the Standards (DOD
6055.9-STD) require that airblast and debris projection musc be considered in
the Q-D hazard analysis. However, the scaled cover depth exceeded the NATO
AC/258 minimum scaled cover depth. Therefore, the NATO criteria require

consideration of debris and ground shock hazards for the Tunnel/Chamber test.

The present DOD Standards use two different airblast pressure criteria
to define Inhabited Building Distances--5 kPa (0.73 psi) for underground
storage, and 6.2 kPa (0.9 psi) for open or other above-ground storage. For
the 22,000-kg NEW detonated in the Shallow Underground Tunnel/Chamber
Explosion Test, the distances to these two pressure contours as given in the
present Standards (DOD 6055.9-STD) are shown in Figure 2. For comparison,
Figure 2 also shows the actual distances to the 5 and 6.2 kPa pressure
contours that were defined by measured pressures on the Tunnel/Chamber Test.
Since overpressures were not measured along the 120-degree radial on the test,
the distance to the 5 and 6.2 kPa contours along the 120-degree azimuth were

assumed to be the same as on the 180-degree azimuth.

As also shown in Figure 2, the distance along the extended tunnel axis
to the 6.2-kPa overpressure level indicated by the test data is close to the
airblast Inhabited Building Distance specified by the present Standards for
above-ground storage (20 Q/%). The off-axis distance to the measured 6.2-kPa
level is approximately two-thirds the distance specified by the Standards for
above-ground storage at 30 degrees, 61 percent at 60 degrees, 50 percent at 90

degrees, and 20 percent at 180 degrees.

Figure 3 compares the Inhabited Building Distances, derived from the
Standards and from test data, as a function of azimuth. The measured distance
to the 5-kPa peak pressure on the Tunnel/Chamber tescs falls well within the
airblast Inhabited Building Distance specified in the Standards. The measured
distance to the 5-kPa pressure level was 75 percent of the distance the
Standards call for along the O-degree azimuth, 58 percent at 30 degrees,

71 percent at 60 degrees, 88 percent at 90 degrees, and 68 percent at
180 degrees. Thus, except over the arc that extends from 120 degrees to
approximately 150 degrees, the present airblast Inhabited Building Distance

can be seen to be generally conservative for underground magazines with
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geometries and loading densities similar to the Shallow Underground

Tunnel/Chamber Explosion Test.

In 1987, a 4,540-kg ANFO charge (3,815-kg TNT-equivalent NEW) was
detonated in a KLOTZ Glub test in an underground tunnel/chamber test facility
at Alvdalen, Sweden (Vretblad, 1988). Figure 4 shows the measured distances
to the 5 and 6.2-kPa overpressure contours for this test. Also shown are the
5-kPa contour specified by the present Standards (DOD 6055.9-STD) for
underground storage of the 3,815-kg NEW tested at Alvdalen, and the 6.2-kPa

contour specified by the Standards for above-ground storage of the same NEW.

Along the extended tunnel axis (O-degree azimuth), the measured distance
tec the 5-kPa pressure was 85 percent of the distance specified by the
Standards. Off-axis (Figure 5), the measured distance was 80 percent of the
current Standard at 45 degrees from the tunnel axis, 41 percent at 75 degrees,
13 percent at 110 degrees, and 11 percent at 180 degrees. The comparison in
Figure 4 also shows that the measured distance to the 6.2-kPa overpressure for
the Alvdalen test is far less than that specified by the current Standards for

Inhabited Building Distance from above-ground explosions.

In Figure 6, the Inhabited Building Distance (distance to the 5-kPa
overpressure level) derived from the Shallow Underground Tunnel/Chamber test
data is plotted versus loading density, where loading density is the NEW in
the chamber divided by the total volume (chamber plus access tunnel). The
Alvdalen test in Sweden was conducted in an underground complex containing two
chambers, as depicted in Figure 4. The overburden depths were sufficient to
prevent rupture of the detonation chamber. Total volume for this tunnel/
chamber system was taken as the volume of the loaded chamber, plus the volume
of the access tunnel through which the airblast exited to the portal

(disregarding the volume of the second empty, chamber).

Table 1 compares the Inhabited Building Distances for airblast specified
by the current Standards with those indicated by the Tunnel/Chamber test and
Alvdalen tests. Note that, as a maximum, the hazard area indicated by the

test data is less than half that required by the Standards.

A series of model tests were conducted at WES on small-scale munition

storage magazires. The WES model (Smith, et al, 1989) consisted of a small-
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scale (1:75 scale) tunnel and magazine cast into a large concrete block.
Since there was no rupture of the concrete block (simulating the magazine
overburden) over the range of loading densities tested (Figure 6), no venting
through the chamber cover occurred. This resulted in higher free-field
airblast overpressures from the tunnel entrance, which gave significantly
greater Inhabited Building Distances than implied by either the Norwegian
model or the full-scale Tunnel/Chamber Test, both of which vented through the

cover.

GROUND MOTION HAZARD RANGE

For the Shallow Underground Tunnel/Chamber Test, the measured
compressional wave velocity of the rock mass in the region of the explosive
storage chamber ranged from 944 to 1,526 m/s, with an average value of 1,309
m/s (Halsey, 1989). These values are more typical of compressional wave
velocities in soil, rather than in solid rock, and indicated that the rock at
the Tunnel/Chamber site was heavily jointed and weathered. The plot of the
ground motion arrival time recorded on the test (Figure 7) indicates a higher
compressional wave velocity (2,166 m/s), implying the existence of less
weathered, more competent rock at depth. This value is within the
compressional wave velocity range for material described in the Standards as

soft rock.

Data points for maximum particle velocity vectors measured on the
Tunnel/Chamber Test are plotted in Figure 8 as a function of slant distance
from the center of the chamber. The velocity curve given by Vretblad (1988)
falls slightly below the measured data along the O-degree azimuth (i.e., the
extended tunnel axis), but closely matches the far-field data in other

directions.

The gages beyond the 100-m range along the O-degree azimuth in the
Tunnel/Chamber Test were emplaced in desert alluvium soil in the valley floor
in front of the tunnel, while the gages in other directions were emplaced on
the rock surface. Using the criterion of 6.1 cm/s and the equation given in
the Standards (Section G.4.d.(1l)) for soft rock, the calculated Inhabited
Building Distance for ground shock should be 160 m. Based on an interpolation
of the data, the Tunnel/Chamber test results indicate that the 6.1 cm/s level
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occurred at a distance of 530 m. For the 90 and 180-degree azimuths, the test

measurements indicate a range of 155 m.

The NATO (AC/258) Inhabited Building Distances for ground shock are also
displayed in Figure 8. The NATO criteria specifies levels of damage that
occur at certain peak particle velocity thresholds--5 ca/s (threshold of no
damage), 14 cm/s (minor damage), and 19 c¢m/s (major damage). These values are
independent of velccity direction or earth media. The NATO Inhabited Building
Distances for major damage from a detonation corresponding to the Shallow
Underground Tunnel/Chamber Explosion Test are 300 m in soil (O-degree azimuth)
and 120 m in rock.

There are two dominant factors associated with the Tunnel/Chamber Test
that may explain the discrepancies between the predicted and the measured
ranges to the 6.1-cm/s level of ground shock along the O-degree azimuth. The
first is the fact that the gages along the O-degree azimuth were emplaced in
soil, rather than rock. Since the detonation chamber was surrounded by rock,
the use of the relation for soil in the Standards is obviously inappropriate.
On the other hand, the use of the relation for soft rock does not take into '
account the effect of the soil layer overlying the bed rock along the O-degree
radial, in front of the tunnel opening.

The second factor is the apparent fact that the ground motions recorded
by the gages on the O-degree azimuth were predominately induced by airblast
issuing from the tunnel portal. This is iIndicated by the arrival times of the
ground metions at the gage locations, which match the arrival times recorded
by the airblast gages along the O-degree azimuth. Thusg, it is obvious that
the direct-induced motions transmitted to the gages in front of the tunnel,
through the bedrock initially and then through the overlying soil, were

completely obscured by the strong airblast-induced motions.

Figure 8 also shows a prediction curve from NATO AC/258 that does

account for airblast-induced motions. This curve is based on the equation

v, =P/ pc (L)
where v, 1s the vertical velocity of motion, m/s ‘
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P is the airblast overpressure at the location of jnterest, Pa

p is the density of the material, kg/m’
and ¢, is the wave velocity of the material, m/s
In NATO AC/258, ¢, is defined as the seismic velocity of the material.
However, Hadala (1973) found that the stress wave velocity is actually the
controlling parameter in regions where the airblast-induced motions outrun the
direct-induced ground shock. Using a typical stress wave velocity for desert
alluvium and the overpressures measured on the Tunnel/Chamber Test, a
prediction curve for airblast-induced ground motion velocity based on
Equation 1 is shown in Figure 8. While the curve obviously overpredicts the
close-in motions directly in front of the tunnel portal, it comes within 50
percent or so of matching the measured velocities on the 0O-degree azimuth at

the distances of interest for ground shock hazard definition.

A final comparison made in Figure 8 is with the curve established for
ground shock velocity by Vretblad (1988), based on the results of the Alvdalen
tests in Sweden. Vretblad's equation provides a better fit to the off-axis
ground shock data at the ranges of interest for the Tunnel/Chamber Test, but

still underpredicts the motions measured at the most distant gages.

In summary, the NATO AC/258 equation for airblast-induced motions
provides the best fit to the data along the O-degree azimuth for the
Tunnel /Chamber Test, at the ranges of interest for defining the Inhabited
Building Distance. For other off-axis directions, the NATO AC/258 equation
for direct-induced motions and Vretblad's equation both closely predict the
motions measured on the Tunnel/Chamber Test at ranges of interest. 1In all
cases, however, the values predicted by these methods should be increased by a
factor of two to provide a safe upper bound of the motions measured on the

test.

EJECTA/DEBRIS HAZARDS

The DOD Explosives Safety Standards and the NATO AC/258 debris hazard
criteria consider two sources of hazardous debris--material blown through the
access tunnel portal and rock thrown by the overburden rupture. The
Explosives Safety Standards require an Inhabited Building Distance for debris

of 610 m along and 15 degrees either side of the extended access tunnel
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centerline. The NATO AC/258 debris Inhabited Building Distance is 600 m over

the same 30-degree arc.

The current Explosives Safety Standards (DOD 6055.9-STD) criterion for
debris hazard range is the distance to a fragment or debris density of one
hazardous particle per 56 m?. Analysis of the debris on the motion picture
records of the Tuunel/Chamber Test indicates that almost all debris seen on
the film is potentially lethal (kinetic energy greater that 79 J), and thus
considered hazardous. As shown in Figure 9, a debris density of one missile
impact per 56 m? occurred at a distance of 656 m. For debris originating from
rupture of the cover, the Standards give a hazard range of 236 m. Similarly

the NATO AC/258 criteria predict a hazard range of 246 m from cover rupture.

The debris and ejecta collection on the Tunnel/Chamber Test was
concentrated within a sector extending 45 degrees each side of the extended
tunnel axis; therefore the effect of azimuth on debris range can only be based
on data within this sector. These data are shown in Figure 9, where curves
are drawn to approximate the debris limits at G, 20, and 40 degrees. As shown
here, the distance to a debris density of one strike per 56 m? is 656 m, 447
m, and 287 m along the 0, 20, and 40-degree azimuths, respectively. For the
Tunnel/Chamber Test configuration, Figure 10 compares debris hazard range, as
a function of azimuth, based on criteria given in the Explosives Safety
Standards and NATO AC/258, with ranges derived from the actual debris data
collected on the test. As shown in the comparison, both sources slightly
undex predict the hazard ranges in front of this tunnel/chamber geometry and

loading density.

CONCLUSIONS

The Inhabited Building Distances for airblast given in the current DOD
Explosives Safety Standards are very conservative for the area in front of the
access tunnel portal (azimuths from 0 to 90 degrees and 270 to O degrees), as
shown in Figure 2. Over an arc from 90 degrees to 270 degrees (Figure 3), the
distance specified by the manual provides a reasonable upper bound of the data

measured on the Shallow Underground Tunnel/Chamber Test.

The manual sets damage criterion for airblast pressure against inhabited

.
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buildings as 5 kPa (50 mb). As shown in Figure 2, the 5-kPa overpressure
level measured during the Shallow Underground Tunnel/Chamber Explosion Test
occurred at approximately the same distance that the Standards specify as the
airblast Inhabited Building Distance for open storage of a 20,000-kg
Composition B charge. The airblast Inhabited Building Distances specified in
the Standards for underground storage are even more conservative when compared
to the results of tests at Alvdalen, Sweden, as shown in Figure 4. The
airblast Inhabited Building Distance is strongly dependent on the explosive
loading density (charge weight divided by the volume of the access tunnel plus

storage chamber) of the magazine, as shown in Figure 6.

Using a peak pressure criterion of 5 kPa (0.73 psi) for airblast
Inhabited Building Distance, the test data indicate that the actual Quantity-

Distance (Q-D,;) is 25 percent less, and the Q-D,;, area some 50 percent less

than the values specified by the current Standards for underground storage.

If the same damage criterion for inhabited buildings (6.2 kPa or 0.9 psi) used
for above-ground storage is applied to underground storage, the test results
indicate that the actual Q-D;, for underground storage is approximately equal
to the Q-D,, specified in the Standards for above-ground storage, but the Q-Dy,

area is only one-third that specified for above-ground storage.

The Inhabited Building Distances for ground shock given by the
Explosives Safety Standards and the NATO AC/258 yield reasonable results for
shock transmicted through rock. For the case of a soil layer over bedrock,
however, such as existed at the Tunnel/Chamber Test site, the Standards and
NATO AC/258 both severely underestimate distances to the particle velocity
levels used as criteria for Inhabited Building Distance to protect against

ground shock.

The results of the Shallow Underground Tunnel/Chamber Explosion Test
indicate that Inhabited Building Distance for ejecta/debris along the extended
tunnel axis (0O-degree azimuth) is underestimated by the NATO AC/258 guidance.
The data indicate (Figure 9) that the Inhabited Building Distance for debris
decreases with angle from the O-degree azimuth, and approaches the distance

specified by the standards and NATO AC/258 at an azimuth of 45 degrees.



RECOMMENDATIONS

Additional data are needed to evaluate the effect of storage loading
density and cover depth on the Inhabited Building Distance for airblast.
Previous data from WES model tests, shown in Figure 6, indicate that a non-
linear relation exists. These data, from fully-contained storage magazine
models, provide ar upper bound for airblast Inhabited Building Distance as a
function of loading density. Additional tests, where the extent of venting is
varied over a range of cover depths (and other factors held constant), are

needed to isolate this effect.

Computer model studies can also help define the effect of venting on
external blast hazards, after a reliable material is established that

simulates the response of the rock surrounding the magazine chamber.

The Shallow Underground Tunnel/Chamber Test demonstrated that current
Inhabited Building Distance criteria for ground shock in a layered geology
(with soil over rock) is inadequate. Improved methods must be developed to

better predict these distances in complex geologies.

The Inhabited Building Distance that is currently specified in the
Standards for debris expelled from the access tunnel should be reevaluated and
corrected. Recent work in Sweden indicates that the large distances to which
debris was thrown out the access tunnel on the Tunnel/Chamber Test could be
reduced by a barrier outside the tunnel portal. Additional study is needed to
evaluate such methods, and their most effective design, to reduce the external

debris hazard.
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Figure 2.

Airblast Inhabited Building Distances specified by
Explosive Safety Standards (DOD 6055.9 STD) for open
and underground munitions storage, compared to 5.0
. and 6.2 kPa distances measured on Shallow Underground
Tunnel Chamber Explosion Test (20,000 kg, Composition
B, 66.4 kg/m’ (TNT equivalent) loading density.
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Tunnel Pressure and Emergent Blast Calculations for the
Shallow Buried China Lake Test

Charles Needham
Kenneth Schneider
Joseph Crepeau
Lynn Kennedy

Maxwell Laboratories, S-CUBED Division
Albuquerque, New Mexico

ABSTRACT

S-CUBED has performed a number of calcuiations in s%port of the 20,000 k
underground storacge magazine e)fflosive test detonated in August, 1988, at the Naval
Weapons Center, China Lake, Calitornia. These calculations were done with our
second-order hydrodynamic code, SHARC. They include two- and three-dimensional
interior tunnel caiculations, using several different materials to represent the
overburden. The first two-dimensional calculation included rigid walls; subsequent
calculations included equations-of-state for sand and then granite to calculate the
response of the overburden. Specifics for the overburden response were found to be
significant for a large yield test like that at China Lake. The granite, which provided the
best correspondence to the experimental data in the two-dimensional case, was also
used for a three-dimensional interior calculation. This latter calculation reproduced the
tunnel shape and the depth of the overburden accurately. Artificial debris was also
modeled with drag sensitive particles.

Two exterior calculations were also performed, a two-dimensional calculation over
a flat exterior surface and a three-dimensional calculation including terrain modeling.
The two-dimensional calculation was carried out to an overpressure level of 50 rnbar.

Results of these calculations will be presented. Comparisons of calculated and
measured results will be included.

SECTION I. TWO-DIMENSIONAL CALCULATIONS.
LA. Initial Conditions.

A calculational mesh was established in cylindrical coordinates with the axis of
s%mmetry on the center line of the floor of the tunnel. The explosive was placed in the
chamber in the configuration described in the experiment (Figure 1). Detonation was
initiated at the end face of the explosive nearest the tunnel opening.

The original purpose of the calculation was to provide gage ranging informaticn tc

the experimenters (Figure 2). In the first calculation, the tunnel and chamber walls wer:
treated as perfectly reflecting and non-responding (Figures 3 and 4). We felt that the
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pertectly reflecting case would provide the maximum possible exit pressure. The
overburden was expected to be blown away during the experiment.

ihis fact made it obvious that a significant fraction of the explosive energy was
atieorbed by the overburden. We repeated the calculation with an overburden of highly
compressible sand. The equation-of-state for sand was available and the calculation
.ould be rin without delay or expense. The argument here was that the sand would
absorb a maximum amount of energy, thus giving a lower bound to the expected exit
pressure.

A third two-dirnensicnal calculation was made with an equation-of-state for porous
granite. The compressibility model was based on density data taken from the test site.
The equations-of-state used for sand and granite were compared. The results of this
comparison are given in Figure 5.

1.B. The Detonation Process and Shock Propagation.

The detonation was modeled by releasing ener Y as a function of space and time.
The detonation velocity is calculated as a function of local hydrodynamic conditions.
The energy released is proportional to the mass engulfed by the detonation front in
each zone during each time step. The material is converted from solid tc gas and the
appropriate equation-of-state is used. The expanding detonation products accelerate
the air, creating the air shock. The shock strikes the wall of the chamber prior to
completion of the dstonation process and reflects toward the center. The artificial
cylindrical geo- 'etry of the calculation tends to overestimate the formation of an axial jei
of detonation products. This jet exists experimentally but dissipates more rapidly than
in the calculation.

The intersections of walls, floors and roofs create re-entrant corners for shock
reflections. The peak Fressures (other than in the detcnation) are found in these
regions well after initial reflection. Sites which produce high pressures are the
intersection of the back wall and the floor, and the intersection of the chamber roof with
the front wall above the tunnel opening.

The reflection above the tunnel openirg is important in the responding wall
calculations because this corner reflection causes significant motion of the chamber
~iof and wall (Figure 6). The shock transmitted through the solid causes downward
veotion of (e tunne! 1oof near the chamber. This motion has the effect of choking the
Trrainto the tunnel. The timing is such that the shock has exited the tunriel entrance
nrior to blockage near the chamber (Figures 7 and 8).

The shocks reflecting from the walls, roof and floor of the chamber interact in
~crnplex patterns creating complex waveforms propagated through the tunnel.

internal wavetorms are compared at a location 2.2 meters from the tunnel puo:ta
't1jure 9). The non-responding walls overestimate the pressure; sand walls
un.Jerestimate the pressures and the porous granite walls in general also slightly
underpredict the pressure.
T Exteinal Blast Propagation

The eaterne! blast characteristics are very dependent on the time histoneu of
©aamic pressure and overpressure near the tunnel exit. These parameters detenmine:
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11

e the angular distribution and decay rate of the external air blast. The high velocity and
relativaly cool detonation products form a jet from the mouth of the tunnel. The mixing
of the jet with the external air determines the rate of energy and momentum exchange.
The slowing of the jet converts momentum (a vector) and dynamic pressure (quasi
vector) to overFressure (a scalar). After the jet has slowed, the expansion becomes
more spherical. The blast wave may, therefore, have an apparent origin at some
distance outside the tunnel.

At a prassure of about 30 psi, (two bars) when a negative phase has formed, the
blast propagation and decay are independent of the scurce. Simplified methoas may
be used to predict the further decay.

Terrain effects must be considered for exterior blast propagation. Pressure has
units of ener%y per unit volume. Thus any increase in volume gives a iower over-
pressure. A downslope outside the tunnel entrance gives a larger volume for
expansion of the blastwave. The greater expansion resuits in iower peak pressures and
more rapid decay. An upslope has the opposite effect. '

Forests or other obstacles in the flow tend to retard the flow. The initial reaction of
the blastwave is a conversion of dynamic pressure to overpressure. The longer
distance effect is an overall reduction in pressure and impuise caused by a com-
bination of shock reflection (an irreversible process) and absorption by exchange of
energy with the intervening material.

‘ SECTION II. THREE-DIMENSIONAL CALCULATIONS.

ILA. Initial Conditions.

The full three-dimensional structure of the tunnel was modeled. Some simpli-
fication was necessary for computational efficiency. A vertical symmetry plane was
piaced along the centerline of the tunnel. The bottom (floor) of the tunnel and back wall
olf the chamber were made perfectly reflecting. The walls were initially smooth and
clean.

Massive, drag sensitive particles were placed in and n2ar the tunne! to model the
artificial debris in the experiment. Additional massive particies were placed in the
overburden to track the trajectories of large particulates. The overburden was modeled
using the same equation-of-state for granite that had been used for the two-
dimensional calculations of Section .

Monitoring stations were placed in and around the chamber and tunnel complex to
provide time histories of all hydrodynamic variables. Positions were chosen to cor-
respond to and supplement the experimental gage array.

Because of the large number of zones required for three-dimensional calculations,
the resolution of the three-dimensional was significantly reduced from that of the two-
dimensional calculations.

II.B Detonation and Early Shock Propagation.
‘ The three-dimensional configuration very closely modeled the experimental geom-

etry. The detonation weas initiated at a point on the center of the face of the charge
nearest the tunnel opening. The detonation process required about 1.88 ms. The
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reali-'ic three-dimensional representation of the charge more closely modeied the early ‘
shock wave formation than the two-dimensional approximation.

At 2 ms, the entire shocked region of air is contained in the storage chamber. The
shock in the granite overburden has reached less than 2 meters from the interior
surface and is nearly symmetric about the charge.

The agreement between the calculated and experimental waveforms inside the
tunnel provides some assurance that the calculated energy partition between air and
granite is approximately correct. A typical overpressure comparison is shown in

igure 10.

As the shock approaches the tunnel exit, the experimental data indicates a
dramatic slowing of the shock front and a corresponding increase in overpressure. We
believe this is caused by the constriction of the cross-sectional area of the tunnel in the
region coated by shotcrete. The cross-sectional area decreased by 16 percent in a
distance of 3 meters and then stayed nearly constant over the remaining 10 meters to
the exit. Such a constriction was not modeled in either the two-dimensional or three-
dimensional calculations. Our calculated peak exit pressures were therefore somewhat
lower than measured.

SECTION lil. EXTERNAL BLAST CALCULATIONS.

Both two-dimensional and three-dimensional preliminary results are available. The
calculations are continuing at this time. The comparisons at 5-, 10-, and 25-meter ‘
ranges outside the tunnel show good to excellent agreement between calculation and
experiment.

SUMMARY

When this project was started, a number of estimates of exit pressure were made.
Some simplified methods overestimated the exit pressure by two orders of magnitude,
most were high by a factor of 10 or 20. The initial S-CUBED rigid wall calculation was
hi?h by about a factor of three. The responding granite wall two-dimensional
calculation came within 30 percent or so of the msasured data. The full detailed three-
dimensional calculation is generally within 20 percent of the experimental data.

To obtain better theoretical results, more detail of the tunnel construction must be

included. The 20 percent differences noted for the three-dimensional calculation
correspond to about 20 percent variations in the exit tunnel cross-sectional area.
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ACCIDENTAL DETONATIONS IN UNDERGROUND MUNITIONS STORAGE MAGAZINES:
PREDICTION OF COVER RUFTURE OVERPRESSURES

Charles E. Joachim

U.S. Army Engineer Waterways Experiment Station
Vicksburg, MS 39180-6199

INTRODUCTION

The Shallow Underground Tunnel/Chamber Explosion Test provides the only
known airblast overpressure data produced by venting of the overburden cover from
a decoupled high explosive detonation in a large-scale underground munitions
storage chamber. A limited amount of overpressure data are available from
fully-coupled underground high explosive detonations in alluvium (Buckboard 11
and 12, Stagecoach II and III, and Scooter events (Snell et al, 1971)), two
recent tests in a recompacted soil media (Midnight Hour 1 and II), and small-
scale Norwegian model tests in sand (Jenssen, 1979). This paper describes
procedures used to develop prediction curves for overpressures produced by
airblast venting through the rupture of the cover rock over an accidental

explosion in an underground magazine.

TUNNEL/CHAMBER VENT PRESSURE

Hopkinson scaling is typically used when airblast overpressures from
different explosives quantities are compared. Scaled distances are calculated
by dividing the measured distance by the cube root of the explosive charge
weight. A comparison of peak overpressures from the Shallow Underground
Tunnel/Chamber Explosion Test (Joachim, 1990) and the NOL spherical surface burst
curve (Swisdak, 1975) 1is shown in Figure 1. The peak data from the
Tunnel/Chamber test decrease as a function of azimuth from the extended access
tunnel centerline. The higher peak pressures, along the 0-degree azimuth, are

the result of the jetting through the access tunnel portal.

A pressure-time history from a measurement point along the 180-degree
azimuth gage line (Gage A-29) is presented in Figure 2 (Halsey et al, 1989).
This gage was located on the ground surface 50 m behind the tunnel portal and 7 m
behind a vertical projection of the rear wall of the explosives storage chamber.
The wave form combines pressures expelled through the access tunnel port.al as
well as pressures vented through the ruptured overburden above the chambe:r . As

shown in Figure 2, the airblast shock wave vented through the access tunnel
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portal arrived at this gage position 165 msec after detonation. The blast
pressure wave vented through the overburden arrives 100 msec later at this gage

station.

Feak pressurvs were from the overburden venting obtained by estimating the
difference between the peak shown in Figure 2 and the exponentially decaying
waveform from the early arriving pressure from the tunnel portal. In Figure 3,
the estimated peak vent pressures are plotted versus ﬁorizontal distance from the
source {(i.e., horizontal distance from the gage to the vertical projection of the
nearest chamber boundary). As shown in Figure 3, the peak vent pressure at the
closest gage (7 m from the vertical projection of the rear wall of the chamber)
is less than the airblast level that defines the Inhabited Building Distance

(5.0 kPa).

COUPLING FACTOR

The DOD Explosives Safety Standards (1984) gives the following relation for

computing the Inhabited Building Distance for ground motion effects:
Dy, = C £, W9 ¢S]

where D;, is the Inhabited Building Distance, ft

C is constant for a particular earth material type

W is the weight of the explosives in the storage chamber, pounds.
and f, is the decoupling factor, where

£, = (4/15) wo3 (2)

B

where w is the chamber explosive loading density, pounds per ft®. Since we are

using Hopkinson scaling (cube root), some manipulation of the decoupling factor

is required  Assuming that the equivalent charge weight is
: 49 . 1/3
W, f, WYY = f W (3)
where {0 i the equivajent decoupling factor for Hopkinson scaling, in metric

units.  After some alpebraic manipulation, we find that
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£, - £/ (4)
S0 f. = 0.2 q%40 (5)

where q is the chamber loading density, kg/m®. The decoupling factor for a
loading density of 66.4 kg/m® (used on the Shallow Underground Tunnel/Chamber

Explosion Test) is 0.514.

VENT PRESSURE DATA

A comparison of the NOL curve for blast pressure from spherical-surface
burst charges, vented pressure data from fully-coupled detonations in desert
alluvium, and the decoupled Tunnel/Chamber test are presented in Figure 4. As
shown here, the overpressure curve from the cover venting of the Tunnel/Chamber
test plots in the vicinity of the Buckboard 12 and Scooter data for buried
charges in alluvium. The minimur cover depth for the Tunnel/Chamber test was 9.4
m, giving a minimum scaled cover depth of 0.335 m/kg!/3: compared with the 0.495
and 0.496 m/kg!/?® depths of burst for the fully coupled events in alluvium. The
scaled charge radius of a spherical TNT charge is approximately 0.053 m/kgl/3.
Thus, a 0.495 m/kg!’® depth of burst provides approximately 0.44 m/kg

overburden depth above the buried charges. The comparison presented in Figure

1/3

4 shows reasonably consistent agreement for the variations in cover depth (or
equivalent depth of burst) considering that two very different media were

involved--weathered granite and desert alluviumfor the fully-coupled events.

A similar comparison of vented overpressures is shown in Figure 5 between
the NOL curve, small-scale Norwegian model tests in sand, and the Tunnel/Chamber
decoupled detonation. As shown here, vented pressures from the small-scale
charges at a depth of burst of 0.50 kg/m'/® (cover depth approximately 0.44
m/kg!/3) are an order of magnitude less than those measured from the decoupled
Tunnel/Chamber detonation. Thus, the small-scale tests in sand do not model

large decoupled detonations in granite.

Lines of estimated fit were drawn through the data for fully-coupled,
buried charges in alluvium in Figure 4 to provide a means of estimating scaled
horizontal distances to the vented overpressure levels of interest (ranging from

50 to 240 mb). Least square fits were calculated for the Midnight I and II, and

g
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the Stagecoach IT and III data, with the results used to estimate curve fits for

the remaining data. The resulting data fits are shown in Figure 6.

The curves for peak vent pressure versus scaled distance developed in
Figure 6 were used to obtain the overpressure contours presented in Figure 7.
As shown here, the scaled horizontal distance to the 50-mb contour (airblast
criterion for Inhabited Building Distance) decreases rapidly as the scaled
overburden depth is increased from 0 to 0.15 m\kg”3. The scaled horizontal
1/3

distance to the 50-mb overpressure contour for a cover depth of 0.15 m/kg is

10 m/kgt/3,

DISCUSSION

The use of the vented overpressure curves in Figure 7 are best illustrated
with a few examples. Assume that a chamber is loaded with 113,500 kg (250,000
b) of explosives at a loading density of 100 kg/md. The coupling factor for
this loading density is 0.564. The equivalent coupled charge is computed to be
0.564 x 113,500 kg = 64,000 kg. The cube root of the 64,000-kg explosive weight
in the chamber is 40 kg!/?, The 50-mb vented overpressure occurs at a horizontal
distance of 0.4 m/kg!’?® (16 m) for a cover depth of 0.44 m/kg!’® or 17.6 m, as
compared to the K19 distance of 365 m computed in the current Standards. Next,
consider the same total explosive weight (113,000 kg) and chamber loading density
(100 kg/m®), but with a scaled overburden depth of 0.14 m/kg!/® (5.6 m). The
airblast Inhabited Building Distance (50 mb) is 404 m, compared with the same Ki9
distance (364 m) for this explosive quantity. Thus, the airblast Inhabited
Building Distance to the rear of an underground magazine (180-degree azimuth)
specified by the current Standards is greater than hazard distance actually
produced by cover venting, when the scaled cover is relatively thick. Additional
analysis is required however, to determine the level of overpressure venting
through the overburden when the scaled cover thickness is less than 0.2 m/kg!/®

for this explosive quantity and chamber loading density.

Based on an airblast criterion of 50 mb, the Inhabited Building Distance
for overpressure from overburden venting (Figure 7) on the Shallow Underground
Tunnel/Chamber Explosion Test (22,000 kg, (TNT equivalent). with a chambe:
loading density of 66.4 kg/m®, and a scaled cover depth of 0.34 m/!3, is 37.7 m

The airblasc gage at a horizontal distance of 7 m from the back wall of the
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chamber recorded an estimated vent pressure of 40 mb, Thus, the vented airblast

pressure contours shown in Figure 7 are conservative.
CONCLUSIONS

The overpressure prediction curves developed in this analysis (Figure 7)
indicate that a scaled cover depth of 0.5 m/kg!/® is sufficient to contain all
hazardous airblast overpressure (greater than 50 mb) vented through the ruptured
chamber overburden. The analyes also indicate that the 50-mb pressure criterion
for Inhabited Building Distance will occur at a horizontal distance of 0.4
m/kg!/? for typical undergreund magazine explosive quantities. This restricts
the hazardous overpressure distance from cover venting to the immediate vicinity
of the storage chamber. Therefore, it is suggested that the maximum scaled depth
of overburden (C.) specified in DOD 6055.9-STD (SEction G.4.d.2) for which
overpressure venfing must be considered should be changed to a value consistent
with the NATO hazard criteria for ejecta/debris, namely C, = 0.8 m/kg!/® for hard
rock and C, = 1.0 m/kg!/® for soft rock. The data presented in Figure 3 indicates
that these values would be conservative as far as hazardous venting overpressures
from rupture of the chamber cover are concerned.

As the scaled cover depth decreases from 0.2 m/kg!/?®, the scaled horizontal
distance to the 50-mb overpressure level increases at a slower rate for all the
cover venting overpressure curves plotted in Figure 7. The vented overpressures
from chamber cover rupture are approximately one-tenth of the overpressures
predicted by surface detonations of the same yield; at this scaled cover depth
the vented pressures will increase rapidly, however, as the scaled cover depth
decreases. Therefore, the value of 0.2 m/kg!/® for the minimum scaled cover

depth given in the present Standards appears reasonable.

RECOMMENDATIONS

A series of decoupled buried explosive tests is needed to more accurately
define the venting pressures and explosive energy equivalence for detonations in

shallow underground magazines,
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EJECTA HAZARD RANGES FROM
UNDERGROUND MUNITIONS STORAGE MAGAZINES

Charles E. Joachim
U.S. Army Engineer Waterways Experiment Stz+ion
Vicksburg, Mississippi

INTRODUCTION

Current ejecta quantity-distance (Q-D) criteria for underground
munitions storage magazines are based on a few large, high explosive tests,
coupled with a limited number of model and full-scale experiments in igloos
and underground magazines. The ejecta hazards from accidental detonations in
underground magazines are from two sources: overburden rupture and venting
(shallow storage chambers), and the breakup of the access tunnel portal or
material (including unexploded ordnance) expelled through it. Over the past
decade, launch velocity curves for overburden ejecta have been developed in
Norway, as a function of cover depth and chamber loading density. This paper
describes the analyses conducted and the relation found between the Norwegian
launch velocity curves, a simple computational model, and existing ejecta

data.

COVER RUPTURE

The primary variables which govern rupture (or cratering) of the
overburden above an underground munitions storage chamber are the chamber
loading density, cover thickness, and to a limited extent, overburden
material. Because of the air volume in the underground chamber, these
explosions are not fully coupled to the soil or reck in which the magazine is
constructed, and therefore are less efficient in rupturing (cratering) the
overburden and producing ejecta than the standard buried charges which are the
source of most cratering data. ‘The difference is mainly one of degree,
however, since the mechanics of the rupture (crater) formation are essentially
the same. Accordingly, the effect of overburden thickness on these effects is

described here from a classical cratering context.

For a given explosive loading density, crater size will at first
increase steadily as the depth of burst (DCB) is increased. At some depth
called the "optimum" DOB, the crater size will reach a maximum. For further

increases in DOB, the weight of the overburden tends to suppress the formation
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of the crater. As the energy of the explosion becomes less able to throw
ejecta beyond the edge of the crater, more material falls back within the
crater boundary, thus reducing the apparent crater depth., The crater radius
will decrease slightly until a DOB called the containment depth is reached, at
which the crater completely disappears and is replaced by a mound of bulked
soil or rock. Finally, the camouflet depth is that DOB at which little or no
surface disturbance occurs, and the explosion forms only a subsurface cavity.
Figures 1 (for soil) and 2 (for rock) from Reference 1 illustrate

characteristic variations in crater parameters as a function of DOB.

The apparent crater radius decreases and approaches zero as the charge
DOB approaches 2.0 m/kg!/3 for soil or 1.2 m/kg!?® for soft rock (1.0 for hard
rock). The limits are shown by the upper bound lines in Figures 1 and 2,
respectively. Explosions at these DOB’'s are fully contained, producing only
surface heaving. Therefore, munitions storage chambers with cover depths
greater than 2.0 (soil), 1.2 (soft rock) or 1.0 m/kg!® (hard rock) will not

produce significant ejecta hazards from rupture of the overburden.

EXPLOSIVE COUPLING

If an earth-covered or underground storage chamber is completely filled
with explosives, so that no empty volume remains, the explosive loading
density will be approximately 1600 kg/m®. In most cases, however, the chamber
is not completely filled, so the loading density is some fraction of this
value. Explosive "coupling" refers to the intimacy of contact between a
volume of explosive and the surrounding soil or rock. If & chamber is
completely packed with explosives, the detonation is "fully coupled", with a
coupling factor (f. ) of 100%. As the explosive loading density is decreased,

the coupling factor decreases proportionally.

Ground shock, cratering, and ejecta/debris throwout all decrease for
lower coupling factors. The coupling factor can be estimated from Figuire 3
(based on underground coupling experiments in halite and model ammunition
storage chamber experiments at the U.S. Army Engineer Waterways Experiment
Station). The effective charge weight (Q,) is the product of the explosive
weight (Q) and the coupling factor (f.,) the applies for a given chamber

loading density (Q, = f.r Q). The effective explosive weight can then be used
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in Figure 1 or 2 to obtain predicted crater dimensions for a large detonation

in an underground storage chamber,

EJECTA HAZARD CRITERIA

The debris hazard criteria given in the U.S. DOD Explosives Safety Standards
(Reference 1) and the NATO AC/258 manual (Reference 2) consider two sources of
hazardous debris: rock thrown by the overburden rupture and material blown
through the access tunnel portal. The Explosives Safety Standards require a
Inhabited Building Distance for debris of 610 m along and 15 degrees either
side of the extended access tunnel centerline. The NATO AC//258 Inhabited
building Distance for debris is 600 m over the same 30 degree arc.

For debris originating from rupture of the magazine cover, the

Explosives Safety Standards give a hazard range of

Dy = £4 £, Q%4 (1)

where D;4 is the hazard range, m
f. is a function related to the scaled overburden depth, m
Q 1is the explosive quantity stored in the chamber, kg
and f; 1is a function of chamber loading density, given by the relation

fq = 0.364 (Q/ V )08 (2)
where V is the chamber volume, m®
The function f, is given graphically in Figure 4 for hard rock (granite or
limestone) and for soft rock (sandstone). The relation between the function

fy and the coupling factor (f.;) is shown graphically in Figure 5.

The minimum overburden thickness above the chamber for the Shallow
Underground Tunnel/Chamber Explosion Test was 9.4 m, giving a scaled (TINT-
equivalent) cverhurden depth of 0.35 m/kg!/3. The earth cover function, f_,
for this scaled overburden depth is 5.09 m/kg? ‘!, from the "soft rock" curve
of Figure 4. The loading density function calculates to be 0.77.
Subscituting these values in Equation 1, the Inhabited Building Distance for

protection from debris from the Shallow Underground Tunnel/Chamber Explosion
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Test is 236 m.

The NATO AC/258 debris criteria for a scaled cover depth of 0.35 m/kg}/?

are given as
D4 = 5.10 Q°-4%, for hard rock &)
and DS = 5.00 Q°-41, for soft rock (4)

These criteria were developed for a loading density of 270 kg/m®. A reduction
is aliowed for smaller loading densities. For the TNT-equivalent loading
density of 66.4 kg/m® that was used for the Shallow Underground Tunnel Chamber
Test, the correction factor for the NATO AC/258 "soft rock" criterion is 0.80.
For hard rock, the Inhabited Building Distance for debris is 308 m before

correction for lecading density, and 246 m with the correction.

The current Explosives Safety Standards criterion for a debris hazard is
a fragment or debris density of one hazardous particle per 56 m?. An analysis
of the debris on the motion picture records of the Tunnel/Chamber test
indicated that almest all debris seen on the film was potentially lethal
(kinetic energy greater than 79 J), and thus considered hazardous. As shown
in Figure 6, a debris density of one missile impact per 56 m? occurred at a
distance of 656 m. This distance is 1.08 times the hazard range calculated by
the Standards, and is 1.09 times the NATO AC/258 Inhabited Building Distance

for debris range along the access tunnel axis.

The debris and ejecta collection on the Tunnel/Chamber Test was
concentrated within a sector extending 45 degrees each side of the extended
tunnel axis; therefore the effect of azimuth on debris range can only be based
on data within this sector. These data are shown in Figure 7, where curves
are drawn to approximate the debris limits at azimuths of 0, 20, and
40 degrees. As shown here, the distance te a debris density of one strike per
56 m? is 656 m, 447 m, and 287 m along the 0, 20, and 40-degree azimuths,
respectively. Tor the Tunnel/Chamber Test configuration, Figure & compares
debris hazard ranges, as & function of azimuth, based on criteria given in the
Explosives Safety Standards and NATO AC/258, with ranges derived from actual

debris data collected on the Tunnel/Chamber Test. As shown in the comparison,
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both sources slightly'underpredict the hazard ranges in front of this

tunnel/chamber geometry and loading density.
EJECTA VELOCITY

The pre-and pusttest locations of the artificial missiles used for the
Tunnel/Chamber Test are given in Reference 4. The ejecta ranges are plotted
versus their pretest locations in Figure 9. In this figure, "slant distance"
is the distance from the center of the 20,000 kg charge to a missile’s pretest
or posttest position, as calculated from surface coordinates and elevation
data. The symbols in Figure 9 identify missile pretest locations with respect
to the surface ground zero (SGZ), which is a point on the overburden directly
above the center of the explosive charge. FRONT denotes pretest missile
locations down-slope from the SGZ. As shown in Figure 9, the test data
indicates that missiles originating at locations down-slope from the SGZ
(FRONT) travel the greatest distance, and those originating at up-slope
locations (BACK) travel the least, All missiles were found down-slope from
their original positions. The differences in displacement of missiles on the
east side compared to those on the west side of the magazine is attributed to
slope effects. The overburden surface dropped gradually to the east and

rapidly to the west.

Launch velocities were computed for three artificial missiles using the
known missile displacement and assuming a launch angle of 45 degrees., The
calculated launch velocities are plotted in Figure 10, where a comparison is
shown with results of previous tests Reference 5), which include data from
storage wall debris tests, aircraft shelter detonations, and large-scale
buried detonations, both tamped and untamped. The artificial missile launch
data from the Tunnel/Chamber Test are in good agreement with the other data

shown in Figure 10.

COMPUTED HAZARD RANGE

Ejecta range was computed from the launch velocity curves of Figure 10
using a trajectory algorithm obtained from Reference 6. A concrete missile
mass of 454 kg, a storage chamber volume of 331 m®, and an explosive weight of

22,000 kg were assumed for these calculations (the storage volume and weight
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correspond to the Tunnel/Chamber Test). The computed ejecta hazard ranges are ‘

plotted versus scaled cover depth in Figure 11. The cover depth (D) is scaled
by two factors: the cube root of the charge weight (Q!/?), and the chamber

0.18y | As shown in Figure 11, the computed

loading density to the 0.18 power (q
ejecta hazard range for loading densities between 10 and 100 kg/m® collapse
onto a single curve when plotted versus scaled cover depth. Lighter loading
densities give shorter calculated ejecta hazard ranges at shallow scaled cover
depths, and approach the common upper bound curve as scaled cover depth

increases.

A simple calculation was performed to estimate an upper bound of the
overburden ejecta hazard range for the Tunnel/Chamber Test conditions (a
loading density of 66.4 kg/m?). The WES computer code BRFACHWL, which
calculates the velocity of the breached section of a wall from an internal
pressure-time history was used to compute ejecta velocity. The pressure-time
history used was that recorded at the chamber wall (Gage C-3) on the
Tunnel/Chamber Test, shown in Figure 12. Since the waveform ended prematurely

due to cable failure at 40 msec the time history was arbitrarily extended to

320 msec by halving the pressure every 20 msec. The resulting velocity
waveform is presented in Figure 13. A rock density of 2540 kg/m® was assumed
for these calculations. An estimated ejecta hazard range was obtained using
the calculated peak missile velocity as input to the trajectory algorithm.

These computations were performed for cover depths ranging from 4.2 to 56 m.

Measured and calculated ejecta hazard ranges are compared with the
Explosives Safety Standard debris Inhabited Building Distance for hard and
soft rock in Figure 14. The comparison iucludes data from the Shallow
Underground Tunnel/Chamber Test (ejecta/debris collection and artificial
missile recovery), the 100 kg/m® launch velocity curve (Figure 11) and the
BREACHWL calculated data. As seen in Figure 14, the experimental data is in
good agreement with the ranges derived from the 100-kg/m® launch velocity
curve. The launch velocity curve crosses both Explosive Safety Standard
debris Inhabited Building Distance curves at a cover depth of approximately
0.28 Q? meters for a loading density of 100 kg/m?, which suggests that the

Standard may not be conservative for shallower cover depths. Since the 100

kg/m? launch velocity curve is in agreement with the measured Tunnel/Chamber .




Test missile data and an upper bound to the ejecta hazard range data the
Figure 14 also indicates that the Explosive Safety Standard is very

conservative at cover depths much greater than 0.28 Q!? meters.

A similar comparison with the NATO AC/258 Inhabited Building Distance
for hard and soft rock are shown in Figure 15. The NATO curves both intersect
the 100 kg/m® launch velocity curve at a cover depth of 0.32 Q'3 meters. This
suggests that the NATO Inhabited Building criteria for debris may be
unconservative at shallower cover depths, and overly conservative when the

overburden thickness is greater than 0.32 QY3 meters.

CONCLUSIONS

The minimum cover depth given in the current NATO manual (1.4 m/kgl/?)
for an underground magazine that is required to ensure containment of debris
hazards is safety conservative and no change is recommended. The debris data
from the Shallow Underground Tunnel/Chamber Test indicate that gpe Inhabited
Building Distance for ejecta along the extended access tunnel éenterline is
unconservative and both the distance and the arc of coverage should be
increased. Although the data are limited, the comparison of measured data and
hazard ranges calculated from estimated launch velocities indicates that the
Explosive Safety Standard and NATO AC/258 both are non-conservative for
shallow cover depths, and overly conservative at greater cover depths. More

data is needed to better define these relations.
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from Explosives Safety Standards, measured data from
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velocity curves and WES BREACHWL code).
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MIXING OF LIQUID CRYOGENS IN THE SIMULATION OF
LIQUID HYDROGEN/LIQUID OXYGEN EXPLGSION HAZARDS

T.S. Luchik, K.M. Aaron, E.Y. Kwack, P. Shakkottai and L.H. Back

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California USA

ABSTRACT

Experiments simulating mixing of liquid oxygen (LO,) and liquid hydrogen (LH,) have been
performed. The non-reactive mixtures were obtained by injecting jets of the oxidizer into
a pool of the fuel simulant. Three fluid combinations were tested: LO, into liquid helium
(LHe), liquid nitrogen (LN,) into LHe and LN, into LH,. Experimental observations
included flash X-ray and high speed video imaging, hot film anemometry, and thermocouple
and diode thermometry. Results showed that the jet fluid stays coherent throughout the
mixing process and that neak boiling of the ponl fluid occurs shortly after jet impingement.
Estimates of bulk density indicate a smaller range of variation than is currently being used
for explosive yield calculations.

1. INTRODUCTION

Several of the planetary missions at the Jet Propulsion Laboratory (JPL) use Radioisotope
Thermoelectric Generators (RTGs) as part of the spacecraft’s power system. In carrving
out the required RTG hazard definition analysis for these missions, it became evident that
the potential threat to the RTGs from an explosion of liquid oxygen (LO,) and liquid
hydrogen (LH,) as a result of a launch vehicle accident is not well defined or understood.
LH, and LO, are the propellanis for the National Space Transportation Svstem (STS)(used
to launch the Galileo mission and planned for the Ulysses mission) and the Centaur G’
upper stage booster (planned to be used with a Titan IV and used to launch the Mariner
Mark II series spacecraft). The lack of understanding stems from an inadequate data basc
on close-in blast characteristics for LO,/LH, explosions. The existing data base, obtained
during the PYRO [1] tests in the 1960’s, emphasized far field blast characteristics for the
purpose of determining the minimum safe distance for locating grour . ».vitre. However,
it is the near field blast environment-which impacts RTG safety. .. s::rvey of tiie available
literature on LO,/LH, explosions reveals inadequacies in the follow g areas:

1. The fluid mixing dynamics of LO,/LH, prior to detonation and particularly
interphase mixing, are not well understood.

Approved for public release, Distribution unlimited
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2. The detonation and/or deflagration behavior of a LO,/LH, mixture, even with
prior knowledge of the mixture composition, cannot be described accurately.

W

The effects of short-time scale unreacted propellants on the long time scale blast
yield are not characterized. This is particularly important relative to predicting
close-in blast-loading effects that accelerate debris as projectiles.

An Explosion Hazards Program [2] was initiated to address the aforementioned
inadequacies with special reference to accidental LO,/LH, explosions resulting from a
launch vehicle accident. The program has been divided into three tasks, each focused on
a separate aspect of the explosion hazard problem. Task 1 is focused on the study of the
fluid dynamics and heat transfer associated with the mixing of LO, and LH, prior to
explosion. Task 2 was designed to study the detonation characteristics of well defined,
homogeneous mixtures of oxygen and hydrogen. Task 3 involves the study of LO,/LH,
detonation characteristics in a variety of simulated accidental mixing configurations. Task
3 is currently in the planning stage. This paper reports in detail on Task 1 and gives a brief
description of one phase of Task 3 which is designed to link Task 1 experiments to the
Task 3 experin.>nts.

From an explosion hazards perspective, it is the initial mixing of the LO, and LH, which
is of primary importance. It is believed that during the initial mixing that a detonable
mixture of multi-phase oxygen and hydrogen is formed. Current predictive techniques
assume that the initial blast yield is directiy proportional to the bulk-mean density of the
mixture. This property, bulk density, is somewhat ad-hoc since hydrogen and oxygen are
immiscibie. Nonetheless, it is clear to see that reasonable limits must be placed on this
parameter if a predictive code is to be used to obtain realistic estimates of blast yield from
full scale simulations.

The study of this problem, even in inert mixtures, presents several difficulties. The mixture
is at cryogenic temperatures, it is multi-phase, muiti-constituent and is transient in both
energy and momentum. The oxidizer is cooied and eventually freezes while the fuel
evaporates and is heated. The net result is a harsh environment to make any type of
measurements.

Because it was desired to study the mixing of the fuel and oxidizer prior to detonation,
simulants for either the fuel or oxidizer were used in all Task 1 tests. Initially tests were
peiformed with LHe as the fuel simulant so that either LN, or 1.O, could be used as the
oxidizer. This allowed a direct cemparison of LN, to the real oxidizer, LO,. Later tests
were performed using LH, as the fuel. However, only LN, could be used as the oxidizer
simulant in this case. Thus, performing zimilar tests with these three inert combinations,
allows one to draw conclusions on the mixing of the actual fuel and oxidizer prior to
detonation.

Several scenarios were considered in the Task 1 investigation. Figure 1 shows schematically

the three most credible scenarios and how each was modelled for laboratory study. The
first of these, the deep mixing scenario, is reported on in this paper. These experiments
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involve the mixing of two cryogenic fluids. A jet of one fluid is injected into a deep pool
of a second fluid in a manner similar to that of the work of Bishop et al. [3]. Their tests
showed that significant jet penetration occurred only when the more dense fluid (oxidizer
siinulant) was injected into a pool of the less dense fluid (fuel simulant). When the jet and
host fluids were switched very little penetration and mixing occurred. Therefore in the
presernit study, only the mixing of oxidizer simulants injected into pools of fuel simulants are
considered.

Specifically reported herein is the current status of the Task 1 experimentation. Section 2
briefly describes the experimental facility, and also contains a summary of the
instrumentation used in the experiments. Results of the deep pool mixing tests are
presented in Section 3, and Section 4 gives the relevant conclusions on the current work
and a brief discussion on planned future experimentation in this ongoing work.

2. APPARATUS

This section gives a brief overview of the facility, instrumentation and procedures used in
the Task 1 experiments. For more detailed descriptions see Luchik et al. [4,5].

2.1 Facility

A schematic of the facility is shown in Figure 2. The facility consists of a primary
enclosure, a secondary enclosure and three flow systems: 1) a liquid fuel transfer system,
2) a liquid oxidizer (jet fluid) transfer system and ar inert gas purge system.

'The primary enclosure is mainly an exhaust duct for the liquid fuel (or simulant fuel) that
is boiled off during an experiment. This cnclosure houses ail plumbing to the oxidizer tank
as well as instrumentation used for thermal and velocity measurements made during an
experiment. The stainiess steel dump tank used in the experiments is 14.6 cm in diameter
and has a capacity of 10.4 liters. Flow cut of the dump tank was controlled using a
pneumatically cperated-cryogenic ball valve. Because cf the nature of the experiments,
knowledge of the valve timing was critical and hence, the valve was colibrated. Results of
the calibrations showed that the valve, when operated at 100 psi, responded to the operator
in 60 ms and went from the fully closed position to the fully open position in 40 ms. These
values were independent of the overall time that the valve was open. The valve response
1s shown in Figure 3. The flow rate out of the dump tank was controlled by regulating the
pressure of the fluid inside the tank. An interface at the bottom of the enclosure is used
to seal the Pyrex glass experimental dewar to the enclosure. The dewar has a diameter of
143 ¢m and is roughly one meter in length. Pyrex glass was used to enable visual
observation of the experiments. Located at the top of the primary enclosure, was a 10.2
¢m diameter exhaust stack where the fuel evaporation rate was measured. The exhaust gas
then flowed into a dilution duct where the exhausted fuel was diluted below its flammability
limit and was exhausted to the atmosphere. A schematic of the primary enclosure, dump
tank, experimental dewar and instrumentation is shown in Figure 4.
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As shown in Figure 2, the primary enclosure was located inside the secondary enclosure.
This enclosure was purged free of oxygen prior to each experiment and the oxygen level
was monitored throughout the experiments using a Teledyne Analytical Systerns Model 8000
gas detection system. Purging served two purposes. First, removing all of the air (oxygen)
excludes the possibility of an accidental explosion during an experiment. Second, removing
all of the oxygen from the environment and replacing it with nitrogen greatly enhanced the
visual observation of the experiment, since no water vapor was available in the environment
to condense on the outside of the experimental dewar. This purging of the secondary
enclosure and diluting of the fuel exhaust was accomplished using an inert gas purge system

[4].
2.2 Instrumentation

Chromel-constantan thermocouples (type E) were chosen for these experiments based on
arguments presented by Barron [6] and ASTM [7]. However, as noted by Barron, no
commercial thermocouple is useful below 30-40K because of the lack of sensitivity at these
low temperatures. Because the experiments performed are transient in nature, the
temporal response of the instrumentation is quite important. The size of the thermocouples
chosen for the experiments was 76 um which had a response of about 8 ms (90%). This
size was 2 good compromise between speed and robustness (the experiments were fairly
violent and smaller thermocouples did not survive the environment with regularity).

Cryodiodes were used in locations where sub-40K temperatures were expected. The
sensitivity of a cryodiode is excellent at low temperatures. However, the cryodiode does
have two major disadvantages. The diodes have response times which varied with the AT
due to the large thermal capacitance of the can housing the diode. Times as great as 2
seconds were measured for a AT of 200K. Although the diodes were quite robust
themselves, the wiring to the diode was delicate and often broke during experimentation.

Pressures in the primary and secondary enclosures and in the dump tank were measured
using Validyne pressure transducers. The transducers are fairly standard strain gage type
transducers. Temperature effects at the transducer were minimized by using a length of
Tygon tube from the point of measurement to the transducer, which was maintained
nominally at 300K.

Hot film anemometers and 2 pitot-static probe were used to measure velocities of the fuel
boil-off gas at the mouth of the experimental dewar while only a hot film anemometer was
located in the stack of the primary enclosure. However because of difficulties when helium
was used as the fuel simulant, only the stack anemometer yielded nseful quantitative
information.

The hot-films had better accuracy and time response than the pitot probe. However, the
hot-films were far more difficult to calibrate since they had to be calibrated over a range
of temperatures and velocities. A typical calibration equation is given by equations (1) and

(2).
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u = (-0.753 + 13.6 E )" (N
where
E
Epos = "'(T—:i’)T‘T 2)
wig

and T, is the hot film temperature, E,, is the anemometer output in volts, T, is the gas
temperature in K, ard u is velocity in m/s. From this equation it is clear to see that the
accuracy of the velocity measurement is largely dependant on the voltage output of the
anemometer and the measuremeni of gas temperature in the vicinity of the probe. Both
of the values vary with time during an experiment. A partial calibration curve
corresponding to the above equations is shown in Figure 5. Details of the hot film
calibrations are give by Kwack et al. [8]. The pitot-static probe measures velocity using
Bernoulli’s equation

u = (24P/p))" (3)
and
AP = constant * E,,, (4)

Here AP is the pitot-static pressure difference, p, is the gas density and E,,,, is the pressure
transducer output. Although the equation for the pitot probe looks simpler than the hot
film calibration equation, note that the density of the gas is a function of temperature.
Thus, the experimental measurement is not simpler than for the hot-film, only the
calibration is simpler.

Measurements at the exhaust stack were simpler than those at the mouth in that the
envirorment was less harsh than that at the mouth. The temperature of the gas at this
location varied from 50 K to about 250K. Thus, a large range of calibration was necessary.
At the mouth of the dewar, the temperature varied little, but the temperature at this
location was seldom greater than 25K during the experiment. The cold temperatures
tended to destroy hot films after repeated cycling.

A Spin Physics model SP-2000 high speed motion analyzer was used to obtain video
recordings of each experiment. For these experiments, recordings were obtained in excess
of 500 fps. Typically, the vertical field of view was 45 c¢cm with a minimum spatial
resolution of 2.2 mm by 2.2 mm. The experiment was back lighted with 3 quartz halogen
lights which yielded good contrast between the host and jet fluids. The video images were
digitized and some image processing techniques were applied to the images to help better
define the mixing zone at selected times during the experiments. However, the image
processing techniques did not yield any additional information that had not already been
gathered from simple viewing of the video tapes.

A Hewlett-Packard 300 kV flash X-ray system was used to obtain an X-ray of the mixing
process. This yielded one observation per experiment with a 50 ns exposure. Each head
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has a beryllium window, rather than aluminum, to allow better transmission of the low
energy X-rays, which are more sensitive to low molecular weight matter, like LN,, LO,, LH,
and LHe. A wide variety of X-ray receivers have been used in this system including a
Science Applications Incorporated RTR 300 X-ray image intensifier, DuPont medical and
non-destructive testing (NDT) films, screens and cassettes, and Eastman Kodak films. A
large number of tests were run using various combinations of the above products as well
as varying the source to object distance and flash X-ray output voltage. The "best" receiver
tested was the combination of three Dupont products: a Dupont Kevlar Cassette with
Chronex Quanta Fast Detail screens and either NDT 57 or Chronex 4 film. However, even
with this combination, no quantitative results have been obtained with the X-ray system to
date. The reason for this is that there exists a lack of contrast between the jet and host
fluids used in these experiments.

Although the X-ray images have not given quantitative information, they have yielded
valuable information which has been used in developing a qualitative model of the initial
mixing during the mixing of the jet and host fluid. It should be noted that the only imaging
technique, other than neutron absorption, able to penetrate the mixing zone is the flash
X-ray technique.

A schematic of the data acquisition system is shown in Figure 6. The host computer is an
iBM PC compatible. The main function of the compatible during data acquisition is as a
memory device for the high speed A/D boards. Data sampling occurred over 23 channels
at a rate of 100 scans per second. As can be seen from the figure, the hot wire/film,
cryodiode and pressure transducer data are fed directly into the A/D boards while the
thermocouple information must be passed through an intermediate amplifier. The A/D
board also signals the host computer at appropriate times to trigger the dump tank operator
valve and the flash X-ray system. The host achieves the triggering process though the use
of a parallel I/O board and relay board. The host computer also controls the Spin Physics
motion analyzer through an RS-232 port.

3. RESULTS

The independent variab'es for the experiments were the jet velocity, the jet momentum, the
dump duration, and the distance between the nozzle exit plane and the free surface of the
pool fluid. This distance is referred to as ullage herein. For the various experiments all
of the independent variables were varied.

Initially, liquid helium was used as a fuel simulant for the purpose of comparing liquid
nitrogen to liquid oxygen. This would prove useful in interpreting the liquid
hydrogen/liquid nitrogen experiments. Physical properties of all of the fluids used in the
experiments are listed in Table 1. More information on cryogenic fluid properties can be
found in Barren [6], Sychev et al. [9,10,11] and Scott [12]. From this table, to a first order
approximation, LN, appears to be a good simulant for LO, in that the thermophysical
properties of the fluids are similar. Helium, on the other hand, has one significant property
difference from hydrogen, the latent heat of vaporization. This value for helium is
approximately a factor of 20 lower for helium than that for hydrogen. Since this property
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directly affects boiling, the helium evaporation rate cannot be used in any way to
approximate hydrogen evaporation. Also, because of the relatively low latent heat of
vaporization of liquid helium (21 kJ/kg), the parasitic boil off of helium was high, making
the ullage very difficult to control with good accuracy.

Varying the nozzle diameter was one way of controlling the mass flow rate of the jet
independent of the jet velocity. However the jet diameter played another important role
in the experiment. From an X-ray perspective, it was preferable for the jet to be as large
in diameter as possible to maximize X-ray contrast between the jet and the host fluid.
Fluid dynamically, a small diameter jet is preferable to minimize wall effects. These, of
course, are conflicting requirements. Nozzles with diameters of 3.17 mm, 6.34 mm and 12.7
mm were used in the experiments, but only experiments with the 12.7 mm diameter nozzle
yielded useable X-radiographs.

Table 1. Some properties of helium, hydrogen, nitrogen and oxygen.

Helium  Hydrogen  Nitrogen Oxygen

Te (K) (1 atm) 4.2 20.26 7735 90.18
Te (K) (1 atm) - 13.8 63.15 54.36
pee (kg/mr) 125 70 807 1141
Por (kg/m’) 17 1.3 4.6 4.5
h,, (kJ/kg) 21 454 199 213
h, (kKI/kg) = e e 25.1 13.8
hy-B(KI/kg) e e e 23.4
TyB(XK) e e e 43.8
h -a (kI/kg) e e ~8.4 2.9
Tga(K) e 35.6 23.6
¢, (kJ/kg-K) 5.40 12.15 4.73 1.0
¢,¥* (kI /kg-K) 498 9.66 2.13 1.67
¢ (kJ/kgK) e e 1.88 1.42

skP

3.1 Helium Test Results

Over 70 separate helium experiments were performed where complete data sets were
collected, roughly one-half with LO, as the jet fluid and one-half with LN, as the jet fluid.
The velocity range from 3 m/s to 11 m/s was covered and ullage was varied from 20 ¢cm
to 76 cm. The purpose of performing tests with helium was to gain some experience in the
mixing of two cryogenic fluids in a totally inert environment, but more importantly to
determine the similarities and differences in LN, and LO, as jet fluids. Since later tests
would only involve mixing of LN, with LH,, a good working knowledge of this comparison
would allow any extrapolation of the present results to the real situation where LO, and
ILH, would be involved.

Although many tests were run, not all tests were different. Several were similar by design
to obtain information on the run to run variation of the experiments. The results of these



replicate tests were quite good. Not only was there qualitative agreement in the data but .
also the quantitative data agreed quite well. An example of this agreement is shown in

Figure 7 for the measured helium gas mass flow rate at the stack, the parameter most
sensitive to run to run variations. In this Figure, the jet velocity is 3.5 m/s, the nozzle
diameter is 6.35 mm and the dump duration is 0.45 sec.

Temporal contours of the mixing zone are shown in Figure 8 for an LN,/[LHe experiment
and an LO,/LHe experiment. Each of these experiments was nominally at the same
conditions, a jet velocity of 3.2 m/s, 6.35 mm nozzle and 22 cm ullage, with only the jet
fluid being different. The solid contours are "mixing zone" contours at 20 msec time
increments while the dashed contour at time t = 0 is the estimated liquid "jet" contour.
This estimate of the actual jet fluid location is based on experiments with an LN, jet into
cold helium gas (T < 20K) and from X-ray observations. From those experiments involving
the LN, jet into cold He gas it was seen that a mixing zone formed between the relatively
warm jet fluid and cold He gas. From this knowledge, we see that prior to impingement
of the liquid jet on the helium free surface, a mixing zone is formed. This figure is another
example of excellent agreement between the LN, and LO, jet studies.

It is sufficient to say that the results of the LN, tests and the LO, agreed well in almost
every way with one exception. Information pertaining to the size of the frozen particles
observed in the experiments differed. It was noted from the experiments that the solid
particles become visually observable at the head of the jet initially and a short time later
at the outer most extremity of the mixing zone generally near the region of the initial jet
impingement. The particles are first seen about 200 to 409 msec after jet impingement for ‘
all tests, and this time does not vary systematically with any of the independent variables
nor with the jet fluid. As observed from the motion of the particles in the case of the LN,
jet, they are platelet in shape and fall through the liquid helium at a velocity of about 1
m/s. Quantitative information obtained, based on a sample of 500 particles, indicate that
the average size of a particle is 38 mm’ with sizes ranging from 4mm? to 130 mm’, and in
general the platelets are less than 1 mm thick. The particles in the case of the LO, jet
were smaller than that of the LN, jet and were generally smaller than the resolution of the
vidco system used. However, large particles could be visualized occasionally. ALthough
no mean size data were obtained for Q,, it was noted that the large O, particles were also
platelet shaped. The size difference was the only significant difference noted between the
nitrogen and the oxygen jets.

The solids seen in ail of the experimeats were much larger than is predicted from instability
theory, which predicts droplet sizes of the order of microns. Thus, measurements of
particle size would indicate that freezing is occurring at the jet outer extremity while the
jet is still intact which agrees with the X-ray images that show that the jet is largely
cohzrent during the mixing process. However, this hypothesis is impossible to verify
experimentally sirce the mixing bubble cannot be penetrated with enough spatial resolution
and dynamic range to visualize the actual solidification process. The smallest particies
discernable, because of the pixel resolution of the video system, was 4 mm?® for most of
the tests, but as small as 1 mm?® in some cases. Therefore, some small particles mny be
formed in the mix but are not discernible optically with the current instrumentation.
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3.2 Hydrogen Test Results

For the hydrogen tests as in the helium tests, several tests at similar conditions were
performed to determine the run-to-run variation of the tests. As was seen in the helium
tests, the duplicate experiments yielded similar results.

Figure 9 shows some of the general mixing dynamics for the experimental configuration
obtained from the hydrogen tesis. The jet impinges on the host fluid which causes boiling
of the host and cooling to the eventual freezing point of the jet. As the jet continues to
penetrate, a mixing pocket forms which contains scme mixture of the gas and liquid state
of the host and liquid and solid state of the jet. As time progresses, the fluids within the
mixing pocket transfer enough heat between each other so that some freezing of the jet
occurs while the host continues to boil off. During the initial mixing of the jet and host
fluid the mixing zone is optically too dense to penetrate using conventional optics.
However, the radiographs have shown that the jet fluid essentially stays intact and has a
diameter approximately equal to that when it leaves the nozzle. Figure 10 shows the
mixing zone developed by a 12.7 mm jet of LO, with an impingement velocity of 3.2 m/s
into LHe approximately 0.2 sec. after jet impingement (A radiograph of an IO, jet into
liquid helium is shown in Figure 10 because the radiographs obtained from the hydrogen
tests were just not publication quality, although they did contain the same information as
the radiograph shown). The mixing zone contains both jet and host fluid in its liquid state
as well as vaporized host. A comparison of visual images to the radiographs showed that
the mixing zone is roughly S to 8 times the diameter of the jet. The X-radiographs show
further that within the mixing zone the host is largely gas on a volume basis. Somewhat
later in the mixing process (about 200 msec to 400 msec) solidification of the jet occurs at
the head of the jet and near the point of initial impingement.

Mixing zone contours obtained from images taken with the Spin Physics motion analyzer
are shown in Figure 11. These images were obtained for a 3.05 m/s jet of LN, into a pool
of hydrogen. The nozzle diameter in this experiment was 12.7 mm. Each contour
represents an instant in time and the contours are separated in time by 20 ms. Ags in
Figure 8, the jet contour at impingement has been shown by a dashed line and was
determined in a similar manner to that of Figure 8. Immediately after impingement, the
jet velocity is significantly decreased from its initial velocity. The velocity is less for smaller
diameter jets. Figure 12 shows the variation of an average of the jet penetration speed with
nozzle size and time. A second surge generates a mixing zone that appears similar to the
initial mixing zone. As with the helium studies, very little can be said on the radial rate of
formation of the mixing zone other than it does develop more slowly radially than axially.

From the mixing zone impingement contours and from the Spin Physics video in general,
several pieces of information were obtained. These include an estimate of the bulk or
mean density within the mixing zone, and information on the solidification of the jet fluid.

One method of obtaining the bulk density within the mixing zone was obtained by assuming

that the mixing zone volume can be described by a pseudo-body of revolution of a given
time contour. Note that since the mixing zone contowrs are not symmetric, it is only
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necessary to rotate each contour through 180° and disregard the surface discontinuity at
180°. Then if one assumes that all of the hydrogen within the mixing volume is in the
gaseous state at it’s normal boiling point and all of the jet fluid is in its liquid state at the
normal boiling point, the bulk density of the mixing zone can be calculated using

m, At

0.

rhje(At + pGHz ( Vmix = )
jet

5 - v )

which can be manipulated to obiain

_ m, At Pon,
p=pan, + —g—(1- ) (6)
mix jet

Here m,, is the mass flow rate of jet into the mixing zone and V,, is the volume of the
mixing zone at At seconds after impingement. This is an upper estimate since all of the jet
fluid is assumed to be participating in the heat transfer involved in boiling the host fluid.
Table 2 shows the average values of the upper estimate of bulk density within the mixing
zone at early times after impingement obtained from the various experiments. All averages
were obtained from mixing zone contours 120 msec after impingement of the jet. For
comparison the density of hydrogen vapor at 20.3K is 0.0013 g/cm’. The estimated values
for an oxygen jet were made simply by assuming that the volume occupied by the LN, had
the density of LO, at it’s normal boiling point. These results are consistent with what was
experimentally found in the heliumn tests.

This estimated bulk density does vary with the radius of the jet, a result seen in the helium
tests. As is shown in Luchik et al. [5], a simple argument can show this to be the expected
case which yields

-b- = pcuz u}e(At rje(2

= 4
PiePou, 4 g
A second method, which estimates the minimum bulk density can be made from knowledge
that the jet largely remains intact in the mixing zone. This indicates that only a portion
of the original jet fluid is taking part in the heat transfer required to boil the hydrogen.

The analysis is identical to that in Luchik et al. [S] except that H, has been substituted for
He. The result is the following equation:

= Cl r)el (7)

-— hl;,H
pmin = pGllz ( 1 + Ah : ) (8)
Jet.max

The maximum enthalpy change in the jet fluid is achieved by cooling it to the liquid pool

temperature (20.3K for liquid hydrogen). Ah,,,,, has the value of 124 kJ/kg for N, and 136
kJ/kg for O,. Doing this assumes that the minimum jet mass is involved in the hcat
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transfer required for boiling heat transfer, thus yielding the minimum bulk density.
Substituting the values for the thermophysical properties gives 9., = 0.0059 g/cm’ for LN,
jets and p,,, = 0.0055 g/cm’ for LO, jets. These values are roughly a factor of two lower
than the upper estimate values obtained for the 3.17 cm diameter nozzle indicating that
even with that smali nozzle size only about one-half of the jet was participating in the heat
transfer to the hydrogen. These results are significant in that current predictive techniques
cover a range of bulk densities with an upper limit more than one order of magnitude
greater than the maximum values presented here.

Table 2. Bulk density estimates during initial jet impingement.
Jet Nozzle LN, jet LO, jet
Velocity Dia. ) p (estimated)
(m/s)  (mm) (g/cm’) (g/cn’)
3.0-5.0 3.17 0.013 0.015
3.0-5.0 6.35 0.014 + 0.006 0.018
3.0-5.0 12,7 0.023 + 0.009 0.032

The size of most of the solid particles in these experiments varied from 7 mm?* to 70 mm’
with the largest particle seen being 350 mm®. The particles in the hydrogen tests appeared
platelet in shape. The size information for the N, particles as well as the shape is consistent
with what had been seen in the helium tests with a LN, jet. The particle size was observed
to increase as the jet diameter was increased. Particle information for N, was found to be
independent of the pool fluid with which it was mixed. This leads to the conclusion that
SO, particles gererated in a mix of LO,/LH, would be similar to those in the LO,/LHe
tests.

The instantaneous temperature of the H, gas at the mouth of the dewar is given in Figure
13 while the instantaneous evaporation rate of H, is presented in Figure 14. Results from
three different experiments are shown to show the consistency from experiment-to-
experiment. Nominal conditions for these experiments are a 12.7 mm diameter jet of N,
flowing with jet velocity of 3.5 m/s for a period of 0.65 sec. In all cases the ullage was
roughly 42 cm. Note that impingement of the jet occurs about 0.24 seconds after the dump
valve has been energized (t = 0) and that the gas temperature prior to mixing is 70-100K
due to heat transfer from the surroundings. As the rate of evaporation increases, the gas
exits the dewar without exchanging heat because the gas residence time in the dewar has
decreased. The "peak and valley" nature of the data shown in the graph are believed to be
related to the surging of jet fl..id in the mixing region seen in the video images. Although
not shown, the time at which peak boil off occurred did not vary appreciably. The value
of peak boil off was found to vary with the nozzle diameter for a given jet velocity. This
result suggests that a principle parameter in the early mixing is the diameter of the jet.
More work is needed to verify this trend.

Integrated values of the hydrogen boiled off from a visual displacement measurement along
with some representative data taken from the hot-film at the mouth of the experimental



dewar are given in Table 3. The purpose of this is to show the accuracy of the hot-film
data. Individual values of the ratio of hydrogen boiled off to jet fluid added varied from
0.16 to 0.26.

Table 3. Comparison of time integrated hot film data and hydrogen boil off
displacement measurement.
Run m, Am,, Amy,  Amgy Ay, e
€ @ @ ® @ " m,
663 306 138 23 25.1 0.18
664 306 199 40 40.8 0.21
665 306 199 37 39.6 0.20
666 306 199 44 419 0.21

The values obtained are reasonable and can be shown analytically by assuming that a small
amount of jet fluid is dumped into a large container of LH, and that the final equilibrium
temperature of the nitrogen in the hydrogen bath is 20.3 K, then we can develop the
relationships (see Luchik et al. [S] for derivation)

Amli Ah'el max
2 Jet,
= 9)

Am,, hlg,H + ¢ on (TGH , Fioal ~ ar.u)

where c, is the specific heat, h, is the latent heat of vaporization, T is temperature and the
subscrlpts H, and jet refer to the given constituent. Ah,..,, is as before, 124 kJ /kg for N,
and 136 kJ/kg for O, and represents the energy release from the jet fluid when cooled to
20.3K. Assuming that the hydrogen boils off and leaves the control volume at it’s boiling
point, one can obtain the maximum ratios of hydrogen boiled to jet fluid added. These
values are 0.27 and 0.30 for N, and O, respectively.

However, if the hydrogen gas leaving the control volume is allowed to exchange heat with
the jet fluid, the mass ratios can be less than the maximum. Since hydrogen has a high
heat of vaporization (454 kJ/kg) and a relatively low specific heat the variation of boil off
with gas exit temperature is small as is shown in the following equation for LN,/LH,.

Am, 124.0 kJ /kg

- g (1)

Am, kJ
2 12.15 kg- K( oHy Fast) 454———-—-kg

Here AT, g is the amount of temperature rise, above the normal boiling point, of the
gaseous hydrogen exiting the control volume. A similar equation results for LO, with only
numerator being changed to 136 kJ/kg. The boiling of hydrogen occurs at 20.3 K but the
temperature that hydrogen leaves the control volume can be higher than that because of
heat transfer from either the liquid jet fluid or the relatively warm solid particles to the
gaseous hydrogen. Table 4 summarizes the results obtaired from the above equation for
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both LO, and LN,. Using an average boil-off ratio of 0.2 (From Table 3), Table 4 shows
that the average temperature of the hydrogen gas exiting the experimental dewar was 13K
warmer than its normal boiling point. However, the thermocouple at the mouth of the
dewar only indicated a superheat of about SK during active boiling. No reason is offered
for this discrepancy. This implies that between 73% and 88% of the jet fluid energy went
into the actual vaporization of the hydrogen liquid pool, on average.

Table 4. Equilibrium calculation of the ratio of liquid hydrogen vaporized to liquid
nitrogen or liquid oxygen solidified.
TGHZ. Final ~ TB?.H2 Al'l"(}uz/An'lLN2 Arno:mz/ArnLo2
0.0 0.27 0.30
5.0 C.24 0.26
10.0 0.22 0.24
15.0 0.19 0.21
200 0.18 0.20
25.0 0.16 0.18

4.0 SUMMARY AND FUTURE WORK

Deep pool mixing studies of LN,/LHe, LO,/LHe and LN,/LH, have been completed. The
present mixing studies included varying jet velocities, jet dump duration times, jet diameter
and ullage spaces. However, the qualitative nature of the mixing zone does not seem to
be greatly affected by these variables although the rate of formation of the mixing zone
occurs more rapidly when LHe is the pool fluid than when LH, is the pool fluid. Ullage
space seems to have liitle effect on the liquid-liquid mixing zone. Heat exchange between
the hiquid jet and the colder gas in the ullage space seems to have little effect on the
dynamics of the liquid-liquid interaction

The preliminary experiments with LO, and LN, as the jet fluids showed that N, was an
excellent simulant for O, in all respects except one. The one aspect where N, differed from
O, was in the formation of solid particles. All of the particles observed in the experiments
were similar in shape. The motion of these particles in the high-speed video recordings
indicated that the particles were platelet in shape. However, in the helium studies, a large
number of particles were visualized when LN, was the jet fluid whereas when LO, was the
jet, far fewer particle were clearly visualized. It is believed that the O, particles were
present, but were too small to be seen with the resolution of the camera system. The solid
particles for the N, jet were the same size and shape regardless of the pool fluid into which
the LN, was injected.

The axial rate of formation of the mixing zone slowed with time after impingement of the
jet with the formation nearly stopping 150 to 200 ms after jet impingement. Some 50 to
150 ms passed before a second surge of jet fluid was seen. The radial rate of formation of
the mixing zone was very slow. Maximum boiling of the hydrogen pool occurred 200 to 300
ms after jet impingement and the value of the maximum boil off rate scaled with the nozzle
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diameter for a given jet velocity. This indicates that the maximum boil off rate was heavily
dependant on the surface area of the jet (ie. the jet could be modeled as a column of fluid
submerged in a pool of hydrogen). This further indicates that the amount of jet fluid
sheared from the jet is small. This is further evidenced by the large discrepancies in the
maximum and minimum bulk densities and the results of the flash radiographs.

Two different values were obtained for bulk density. One assumed that all of the jet fluid
was involved in the heat transfer required to vaporize the hydrogen in the mixing volume.
This estimate is a maximum estimate for bulk density since all other indicators show that
the entire jet mass is not diffused throughout the mixing zone. The second estimate for
bulk density was based on heat transfer concepts. It assumed thai the minimum jet mass
transferred all of the available energy to the hydrogen and that this energy was used for
vaporization only. This estimate is, by definition, the minimum bulk density in the mixing
zone allowed by the physics of the problem. The values determined as the upper limit on
bulk density for a liquid nitrogen jet into a pool of hydrogen varied with the nozzie
diameter and had values ranging from 0.013 g/cm’® for the 3.17 mm nozzle to 0.023 g/cm’
for the 12.7 mm nozzle. Values for p were then estimated for LO, jets into LH,. These
values were only slightly higher than those for LN,. The minimum value of bulk density,
as determined by analysis, for a LO,/LH, mixture was p,,, = 0.0055 g/cm’. This range of
experimentally/analytically determined values are significantly lower than the estimates
being used in predictive detonation environment techniques which use upper limit values
as high as p = 0.4 g/cm’.

The next series of experiments in Task1 of this continuing program is a study of the "Range
Destruct" mode of the Titan IV/Centaur G’ configuration (see Figure 1). Here a small
charge located on the side of the Centaur tanks is detonated causing an axial rip in the fuel
an oxidizer tanks to occur. This takes place while the payload fairing (PLF) of the launch
vehicle is still in place. Liquid fuel and oxidizer pour out of the tanks and are trapped in
the PLF space. A portion of each of the propellants flash vaporize since the initial
pressure in the propellant tanks is significantly higher than that in the PLF. Also, as these
fluids flow out of their respective tanks, they can contact the relatively hot surface of the
PLF, augmenting the vaporization of each of the fluids as well as intermix, cooling some
of the oxidizer while vaporizing ihe fuel. Because a detonable mixture of gaseous fuel and
oxidizer will essentially encompass the RTGs in the payload, knowing the gas composition
in this region as a function of time is of critical importance from a safety viewpoint. A
simulation of such an event is planned for the laboratory with LN, being substituted for the
oxidizer. All of the instrumentation described in this paper will be used in that experiment
as well as a novel acoustic technique for determining the gas composition at several points
in the flow as a function of time.

The Task 3 work planned for the future involves actual jet mixing of LO, and LH, in a
manner similar to that described in this text. If the O,/H, mixture does not auto-ignite
after a prescribed period, a charge will be used to initiate the O,/H, reaction. During these
tests both near and far field detonation wave characteristics will be measured. JPL’s direct
interest in this problem is the near field. In the near field, over-pressures, blast loading and
fragment dynamics are of importance to the RTG safety issue and will thus be the focus
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of the JPL effort. Tests are also being designed so that the contribution of the air
environment to the various blast characteristics can be separated from those directly due
to the propellant oxidizer.
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NOMENCLATURE

C, specific heat

E output voltage

hy, heat of vaporization

h, heat of fusion

4 liquid penetration distance at time when bulk
density was calculated

Am mass difference

m mass flow rate

T, gas temperature

Tprone hot film substrate temperature

T, hot film/wire temperature

t, valve energize time

At time increment

u axial velocity

V. mixing volume

Greek Symbols

p density

) bulk density

7 time constant

Subscripts

BP boiling point

FP freezing point
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ABSTRACT

Water-gels and emulsions exhibit two fundamental hot-~spot
mechanisms, namely shock heating of materials surrounding voids and
adiabatic compression heating of bubble gases. By a comparison of
the reaction kinetics derived from (a) VOD-diameter data using the
recently developed computer code CPEX and (b) a reaction model
proposed previously, it is shown that at the detonation regime, the
dominant hot-spot mechanism is shock heating and the remaining
explosive outside of the hot-spots is consumed by burning as
proposed in the model. At the lower compression rates, the dominant
initiation sensitization mechanism is the adiabatic compression of
the gas in entrained bubbles. This is proven by the results from an
experimental impact test on chemically sensitized water-gel
explosive. The same mechanism operates in the DDT regime of these
explosives. The time to ignition is shown to be related to the
time of pressurization in both the impact test and the DDT tests.
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INTRODUCTION

It is well known that explosive initiation sensitivity is
significantly increased by the action of hot spots (1). However,
the fundamental mechanisms of such hot spots are still a highly
uncertain subject, particularly for a solid explosive. The number
of possible hot spot mechanisms for the latter is extremely large
involving mechanisms unique to solids (2) in addition teo the
commonly accepted ones for liquids, e.g. adiabatic compression of
occluded gas voids (3) and shock heating (4). Water-gels and
emulsions have characteristics of liquids, as far as initiation
mechanisms are concerned. These much simpler mechanisms, which
operate largely independently and at different ranges of initiation
compression rates, allow a much easier understanding of the
operation of the initiation mechanisms in these explosives,
especially in the area of detonation. The 1latter has been
successfully modelled by Chan (5,6). Recent development in
detonation theory of non-ideal explosives (6,7) has produced an
extremely powerful tool to deduce overall reaction rates from
experimental detonation velocities at various charge diameters.
This technique allows an independent check of the validity of
reaction models proposed in Ref. 6. The two different reaction

kinetics are compared in this paper.

At lower compression rates for water-gel and emulsion
explosives, e.g. mechanical impact and pressurization due to
internal ignition in confined or semi-confined medium such as in
deflagration to detonation transition (DDT) events, hot spots are
generated by the adiabatic compression of the ges pockets. This is
related to the safety of the manufacturing and transport of such
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explosives which has recently received much attention since the
accidental explosion of emulsion explosive in a piston pump at the
McMasterville site of C-I~L Inc. in 1988. This paper presents some
previously unpublished data on the ASTM impact initiation and DDT
of water-gel explosives which demonstrates the importance of
adiabatic compression as a mechanism in such initiation mechanisms.

INITIATION UNDER DETONATION CONDITIONS

The experimental work of Campbell et al (8) and the
theoretical work of Mader (4) have demonstrated convincingly that
shock heating of materials surrounding the air bubbles is the most
effective hot spot mechanism under shock initiation conditions such
as those in the detonation wave. To demonstrate the shock heating
effect quantitatively for 1liquids, shock temperatures of the
materials upstream and downstream of a one-dimensional air-gap
traversed by a plane shock wave (9) are shown in Fig. 1. In this
Figure T1 is the temperature of nitromethane heated by the shock
wave from the initial temperature of TO, T2 is the residual
temperature after the material expands into the air-gap and T3 is
the temperature behind the reflected shock created in the upstream
gap material after it impacts the opposite face of the air-gap.
Mader's results for T1 and T3 are also shown in Fig.1. There is
good agreement between the two sets of calculations. The results
in Fig. 1 show clearly that under shock pressures of the order of
10 GPa, T3 is almost 2700 K assuming an initial temperature of
293 K. The detonation shock causes the high temperature T3 in the
hot spot and instantaneously ignition follows.

The above shock void interaction hot spot mechanism was used
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The above shock void interaction hot spot mechanism was used
in the detonation models of References (5) and (6). The
experimental detonation velocities were determined for a 1liquid
explosive (EGMN/AN/EG/Water 50/25/20/5). The desired densities were
obtained by mixing in glass microspheres (B15BX, 3M) (5). The
recently developed I.C.I. slightly divergent flow computer code
CPEX (7) is used here to re-analyze this data for the purpose of
determining the reaction kinetics of the explosive. The
theoretical fits to the VOD versus inverse charge diameter for
three initial densities (1.1,1.15,1.2 kg/dm?®) are shown in
Figs. 2a-c. The CPEX deduced extent of reaction / time curves are
shown in Fig. 3 for the three initial densities at a pressure of 5
GPa. The lower parts of these curves suggest that the extent of
reaction of the hot spots, as indicated by the point of sharp
change in slopes, correspond to the initial void volume fraction of
0.077, 0.115 and 0.154 for the three densities respectively.
Beyond the hot spot volumes, the reaction curves resemble closely
the theoretical grain burning curves of Ref. 6 as shown in Fig. 4.
This can be taken as an independent confirmation of the validity of

the grain burning model proposed in Ref. 6.

In the reaction model of Ref. 6, the hot spots were assumed
to have an effective volume equal to 2%/4 of the initial void
volume. The curves of Figs. 3 suggest that it should be equal to
the void volume. Another assumption in this model was that the hot
spots were to be initiated both by bulk thermal reaction and by
burning instantaneously at the collapsed wall of the bubble by the
hot compressed gas (see Fig. 5). However, the shape of the CPEX
reaction curves in Fig. 3 in the hot spot reaction region indicates
there is no grain burning reaction in this region. Otherwise, the
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initial slopes of these curves should be higher than the slopes of
the curves beyond these regions, instead of a gradually increasing
slope. The hot spots with their higher temperature should have
higher burning speed than the cooler material outside of the hot
spots. In retrospect, this is not surprising. The glass
microspheres are at very 1low pressure (typically about 0.1
atmosphere), which reduces the ability of the compressed gas to
ignite the surrounding explosive. Furthermore, the glass wall
material would absorb most of the gas energy. Thus the hot spot
reaction in this case is reduced to one of thermal reaction in the
shock heated hot spots in the explosive.

INITIATION UNDER IMPACT AND DDT CONDITIONS

When a gas bubble is present in a liquid explosive, including
water gel and emulsions, the impact sensitivity is increased
significantly (1). This makes the explcsive more hazardous in the
handling and manufacturing processes. In order to simulate the
effect of gas bubbles on the impact sensitivity of such explosives,
the ASTM Impact Test tool (10) shown in Fig.6 was used to test
these explosives. About 30 mm® of explosive is placed in the steel
cup. An air space of 26 mm® is formed in the centre of the O-ring
under the stainless steel diaphragm. The cup assembly is
positioned in the container body in direct contact with a roller
bearing, which is connected to strain gauges for force measurement.
The air space in the cup is precompressed to about 7 mm®. This
tool was used to study the response of an EGMN based water-gel
explosive. An impact weight of 5 kg was used. Positive results
were obtained above a drop height of 0.36 m. The pressure record
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from a positive test is shown in Fig. 7. The pressure increase
following the initial impact pulse is attributed to the combustion
of the explosive. There seems to be 1little doubt that the
initiation mechanism is the ignition of the explosive by the hot

compressed air.

Another hazard test carried out on the above EGMN based
water-gel explosive was the DDT test. The test setup is shown
schematically in Fig. 8. It consists of a heavy wall seamless
steel tubing (19 mm ID/50.8 mm OD) with lengths of either 0.5 m or
0.9 m. An igniter is placed inside the closed end of the tube (11).
The igniter compound used was either 2 g of RDX or RDX/black powder
mixture. The outer wall of the steel tube at the igniter location
was connected to strain gauges to monitor the pressure build-up
history. A thin wall collapsible aluminum wave velocity probe was
placed in the centre of the tube which was filled with the test
explosive. Two EGMN based water-gel explosives which showed DDT
behaviour were tested. These explosives (EXP-A contained 3%
aluminum and EXP-B contained 7% of aluminum) had nominal density of
1.12 kg/dm3. These explosives were produced by chemical gassing,
and contained small gas bubbles with nominal average diameter of
70 pm. The volume percent of air bubbles are 27 and 32%
respectively for the two explosives. Figure 9 shows the igniter
end pressure and wave velocity records for a test with EXP-A
initiated with RDX/black powder igniter. The transition to
detonation can be clearly seen from the wave velocity record which
has a steady velocity of 0.77 km/s from the igniter to 0.58 m
downstream at which it changes sharply to 4.25 km/s, corresponding
to the detonation velocity of this explosive. The pressure reaches
0.45 GPa prior to a dramatic increase which seems to be the source
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of the transition to detonation. If the trajectory of the
detonation wave is extrapolated back to the igniter location, the
time coincides with the moment of explosion in the pressure record.
The initial pressurization rate was 490 GPa/s and the time from
initiation of the igniter to the moment of the explosion is .640 ms
(Fig. 9). A summary of other pressurization rate (normalized by
the initial atmospheric pressure) and delay to explosion data is
shown in Fig.10. There is a good correlation of these two
parameters. The data from the impact test (Fig. 7) for EXP-A is
also shown in the same figure. The impact data fits in very well
with the DDT data indicating the close relationship between the two
initiation events. This suggests that the DDT mechanism is the
ignition of the explosive by the hot compressed bubble gas similar

to that occurring in the impact test.
CONCLUSION

The results presented in this paper demonstrated the twe
basic hot-spot mechanisms in water-gel explosives. The shock
heating of materials around voids is the dominant mechanism if
shock initiation events involve a particle velocity above a few
hundred meters per second. However, for more gentle
pressurization, such as mechanical impact or combustion in a
confined medium, the adiabatic compression of bubble gas becomes
the more effective hot-spot mechanism. The presence of glass
microspheres in an explosive is probably not effective for this
latter mechanism since there is insufficient gas present in the
microspheres and the glass would also absorb most of the gas energy
to prevent transfer of heat to the explosive. This suggest that
glass microsphere sensitized explosives are much safer in
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compression events. However, there is always a danger of the
presence of air pockets of volatile gases. Nevertheless, the
hazards engineer should be aware of the potential hazards of
manipulating such an apparently safe medium in rapid pressurization
operations, despite the relative safety of the use of glass
microspheres. For hazard quantification purpocses, more work is
still needed to quantify the ignition conditions.
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EXPLOSIVE SAFETY TESTING AT NEW MEXICO TECH:
THE BROWER ADIABATIC COMPRESSION TEST

K.R. Brower, D.B. Olson, and P.A. Persson

Rescarch Center for Energetic Materials
New Mexico Institute of Mining and Technology
Socerro, New Mexico 87801

ABSTRACT

A ncw hazard test has been developed at the Research Center for Energetic Materials at
New Mexico Tech in which bubilc compression ignition of liquid or solid material is
simulated under well defined conditions of temperature and pressure. Small samples of the
test explosive are placed in a piston-cylinder apparatus and a drop weight, usually 1 kg, is
uscd to initiate rapid compression ignition. A series of drop heights can be used to vary the
ignition conditions. The rebound energy imparted to the drop weight from the ignition is
mcasured. The temperature and pressure conditions, typically in the ranges 800-2000 K and
200-1200 atm, are determined from the compression ratio and nature of the gas in the
chamber. Chemical analysis of the residual explosive or product gases can be performed
to elucidate the reaction m chanism of the ignition.

INTRODUCTION .

Adiabatic compression of gas bubbles is generally accepied as a potential ignition source of
liquid explosives and propellants. Indeed, gas bubbles have been known as primary
scnsitizing agents of liquid cnergetic materials since the early days of nitroglycerin
production!. Nitromethane, for example, can be made sensitive to a No. 8 cap by the
addition of 1.5% of glass bubblesZ. Bubble compression is relevant to hazards in such varied
practical applications as hydrazine transfer to spacc vehicles, operation of liquid propellant
guns, and pumping of commerciai emulsion explosives. Initiation of solid explosives in gun
projectiles by compression of voids, the so-called setback problem, has been the subject of
scveral investigations3.

No single drop weight apparatus for mcasuring the sensitiveness of liquid explosives is
generally used. The NATO AOP-7 manual* gives a small scalc test which has been
discussed in terms of its use for hazard classiication of liquid propellantss. This test is
pcrformed using an ASTM test apparatus® in which a small amount of liquid is placed in
an O-ring in the bottom of a cylindrical cavity and covered with a steel diaphragm. A 2 kg
weight is dropped from various heights onto a steel ball in contact with a steel striker on top
of the diaphragm and sample. The air trapped inside the O-ring with the samplc is heated
by comprcssion 1o ignite the sample. A positive event is indicated by a ruptured diaphragm.
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The conditions that cause ignition of samples in this apparatus are not well established, and
cvents are only classificd as go or no-go ignitions. A similar "Liquid Explosive Impact Test"
is listed in Reference 7.

Several authors have analytically studied the process of ignition by compression of voids
using numecrical simulation techniques®. For voids contained in solids, the physical
propertics of the material are found to be important since heating alse occurs (in addition
to gas phase compression heating) as the result of viscoplastic work, inviscid plastic work,
and/or condensed phase compressioi.

A ncw compression ignition test has becn developed by Brower and coworkers® in which
small samples of liguid (or solid) are subjected to potential ignition by hot compressed gas
at pressures up to about 1200 atmospheres and temperatures up to or greater than 2000 K.
Conditions can be varied by the choice of gas and the drop height. The energy release from
partial or complete ignitions can be measured and product samples can be taken for
chemical analysis. Heating mechanisms other than by gas compression are eliminated since
the sample is not significantly deformed. This test and some results are discussed below.

EXPERIMENTAL .

The apparatus consists of a hardened steel O-ring sealed piston and cylinder of 1.3 ¢cm bore .
with a small diameter side arm tube for filling with gases other than air and for withdrawing
product samples. Figure 1 shows a schematic diagram of thc apparatus. This assembly is
held in an aluminum block (which can be heated) on top of a lead brick. A 1 kg drop
weight from heights of up to 120 ¢m is used to drive the piston. The drop weight has a
mechanical catch which arrests its motion at the point of maximum rebound height. A
rcbound of less than 4 cm is obtained from tests on inert samples. The rebound height from
test sample ignitions can be used to calculate the mechanical work released by the sample.
Expansion of the gas upon rebound of the piston quenches the chemical reactions and limits
the duration of the event to about 500 us.

The experimental test conditions have been determined using a varicty of diagnostics. The
compression ratio is determined from the known initial volume of the system and
mecasurcments of the minimum clearance between the piston and cylinder. This has been
measured by placing a small lead sphere inside the apparatus and mcasuring its final
thickness. The compression ratio was also measured using a magnetic velocity sensor on the
weight (differentiated to give acceleration). Pressures derived using the two methods
agrccd9 within 6% . Assuming all of the work donc by the pision goes into heating the gas,
the ratio of initial and final volumes can be related fo final pressures and temperatures




using the idca! gas law. The following relationships arc obtained:
Py = P (Vy/Vp)Y
Ty = T; (Vy/VpY!

where the subscripts i and f refer te initial and final (maximum compression) states and y
is the ratio of heat capacitics, C /C,, of the gas (mixturc). It can be seen from the
exponents that the temperaturc ratio increases less rapidly with increasing compression ratio
than the pressure ratio. For argon, air, C;Hg, and SFg, y has values of about 1.67, 1.40,
1.25, and 1.09 respectively. Figure 2 shows final pressure and temperature ratios calculated
using the above equations for air compression at various V,/V; ratios. Figurc 3 shows the
difference in final temperatures obtained for compression of air at two initial temperatures,
298 and 398 K. The different temperatures obtained using three gases of different heat
capacity ratios are shown in Figure 4. It can be seen that polyatomic explosive vapors with
y approaching one greatly reduce the heating by adiabatic compression, whereas a
monatomic gas such as argon gives maximum heating. This cffect can be used to advantage
in sclecting test conditions, but can be a complicating factor if tesi sample vapors alter the
y of the gas atmosphere in the apparatus. When necessary, the apparatus and sample are
cooled to reduce the saraple vapor pressure and so to achieve high final test temperatures.

In practice, the compression ratio for a given test series can be measured as a function of
drop hcight from lead shot measurements. These data are then used to calculate maximum
pressure and temperatures for given initial conditions. A compression ratic of 100, for
cxample, gives 630 atm and 1880 K when air is used in the apparatus. Test samples consist
of =10-20 mg of liquid (or solid). The Bruceton up/down method can be used to determine
the drop height for a given threshold rebound height or degree of sample decomposition.

RESULTS

This apparatus and technique were initially developed for a study of nitromethane
decomposition and the effects of various additivesS. Partial ignitions werc obtained for neat
nitromcthane using drop heights as small as 20 cm, with complete consumption of the small
sample when the drop height was about 70 cm. Some nitromethane data® are shown in
Figurc 5 which shows that a vzdable response from partial ignitions is obtained. This ability
to get a graded response is a distinct advantage over tests in which only a go or no-go is
detcrmined, since it inakes it possible to study the early stages of the ignition process and
allows a better differentiation of the scnsitivity of various materials.

Figurc 6 shows test results’ for solid and liquid TNT (meling temperature = 81°C)
Y

obtained at constant drop height. Not only does the fraction of tests that are positive
ignitions increase with increased temperature, but the average rebound height also increases
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(12 cm rebound at 70°C and 35 ¢m rebound at 90°C). This can be compared to normal
drop weight impact tests on TNT as a function of temperature where the impact sensitivity
greatly decrcases at temperatures above 75°C because the soft or melted sample is not
hcated as cfficiently upon mechanical impact. The data from the compression ignition test
show that, in fact, TNT is more sensitive to ignition when hot (as is reasonable).

Another example application of this test procedure to solid material is illustratcd in Figure
7 for mixtures of ammonium perchlorate with two diffcrent hydrocarbon fucls. The drop
height, gas, and initial tem(?eraturc were held constant in these tests and the composition
of the samples was varied'?, A stoichiometric mixture of AP with hydrocarbon will contain
about 9 weight percent hydrocarbon. The data in Figurc 7 indicate that fuel lean (less fuel
than stoichiometric) mixtures are morc sensitive to ignition by hot compressed air than ihe
stoichiometric mixture. The maximum pressure and temperature conditions for these tests
were about 2050 K and 700 atm. Figure 8 shows additional rebound data for three mixtures
of AP with hydrocarbon taken at various initial drop heights. The shape of the rebound
data with drop height is seen to be similar to that of the temperature obtained as a function
of drop night (c.f., Figure 2 and 3).

CONCLUSIONS

A new hazard test has been developed in which ignition from hot, rapidly compressed gas,
such as occurs in bubble or void collapse, of liquid or solid material is simulated under well
defined conditions of high temperature and pressure. Small samples of explosive are tested
in a piston-cylinder apparatus using a drop weight to 1nitiate rapid compression ignition. A
series of drop heights and compression of different gases can be used to vary the ignition
conditions and to obtain a gradual increase in response with increasing drop height. The
rebound energy imparted to the drop weight from the ignition can be used to measure the
energy release from the sample. The apparatus is simple, inexpensive to build, and can be
used in the laboratory environment without unusual safety precautions.

This test procedure and apparatus give much greater control and knowledge of the
conditions to which samples are subjected than other impact tests for liquids. Having
knowledge of the pressure, temperature, and duration of the exposure of the energetic
matcrial to hot gases aliows better analysis of the results and possibly cxtension to other
situations of larger scale.
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ABSTRACT

A Secondary Steel Container (SSC) has been developed to
hold two pallets of 8" projectiles or three pallets of
155mm projectiles for use in the movement of, chemical
agent munitions. To answer questions on the impact that
the container might have on the maximum credible event
from the detonation of one projectile in the pallets,
propagation tests were conducted. Two fire cookoff tests
were also conducted to evaluate the time that fire
fighters would have to extinguich a fire involving SsCs
in MIIVANS subjected to a large fuel fire resulting from
an accident.
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PROPAGATION AND FIRE TESTS CONDUCTED ON A .
SECONDARY STEEL CONTAINER DESIGNED FOR
MOVEMENT OF CHEMICAL AGENT ARTILLERY PROJECTILES

INTROPDUCTION

In response to a requirement for retrograds movement of
lethal chemical agent artillery projectiles from the Federal
Republic of Germany, the Army developed a steel overpack
container that will provide secondary containment of agent (in
liquid or vapor state) that may leak from the projectiles during
transport. The overpack is further designed such that several of
them can be transported in a MILVAN shipping container. This
paper describes two test programs conducted to evaluate: (1) the
potential for propagation of detonation of projectiles within the
overpack, thus affecting maximum credible event calculations; and
(4) time to cookoff of progectlles, should the MILVAN be involved
in an accident resulting in an engulfing fire, thus impacting
fire response planning for the move.

The U.5. Army Defense Ammunition Center & School  JSADACS),
located at Savanna Army Depot Act1v1ty in Savanna, Illinois,
designed the steel container which is now called the Secondary .
Steel Container (SSC). The container is designed to provide a
vapor tight containment for explosively-loaded chemical
ammunition in accordance with requirements of Amendment 25 to the
International Maritime Dangerous Goods (IMDG) Code. The
container will hold two pallets (six projectiles each) of 8 inch
artillery projectiles, or three pallets (eight projectiles each)
cf 155mm projectiles.

At the request of a DA-level Chemical Retrograde ‘Task Force,
the Ammunition Equipment Directorate (AED) at Tooele Army Depot,
Utah conducted several tests during the period 4 October 1989
through 1 March 1990. This paper is later divided into two
sections for purpose of describing each test separatelg The
tests are reported in AED Test Reports 17-89' and 04-90°.

Pronagation Test Summary

The projectiles are normally stored and/or transported in
standard wooden pallets, burstered and without fuze. 1In such
configuration, the palletized projectiles are U.N. Hazard

1

Hill, Daniel B., etermi xtent opagation
or Damage ﬂhgg 8" or 1§5mm Chemical Agent inulant F; led
Projectile Det s Wit t t
Overpack, 19 October 1989 .
2 Hill, Daniel B., Secondary Steel Container Fire Tests,

30 March 1990
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Class/Division 1.2 non-mass detonating munitions, indicating that
in event of accidental detonation of one projectile within the
pallet, propagation to adjacent projectiles will not occur. With
development of the overpack container, it became necessary to
determine if the containment might cause detonation of additional
projectiles, thereby changing the hazard classification. The
data was desired specifically for 8" M426 GB or VX projectiles
and 155mm M121Al GB or VX projectiles.

Tests were conducted on the two different sizes of
projectiles during the period 4-10 October 1989 to determine if
propagation would occur within the overpack container. An
additional objective was to determine how many projectiles might
be expected to leak their liquid agent fill. The tests were
conducted using a liquid agent simulant. Three detonation tests
were conducted for each size projectile:

*Single 8" projectile was detonated

*Donor in 2 std pallets of 8" projectiles was detonated
*Donor in 2 pallets of 8" projectiles within overpack was
detonated

°Single 155mm projectile was detonated

°Donor in 3 std pallets of 155mm projectiles was detonated
°Donor in 3 pallets of 155mm projectiles within overpack was
detonated '

No propagation occurred in any of the tests. In the
overpacked 8" projectile test, four projectiles incurred
sufficient damage to leak their liquid fill. 1In the overpacked
155mm test, seven projectiles leaked.

Fire Test Summary

A movement planning scenario envisions an accident resulting
in a large fuel fire that engulfs a MILVAN loaded with SSC which
are filled with projectiles. Assuming that projectiles will
eventually begin to cookoff in such a fire, it was desired to
know how much time a fire response team may have te fight the
fire before the first projectile detonates; therefore, tests were
conducted on 6 February and 1 March 1990 which subjected SSCs to
fuel fires. The test SSC were each loaded with three explosive
filled 155mm projectiles and 21 inert projectiles. All were
filled with ethylene glycol/water mix to simulate chemical agent.
The SSCs were placed into CONEX containers to represent a MILVAN
shipping container. Each assembly was suspended over a pan of
fuel which was then ignited.

In the first test, the fire lasted approximately 44 minutes
and, although no projectiles cooked off or detonated, the test
appeared to demonstrate that a reasonable amount of time would be
available to safely fight the fire. In the second test, one
projectile burster cooked off in one hour ten minutes and a
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saecond burster cooked off in one hour seventeen minutes. The ‘
third live projectile did not function.

DESCRIPTION OF 88C

The SSC is a front-loading, skid-mounted steel container
with the following approximate overall dimensions: 334" wide x
42%" long x 47%" high. See Figure 1. Its interior dimensions
will accommodate two pallets of 8" projectiles or three pallets
of 155mm projectilies, with appropriate wood blocking/bracing to
prevent shifting of the pallets within the SSC.

FIGURE 1. SBECONDARY STEEL CONTAINER

The SSC is constructed essentially of 3/16" thick medium
carbon steel plate, forming a box that is mounted on two standard
5" flange beams that provide side access for forklift. The front
of the container is a 5/8" thick flange plate to which a 1/4"
thick closure door is bolted with 28 3/8" socket head capscrews
that thread into the flange plate. A 3/16" thick butyl rubber
gasket is glued to the closure door and provides the vapor-tight
seal for the container. The closure door has two handles welded
to it for manual handling. Threaded fittings at the top of the
container permit attachment of an air monitoring device and a .
valve to allow air to be drawn into the container while
monitoring. The SSC weighs approximately 800 1lbs.
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PROPAGATION TESTS

These tests were conducted in two phases for aach of the two
test munitions. Phase 1 was a basaline test in which two 8" or
three 155mm standard pallets were placed side by side and a donor
round in one pallet was detonated to obtain baseline damage and
pressure data to be used for comparison with data from Phase 2.
In Phase 2, two 8" or three 155mm standard pallets were placed
within the Secondary Steel Container and a donor round in one
pallet was detonated to assess any propagation effect caused by
the SSC.

Prior to each Phase 1 test, a single round (for each size
munition) was detonated to obtain pressure baseline data for
comparison with Phase 1 data.

Cbjectives of the tests included:

1. Obtain "baseline" data for projectiles in standard
pallets, to include measurement of blast pressure (to
aid in determining if explosive propagation occurred),
visual assessment of damage to other rounds within the
donor pallet, and visual assessment of damage to rounds
within acceptor pallets; specifically to determine the
number of (and which) projectiles suffered sufficient
damage to release simulant.

2. Determine if Secondary Steel Container affected or
altered the results achieved in Phase 1 tests.

3. Determine fragment dispersion.

Blast pressures were determined by measuring peak positive
incident overpressures with low-impedance piezcelectric pressure
transducers placed at ground surface along two air blast
instrumentation lines at 90 degrees to each other. 1In all tests,
the donor round was placed at the intersection of these two blast
lines. A 14" thick steel witness plate provided a base for all
tests. The donor round was initiated by an Exploding Bridgewire
(EBW) firing circuit from a control center approximately 700 ft.
away. High-speed cameras and real-time video documented the
tests.

ons e tio

The chemical agent version of the 8" projectile is the M426.
The high-explosive version is the M106. M106 projectiles
modified to the M426 configuration were used for these tests.
The modified M106 was assembled with the M83 burster, which
contains 7 1lbs of composition B4; the supplementary charge
containing 0.30 1lbs of TNT; the appropriate cardboard spacer and
support; and a lifting plug. The projectile cavity was filled
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wii'. 14.5 lbs of ethylene glycol/water (50/50 wt) to simulate the
density property of chemical agent GB. Assembled and filled
projectile weight is approximately 195 lbs. Palletized weight (6
rds/pallet) was approximately 1253 lbs.

155mm projectiles that had been modified from the M107 HE
configuration to M121Al1 chemical configuration were also used for
these tests. The modified M107 was assembled with the M71
burster, which contains 2.45 lbs of composition B4; the
supplementary charge containing 0.30 lbs of TNT; the appropriate
cardboard spacer and steel support cup; and a lifting plug. The
projectile cavity was filled with 6.5 lbs of liquid simulant.
Assembled and filled projectile weight was approximately 99 lbs.
Palletized weight (8 rds/pallet) was-approximately 831 lbs.

All components were painted to assist identification in
fragment collection after the tests. The 8" projectiles and all
their components were painted one color while the 155mm were
painted a distinctively different color. The donor projectile
for each test was configured as follows:

1. The detector-type lifting plug was removed and a 1/8"
hole drilled to accept an ionization probe. The
detection screw was removed -so the EBW detonator could
be inserted into the approximately 36 grams of
composition C4 that was packed into the lifting plug
cavity.

2. The cardboard spacers were packed with composition C4
(approx 66 gm in the 8", 49 gm in the 155mm). The
spacer, w/C4, was then emplaced atop the supplementary
charge in the projectile.

S8C Preparation

The SSC for each test were painted different colors and
were painted differently from the projectiles. After
installation of the pallets of projectiles into the SSC, wood
blocking and bracing was installed to preclude shifting or moving
of the pallets within the SSC.

Test Setup

In both single projectile tests, the projectile was elevated
above the witness plate, using wooden blocks, to a height
approximating the elevation of the palletized projectiles within
the SSC. In both Phase 1 tests, the pallets of projectiles were
also elevated above the witness plate.

In the Phase 2 tests, the SSC, with projectiles and wood
bracing already installed, were positioned in locaticn at the
test site. The EBW detonator was then inserted through the
inspection hole, and the ionization probe inserted through the
specially~-drilled hole into the composition C4 in the lifting
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plug. The elactrical wires were fed through the sampling hole in
the top of the SSC. The SSC cover plate was then bolted in
place, following specified torquing inatructions.

Prior to each test, a spherical charge of approximately one
l1b. of composition C4 was detonatad to validate the pressure
transducer ariay. A fragment search was couducted at the
conclusion of the tests. Fragments found in each 200 ft. cell
within each of three 5° search sectors were veported as were
major pieces of debris or unexploded componert3 found outside the
search sectors.

Results
8" Projectile Tests

Single Projectile Baseline Test-Pressure data is given in
Table 1. Fragment dispersiocn for within and outside the search
sectors was plotted and no fragments were found beyond 600 ft.
from the detonation.

standard Pallet Baseline Test-Pressure data is given in
Table 1. Although no propagation occurred and all explosive

comporients from acceptors were recovered, the damage was
significantly more widespread in this test than was seen later in
the overpack test. Five M83 bursters and eight supplementary
charges were ejected from their projectiles; some as far away as
600 ft. One projectile was thrown 400 ft. Eight projectiles
leaked their liquid f£ill.

cked Pallet Test-Pressure data is given in Table 1.
No propagation occurred and all explosive components from
acceptors (two supplementary charges) were recovered. Four
projectiles leaked their ligquid fill. Two leaked significantly
from around their burster cases; these were thrown 200 ft. Two
were seepage-type leakers from around the joint between fuze
adapter and projectile body. One was thrown 75 ft. and the other
was thrown 5C ft. Deformation around the projectile nose caused
the burster case press fit to break loose, allowing the iiquid to
leak. Damage to projectiles was not nearly as severe as was seen
in the pallet baseline test; i.e., no projectile kodies were
cracked although some were severely dented, only two projectiles
lost their fuze adapters, and all others even retained their
lifting plugs. The SSC split open at the rear and top joints
with the top and the door being blown completely off.




TABLE 1-BLAST PRESSURE DATA FOR 8'' PROJECTILE TESTS ‘

BLAST TRANSDUCER R P t, ¥

TEST LINE  STATION ft. psi ms ms
1 15 15.73 83.6 31.6
A 2 22 11.73 131.4 34.6
SINGLE 3 40 7.64 288.0 7.95
ROUND
4 15 13.61 81.4 32.4
B . 5 22 10.96 133.2 32.6
6 49 5.73 244.0 14.6
1 15 11.92 86.08 34.4
A 2 ‘ 22 5.78 142.8 42.2
STANDARD 3 40 3.34 297.6 52.5
PALLET
4 15 11.41 83.0 33.2
B 5 22 7.68 137.6 39.8
6 40 3.94 290.8 86.0
1 15 5.44 140.4 51.8
A 2 22 3.62 198.0 46.8
OVERPACKED 3 40 2.28 352.6 49.2
PALLET ‘I.
4 15 4.89 141.4 59.5
B 5 22 3.o1 200.6 86.2
6 40 2.00 358.4 72.4
R = Horizontal distance from center of donor round to
transducer station, feet
P, = Peak positive incident pressure, pounds per square inch
t, = Time of arrival of blast wave, milliseconds
t, = Duration of positive phase, milliseconds

155mm Projectile Tests

Single Projectile Baseline Test-Pressure data is given in
Table 2. Fragment dispersion for within and outside the search
sectors was plotted and no fragments were found beyond 600 ft.
from the detonation. The blast pressure at transducer 5 in Blast
Line B is abnormally low, however, it's likely that some ground-
level obstruction (rock or dirt mound) deflected the blast wave.

Standard Pallet Baseline Test-Pressure data is given in
Table 2. No propagation occurred and no explosive components
were released or ejected from any acceptors. Transducer 5 ‘
recorded an abnormally high pressure which is unexplained. There
was no extensive damage tou any of the acceptors; i.e., none were
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brcken or cracked, however seven rounds leaked their liquid f£ill.
Ona projectile was thrown appruximately 600 ft. The leakage
results from deforwatiun of the prcjectile nose causing the
burster case press-fit to break loose.

QXQIRQQKQQ_BQLLQL_IQ§;~Pressure data is given in Table 2.

No propagation occurred and no explosive components were ejected
from accepters. Blast pressure readings appear normal. Sevein
projectiles were lezkers. Two leakers were thrown 175 ft., one
150 ft., one 100 ft., and three were thrown 50 ft. All leakers
were seepage-type leakers with no significant loss of liquid; and
no projectiles were severely damaged. The SSC did not blow apart
as was seen in the 8" test. The door blew off, landing
approximately 500 ft. away.

TABLE 2-BLAST PRESSURE DATA FOR 155mm PROJECTILE TESTS

BLAST TRANSDUCER R P,, t, t,

TEST LINE STATION ft. psi ms ns

1 15 8.42 96.0 2.4

A 2 22 4.10 153.8 1.8

SINGLE '3 40 2.34 313.8 3g.¢

{l') ROUND |

4 15 8.61 94.8 25.4

B 5 22 1.78 173.6 16.4

6 40 3.0¢4 308.83 62.82

1 15 6.36 104.8 29.5

A 2 22 2.31  163.6 6.0

STANDARD 3 40 1.87 322.8 77.2
PALLET

4 15 6.26  103.2 28.4

B 5 22 8.50 157.6 39.5

6 40 S i.71 0 322.0 316.0

1 15 2.71 135.4 43,4

A 2 22 1.87 195.2 41.4

OVERPACKED 3 40 0.756  352.8 18.0 ‘

PALLET

4 15 1.97 123.4 65.2

B 5 22 1.49 189.4 71.5

6 40 0.7% 348.6  36.7

R = Horizontal distance from center of donor round to
transducer station, feet

P,, = Peak positive incident pressure, pounds per square inch

t, = Time of arrival of blast wave, mnilliseconds

t, = Duration of positive phase, miliiseconds
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8" Projectile Tegtg-No significant anomalies were seen in
the pressure data; i.e., the blast pressures seemed to decay
normally as the pressure wave expanded outward across the
transducers. The measured pressures also decreased with each
test as would be expected, given the confinement of surrounding
projectiles and the contaziner. The lesser damage to acceptor
projectiles in the overpacked pallet test might be explained by
the instantaneous increase in air volume in the container, caused
by the donor detonation, creating an air cushion between
proiectiles which minimized mechanical damage to them. The SSC
also contained rragments, resulting in fewer being dispersed than
seen in the standard pallet test.

lunmm_&;gigggllg_mgggs-Wlth exception of anomalous readings
at transducer 5 in the s*andard pallet and the overpacked pallet
tests, the blast pressures appeared normal. As described above,
machanical damage to projectiles was minimal, and there was very
little fragmentation.

The following five pages of photos illustrate the test
setups and results. Discussion of the Fire Tests continues after ‘
the photos.
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FIRE TESTS

Two tests were conducted, on 6 February and 1 March 1990,
which subjected SSCs to fuel fires with the cbjective of
determining length of time to "cookoff" of explosively loaded
155mm preojectiles within the container. The test SSC were each
loaded with three explosive filled 155mm projectiles and 21 inert
projectiles. All were filled with ethylene glycol/water to
simulate chemical agent. The SSCs were placed into CONEX
containers which represented a MILVAN shipping container. Ea<h
assembly was suspended over a pan of fuel (first test JP-5,
second test diesel fuel) which was then ignited. Thermocouples
recorded time/temperature histories, including the temperatures
at the tops of the three bursters in the live projectiles.

In actual loading, the SSC are intended to be installed
in the MILVAN with the SSC door facing outward, toward the MILVAN
sidewall. For each of these tests, a fixture was fabricated to
closely approximate the configuration of one SSC at the rear
corner of a MILVAN,

The 155mm M121Al {with liquid agent simulant) was selected
as the test munition instead of the 8" because of its' thinner .
wall and the fact that, within the S8SC, it is slightly closer to
the container wall, suggesting shorter time to cook-cff. Three
pallets of projectiles (24 total) were placed into the SSC.
Three projectiles were explosively loaded with a composition B-
filled M71 burster. Two outside projectiles were approximately
3/8" from the SSC sidewall (one was adjacent to a plywood sheet
which was £ill material placed between the SSC door and the
pallet of projectiles). The other live projectile was placed
near the center of the SSC. All wood blocking/bracing specified
by the SSC loading drawing was used (plywood sheets were at the
side opposite the live projectiles).

The SSC was then placed into a corner of a standard Conex
shipping container (representative of a MILVAN container). The
door side of the SSC was approximately 4" from one wall of the
container. The positioning was determined by wooden side
blocking required by the MILVAN loading drawing. One side wall
of the SSC (adjacent to two of the live projectiles) was
approximately 24" from the other Conex wall. The Conex corner
was then partitioned with floor to ceiling panels against the
back and other side walls of the SSC, creating an enclosure for
the SSC with an air volume roughly equ1valent to the unit volume
that will exist in the MILVAN, which is approximately 69 £t of
free air. The partition panels were insulated to prevent loss of
heat from within the enclosure and to prevent entry of heat into
the SSC through two walls (i.e., suggestive of surrounding SSC).
The floor of the enclosure was lined with hardwood material to
simulate the MILVAN flooring.

1348




All projeactiles were filled with an ethylene glycol/water
nix to simulate ligquid agent. Three projectiles were assembled
with an explosive burster and a supplementary charge. Tha others
had » plaster of paris-filled simulant burster and supplementary
charge. The projectiles were appropriately palletized in wooden
pallets and banded. :

The corner of the Conex assembly was positioned above a burn
tray filled with fuel. For the first test, the tray was
initially filled with approximately 220 gallons of JP-5 fuel.
Some literature indicated a burn rate of 0.1 in/min for JP-5
fuel. Ysing this rate, it was anticipated that 8.5" fuel depth
should permit 85 minutes burn time. For the second test, the
tray was filled with 275 gallons of diesel fuel. As a precaution
against spilling fuel on the ground in event the burn tray was
punctured by a detonation of the prcjectile(s), the burn tray was
positioned within a larger, thick-walled pan.

The fuel was ignited by emplacing a small combustible
container of gasoline in the fuel and igniting the gasoline with
an M206 Countermeasure Flare which was ignited by electric squib.

Instrumentation for both tests consisted of several
chromel/alumel thermocouples located throughout the Conex and the
SSC. Thermocouples were also attached to the live projectiles.
The thermocouple data was collected by a Fluke Datalogger. The
tests were documented by video.

asu

Test One

At the start of the test, the ambient temperature was 42° F
and the wind was blowing at 13 knots, impacting on the test
fixture side adjacent to the SSC door. Subsequent readings were
7 knots, from the same direction. The temperature remained
constant throughout the test, dropping only to 41° F at the end.

The fire burned approximately 44 minutes, significantly less
time than expected because of the wind. Although the flames
reached to the top of the Conex container, the wind generally
swept the flames away from one side, affecting heat transfer
through that side and through the SSC door. The measured flame
temperature averaged 1300-1500° F. Note that the flame
temperature was measured by a thermocouple inserted into the
flame at one corner of the fuel pan and its readings fluctuated
widely because the flame was affected by the wind.

No detonation occurred. Bursters 1, 2 & 3 reached maximum
temperatures of 220, 180 & 200° F, respectively; but at
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approximately 1 hour 9 minutes after the fire died out, having
continued to absorb heat from surrounding projectile bodies and
the SSC. Table 3 gives the burster temperatures at the time the
fire died down and the apparent average rate of temperature climb
at that time.

TABLE 3-BURSTER TENPERATURES
(at time fire died down)

——BURSTER NO, ol -< RATE OF TEMP CLIMB, °*F/min

1 122.9 50.5 9 /mJ.n
2 91.1 32.8 3 /m1n
3 132.4 55.8 3°/min

Burster 3 exhibited sign of near melting in that it was
lightly stuck to the bottom of the support cup. The TNT
supplementary charge atop Burster 2 experienced some melting;
i.e., the light gage aluminum closure disc was completely melted
away and the explosive was melted down approximately 1/8".
Burster 1 wasn't examined because the projectile couldn't be
disassembled. Liguid temperatures in Projectiles 1 & 3 were
essentially the same as the respective bursters and exhibited the
same temperature rise rates. The liquid temperature data for
Projectile 2 was lost due to thermocouple melfunction. Much of
the projectile body temperature data was also lost due to
malfunctioning thermocouples; however, maximum temperatures,
recorded well after the fire died out, were 215° F on the
exterior of Projectile 3, and 187° F on the base of Projectile 1.

Unfortunately, the thermocouple measuring the air
temperature inside the SSC failed and no data was obtained. The
thermocouples measuring door and wall exterior temperatures
recorded maximums of 493 and 921° f, respectively. These
temperatures were measured just before the fire died down and
were in a relatively steep rate of climb. The floor temperature
(inside the SSC) was a2t about 225° I' when the fire died but
continued to climb to a peak of 665° F 33-34 minutes laterx. The
interior sidewall temperature peaked at 637° F about halfway
through the burn; and the door interior wall temperature reached
371° F. There was some charring of the wood blocking/bracing but
no significant combustion. The butyl rubber gasket was largely
melted away although there were segments that were relatively
intact.

Air temperatures inside the Conex were measured at several
locations. Air temperatures rose very quickly to 400° F, w1th1n
about 4 minutes after ignition. Air Temperature 1 reached 1000°
F in approximately 27 minutes and Air Temperature 2 reached 1000°
F in about 41 minutes, shortly before the fire died out. The
floor temperature vas measured at the surface of the wood floor,
beneath the SSC. The temperature curve exhibited an abrupt
change in rise rate at about 12-13 minutes after ignition and the
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wood floor could be seen burning at about 20 minutes. The wood
floor was eventually totally consumed by fire.

Test Two

The second test was conducted in the afternoon of 1 March.
The ambient temperature was 51° F and there was just a slight
breeze blowing, 0-5 knots from the west. The temperature .
remained relatively constant throughout the test, dropping to
48° F by end of test. A light rain fell during much of the test.
Although the breeze was light, the fire did not fully engulf one
side of the test fixture as completely as desired. The flame
temperature averaged 1100-1300° F.

At one hour ten minutes after ignition of the diesel fuel,
just as the fire was starting to die down, a significant
explosion occurred. Seven minutes later, at one hour seventeen
minutes, a second, less devastating explosion occurred; and four
minutes after that, at one hour twenty-one minutes, a flash,
without sound, was seen on the TV monitors.

Upon subsequent inspection it was determined that only
projectiles 2 and 3 had functioned. Projectile 3, located to the
rear of the SSC, was the first to detonate. The flash seen on
the TV monitor was probably caused by liquid £fill venting from
one of the projectiles, possibly from the unexploded projectile
1. None of the other projectiles were damaged at all. A steel
burster case with empty aluminum burster tube within was found
outside the earthen enclosure. It could not be determined with
certainty which projectile it came from. The condition of the
functioned projectiles (i.e2., flared mouths, bodies rot cracked
or broken, nose closure missing), and the partially intact nature
of the burster case suggest low-order detonation with the burster
partially ejected. Video of the test reveals that the first
detonation caused considerable damage to the test fixture,
opening up the SSC and destroying the Conex.

A review of the video reveals that at about 25 minutes into
the burn, the wood floor within the enclosure started burning and
within a few minutes flame could be seen at the top corner of the
Conex. The Conex floor and one air temperature curve reflect a
drastic increase in temperature. SSC Temperatures show a quick
rise in the SSC door temperatures (inside & outside), indicative
of the fact that the flame engulfed that side of the Conex more
than the other. SSC air temperature curve reflects a relatively
normal rise as does the SSC exterior side wall temperature. The
SSC floor and interior wall temperatures show a dramatic rise,
initially corresponding to the rise in Conex floor temperature
and then probably sustained by combustion of wood within the SSC.
The Projectile #1 temperatures do not have a curve for the
burster top, which was lost when dumping data from the datalogger
to the computer; however, the liquid cavity temperature shows the
same sharp rise seen in the subsequent curves for Projectiles 2 &
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3. The exterior temperatures for the projectile bodies seem to
follow the rise in the SSC floor temperature (resulting from
combustion of wood within the S8C), which eventually catches up
to the SSC air temperature. The interior temperatures, however,
(liquid cavity and burster top) appear to have reached a critical
temperature just prior to 2000 seconds where an exothermic
degradation process begins in both the explosive and the ethylene
glycol £ill which drives those temperatures to 15C0° F before
leveling off. The reaction continues at a much slower rate until
detonation.

Conclusions

The two fire tests indicate that a reasonable amount of time
is available to fire response personnel to fight a fire in the
accident scenario described in the Introduction to this report,
assuming that a response team can be on the scene within just a
few minutes of ignition of such a fire. The SSC, with good
structural integrity, appears to provide excellent protection for
the projectiles from short-term exposure to fire, even under
worst case conditions. Further, the blocking and bracing of the
SSC within the MILVAN should generally easure that the SSC will
not be exposed directly to fire, providing the initial delay of
heat transfer to the SSC.

In both tests, the temperatures of the projectiles (both
inside and outside) were near or below 150° F for the first 30
minutes, indicating relatively slow heat transfer through the SSC
into the projectiles. Once the Conex wooden floor started
burning at about 25 minutes in Test 2, however, temperatures
within the SSC started to climb sharply. The Conex wooden floor
in Test 1 rose to ignition temperature in about 15 minutes but
did not actually begin to combust until 45-50 minutes after
ignition of the fire. The conclusion here is that early
combustion of the wooden floor in Test 2 was the driving
mechanism that led to the detonations of the projectiles.
Consideration may b= given to treating the MILVAN wooden floors
with fire retardant materials to gain further delay in combustion
of the floor.

Thermocouple data from the two tests are not entirely
consistent, largely because of the different wind conditiens in
each test which caused the fire to engulf the two critical sides
of the Conex differently in each test. However, trends in rise
rates in the two tests are reasonably consistent, especially for
the first 25 minutes.

The next several pages illustrate setup and results for the
two fire tests.
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MASS DETONATION HAZARD ASSESSMENT FROM

VIOLENTLY DEFLAGRATING MUNITIONS

M. Chick, T.J. Bussell and L. McVay

Materials Research Laboratory
Melbourne, Victoria, Australia

ABSTRACT

We report on an investigation aimed at assessing whether the controlled,
violent deflagration of Composition B loaded 105 mm shell can lead to
the detonation of nearby rounds. Tests were grouped into 3 categories;
single deflagrating donor - multiple acceptor arrays, projection of
acceptor shell by a deflagrating donor and its impact on structural
surfaces and multiple impacts causing transient interactions in acceptor
shell. Trials were conducted with shell without boosters and fuzes,
shell with boosters and plugs representing fuzes and recovered, damaged -
rounds.

Acceptors were recovered intact but with flattened faces and cracked
fillings with no signs of reaction. No detonations were recorded.
Separate experiments with single shell indicated that when low order
reactions were deliberately stimulated in part of the filling then a
deflagration to detonation transition could occur.

Consequently our results do not support the processes occurring in the

deflagrating donor/acceptor tests as contributors to the mass detonation
hazard of Composition B loaded 105 mm shell.

1364



1. INTRODUCTIQN

Evidence presented by Frey et al [l] and Stosz [2] has shown that mass
detonation can result from reactions other than the shocks generated by
detonating donor rounds. Some of these events take several milliseconds
[1] and are therefore not associated with shock initiation. The details
of the origin and growth of these reactions are not understood. It is
not surprising therefore that tracking down the causes of mass
detonation in large munition arrays has proved difficult and has lead to
the need to design simplified tests to evaluate candidate processes. To
this end we have been investigating the likely consequences emanating
from a donor shell undergoing a violent deflagration while positioned in
various munition arrays. The arrays were designed to reproduce
conditions encountered during munition storage and transport. Our
investigation utilises a recently developed technique that allows the
production of a controlled deflagration of a munition without the
possibility of a transition to detonation invalidating the result [3].

Our aim is to investigate a range of munition types. The first part of
the program has been undertaken using Composition B loaded 105 mm shell
because of its availability and widespread use. Further testing is
planned using munitions with thinner cases and a higher explosive charge /
case mass ratio. Y ‘ i

. . . . 1 -
This paper presents the results of our investigation using 105 mm shell.

I . : y o

2. TECHNIOUE FOR PRODUCING CONTROLLED DEFLAGRATING DONOR SHELL

The technique for violently deflsgrating donor 105 mm shell (3] consists
of firing a shaped charge jet along the axis of the round with a
velocity below the threshold to produce detonation of the filling. 1In
this way the reaction produced in and behind the bow wave set-up in
front of the penetrating jet sweeps through the length of the filling
leaving no bulk explosive for. a deflagration to detonation transition.
Detonation does not result directly from the bow wave since the
pressure-time profile is subcritical. Criteria for the jet initiation
of explosive fillings has been discussed in detail elsewhere [4,6].

The application of the technique to a Compositinn B filled 105 mm HE Ml
donor shell is shown in Figure ! and summarised below.

The MRL 38 mm diameter shaped charge was used in the tests since there
is a considerable data base on its effect on munition fillings [4-6].
This shaped charge contains a conventional copper liner with a 42° apex
angle. The subcritical jet velocity was produced by firing the jet at 2
charge diameters standoff through a steel barrier of appropriate
thickness placed in contact with the shell case. The minimum thickness
of the steel barrier (1) was determined from the known critical jet
velocity for the detonation threshold (V:) using the Dipersio/Simon
equation [7) to ‘calculate the total thicﬁness of steel required and
subtracting the case thickness at the ijet entry position;

1
'
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/y . 1

Y
where s the standoff{ from the shaped charge to the top of the steel
barrier,

T=s gyt

Vi the velocity of the jet tip, and

Y the square root of the ratio of the
steel barrier and jet densitics.

For the 38 ma diameter shaped charge jet V; was sdjusted downwards to
take account of the effect of the 105 mm shell side confinement on the
Composition B filling, determined as 4.85 km/s [8): this was equivalent
to a total steel thickness of 72.5 mm. Since the thickness of the stenl
case at the jet entry position was 17.5 mm, a mirimum of 55 mm of extra
steel was required. The side confinement also holds the explosive
together thereby assisting the deflagration process.

Characteristics of a dethgraqing Comppsition B filled 105 mm shel! that
may be important ia a ma $ detonation Qazard assessment have been
determined and are summarised 'below. Recovered fragmeats are shown in
Figure 2 and were-disperked over.an area cf about 350 m radius. They
are considerably larger and show different fractuse patterns compared to
those recovered form a detonating round , s:e Figure 3  The witness
block under the nose of the shell exhibited nc indentation but had the
compressed remains of the booster can stuck to it. A detonation
produced a well formed dent. Peak overpressure was measured at about
25% less than for a detonating round. High spead photography showed
that initial shell burst occurred in the region of the driving barnd
after an expansion of about 307 of a shell Jdiameter (i:e 15 mm increase
in shell radius).

Initial jet penetration velocities through the filling can be varied by
adjusting the thickness of the added steel barrier on th: base of the
shell; the value selected for the tests was 3 km/s. Since the bow wave
is coupled to the jet and reaction occurs within the bow wave, it 1s
assumed that the deflagration velocity will have a similar value. This
high reaction velocity and the characteristics measured above confirm
that our tests are studying the effects from a particularly violent type
cf deflagration.

}. SINGLE DONOR-MULTIPLE ACCEPTOR TESTS

ot .
The o rect effect of the expauding case, fragment impact and blast from
a defiigrating donor round on adjacent shell was determined using the
set ur shown in Figure &. - These tests were based on the methods used at
BRL b Howe (9] for studying the effects of detonating donors. Acceptor
starde Ff distances were 0,10,25 and 50 mm as measured from the driving
band: . In some of the tests large fibreboard packs were placed 1 m from

the she: - for'controlled recovery, in other tests the shell were
recovercd after free flight and impact with the ground. Tests were
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performed on shell with no boosters and fuzes (2 shots), shell with
pressed flake boosters and plugs representing fuzes (PRF) (1 shot) and
recovered, damaged shell (1 shot). Four shots were fired in which all
acceptors were in contact with the donor.

A tesc was performed using the set-up in Figure 5 to assess the effect
of shell jostling. The donor and row of acceptor shell were in contact
and backed by a 25 mm thick steel plate and supporting sandbags.

In the tests in this and sections 4.0 and 5.0 the type of event was
determined from witness block indentation, recovered fragment
characteristics, impacted surface damage and in some tests,
instrumentation records (overpressure, high speed photograph). Some
donor rounds included probes on either side of the steel barrier as a
check on the performance of the shaped charge jet. MNo substandard jets
were detected.

All donor rounds deflagrated as planned. Recovered acceptor shell
without the boosters and fuzes form the Figure 4 type firing set-up were
flattened on the side adjacent to the donor, see Figure 6. Driving
bands were either dislodged or distorted. Aluminium booster cans were
crumpled.but in position; when removed they showed that the filling was
cracked without signs of reaction. The increased sensitivity of the
filling to shock type stimuli was assessed by determining the critical
jet velccity for the detonation threshold using the 38 mm diameter
shaped ¢harge.. The crit%cal value of 4.8 km/s compares to a value of
5.2 km/s for the undamaged material.

Recovered rounds with boosters and PRF exhibited similar damage with the
addition that the plugs were bent, see Figure 7. Repeat firings using
vecovered shell produced cases with two flattered faces, no driving
bands, dislodged or badly distorted booster cans and a filling with
extensive cracking but no signs of reaction.

Acceptor shell from the shot where they were placed in a row (Figure 5)
were recovered intact within 1 m of ground zerc. The acceptor adjacent
to the donor showed similar damage to that described above. The other
acceptors showed progressively less damage as the original position
moved away form the donor i:e the closer rounds appeared to act as. a
buffer for this type of impact.

The tests from this section suggest that the effect of case expansion,

fragment impact and blast from a deflagratinyg Composition B loaded 105

mm shell can inflict severe damage on neighbouring rounds without being
the direct cause'of mass detonation.

4. ACCEPTOR SHELL PROJECTION AND IMPACT TESTS

These tests were undertaken to assess the hazard from the impact of
projected shell on hard structural surfaces. A potential source for
this type of event wbuld be from a . deflagrating donor shell ejecting
neighbouring roéunds when located in a munition stack during storage
(temporary or permanent) and transport. Important structural surfaces
would include concrete and steel.
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The velocity of a projected acceptor from a deflagrating donor shell was
measured at 40 m/s using multiple glass break screens [ll]. This value
is considerably lower than the critical fragment impact velocities of
several hundred metres per second and upward reported by Howe et al [10]
using a range of fragment sizes and Composition B with a steel cover
thickness of 10 mm. The 105 mm shell case has a similar thickness along
its central section. In our tests and for the type of < rent under study
however the filling in the shell prior to impact would be damaged as a
result of the deflagration projection process. This was shown in the
examination of the fillings from the soft recovery tests described in
Section 3.0 and critical jet velocity tests confirmed the accompanying
increased sensitivity. A further feature of our tests is that the
shell/target impact represents a fragment size beyond that reported in
Reference 10.

The test set-up is shown in Figure 8 with the concrete target positioned
2 m from ground zero. Firings were undertaken with shell without
boosters and fuzes, recovered damaged shell and shell fitted with
boosters and a PRF. Separate tests were conducted with unboostered
shell in which the concrete block was used to support a 10 mm thick
steel plate.

All donors deflagrated as planned and projected?rouhds were recovered
damaged but intact. Both the steel and concrete targets produced
similar effects. ' The acceptor. rounds had a flattened area on one corner
with surface marks continuing along the length of the case. This type
of corner-side slap on the target was compatible with the shape of the
impression formed by the. shell impact on the fibreboard packs in-the
soft recovery- experiments reported in Section 3.0. Visual inspection
showed the filling cracked but there was no signs of reaction. Rounds
with a booster and PRF were likewise damaged plus the plug was bent.
The experiment with damaged acceptors produced a second flattened face
but the round remained intact; this retesting of damaged shell may be
considered a worse case situation.

It is concluded that the projection of Composition B loaded 105 mm shell
at velocities likely to be encountered from a neighbouring round
undergoing a violent deflagration is unlikely to be the direct cause of
a mass detonation.. Our study has not addressed the impact of a shell
prcjected by a detonating donor where higher flight velocities may be
achieved.

2. IRANSIENT INTERACTIONS IN SHELL FILLINGS

Tests in this category were designed to assess weather transient
interactions within the explosive filling would promote a deflagration
to detonation transition (DDT). Such interaction may arise as a result
of two rounds deflagrating either simultaneously or within a. limited
time frame of:one another.

In the test shown in Figure 9 the central acceptor was subjected: to the
simultaneous . impact from .two adjacent deflagrating donors.  For the
set-up in Figure 10 two shell were deflagrated within a predetermined
time interval. Thus the expanding case from the first shell deflagrated
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impacted on the second shell. The time delay was to allow the
compression wave from the case impact to pass through the explosive
filling and interact with the deflagrating front sweeping through the
second shell. The concept is illustrated by the sketch in Figure 11.
Experiments were conducted with time intervals of 16, 19 and 100 ys.

For the shorter time intervals the deflagratior fronts were calculated
to be about 50 mm apart. Thu. the effeci of case interaction was
expected to occur after both deflagrations were well astablished. Jet
penetration equations ard measurements [4,6,7] gave in estimated time
for the jet to traverse the Composition B filling in the 105 mm shell of
92 us. Consequently the 100ps time interval set between the
deflagration of the two shell was designed to allow the compression wave
resulting from case expansion and impact of the first shell to form a
wide front prior to its interaction with the deflagration in the filling
of the second shell.

The baffle in Figure 10 was designed to avoid the blast and
fragmentation from the first shaped charge detonated moving the second
shaped charge. Examination of the blast and fragment patterns on the
walls of the baffle (they were symmetrical with respect to one another)
and the. jet penetration holes in the recovered steel barriers (central
alxgnmenc.and no key holing) indicated there was no interference between
the shaped charges. This conclusion was supported by the Hycam
phptography records taken at. between 35,000 and 40,000 pictures per
second. . S

, i L [N
The central shell from *the double simultaneous impact experiment was
recovered -iutact: with two flattened faces, no driving bands and a
cracked filling.!'  Again visual inspection showed nn signs of reaction.
In rthe deldyed interaction experiments all shell deflagrated without
detonation occurring. Concequently these tests failed to provide any
ev1dence that«this type of' transient interaction within the filling may
be:a contributing process to a mass detonation hazard of Compositicn B
loaded 105 mm shell,

6. DEELAQBAIIQN_IQ_DuIQHAIlQﬂ_lﬂ_leQL*_ﬁﬂEL____i_ﬁ

Other experlments 1nvest1gdt1ng the response of Compositiorn B loaded 105
ma shell to shaped charge jets have produced DDT. In these tests, jets
with subcritical velocities (for detonation) in the range 2.8 to 5.0
km/s were fired across the diameter of the shell towards the nose end of
the fllllngﬂ butt not iclose to the booster cavity. Four shots out of 12
producad a DDT at the base end of the shell - this was clearly evident
from the changing 1ndentut'on pattern along the steel witness plate.
Penetration holes in the case from these jets are 10 mm diameter and
less and hence the reaction stimulated by the jet cannot effectively
vent., , Consequer.tially the pressure build-up promotes a DDT in the large
unconsumed: mass of lexpiosive towards the shell base. These results
demonstrate, that onceja low order reaction has been stimrlated in
Comp031t1on B ‘louded (105 mm shell the potential exists for a mass
detonation hazard. 'They further suggest that the impact and interaction
processes in our tests did not produce the initicl low order reaction.
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7. CONCLUSIONS

Deflagrating donor, Composition B loaded 105 mm shell without boosters
and fuzes did not cause the detonation of adjacent rounds in the
following types of test;

(a) single donor - multiple acceptor array

(b) acceptor projection (at 40 m/s) and impact on
concrete and steel targets,

{(¢) simultaneous double impact on an acceptor,

(d) interaction between two deflagrating rounds.

Trials using tests (a) and (b) with recovered, damaged shell and with
shell containing boosters and plugs representing fuzes also did not
produce detonations.

Consequently the processes in these tests are not supported as
contributors to the mass detonation hazard of Composition B loaded
105 mm shell. Separate DDT experiments on single shell suggest this is
because the impact and interaction processes did not produce the initial
low order reaction.

ol
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FIGURE 2

RECOVERED FRAGMENTS AND WITNESS PLATE
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CONTINUED KLOTZ CLUB TESTS
by
Bengt E Vretblad

FortF - Royal Swedish Fortifications Administration
Eskilstuna, Sweden

The opinions expressed in this paper are not necessarily those
of the Klotz Club.
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ABSTRACT .

The Klotz Club has been performing tests in Sweden to get more data in
particular on fragments thrown from detonations in rock storages. In 1989
two tests were made to illustrate the effectiveness of a berm in front of
the storage entrance to reduce the hazardous zone.

INTRODUCTION

At the 22nd DDESB meeting, in Anaheim, California, 1986, the Kiotz-Club and

parts of the work within 1t were described and some results from an initial

test series with detonations in an instaliation in rock were given, /1/. At

the 23rd DDESB meeting, in Atlanta, Georgia, 1988, a further analysis of

data from this test series was presented together with data from additional

tests with higher loading densities, /2/. In 1989 a berm was built in front

of the entrance, the purpose of which was to permit studies of its

effectiveness to reduce fragment velocities and fragment throw and thus ‘ .
reduce the hazardous zone in front of a munition storage.

TEST OBJECTIVES

The test series was designed to give data on

* fragment dispersion and

* blast propagation

and how these were influenced by a berm in front of the tunnel.

THE INSTALLATION

The installation, when originally built, was designed to meet with the
requirements
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* Chamber volume 200-300 m3

* Smooth walls of access tunnels

* Fragment-trap geometry

* Fragment collecting area in a sector in front of the instalilation.

‘As the main objective with the installation was to make multiple tests with

debris a site had to be selected where large amounts of explosives could be
detonated without impairing the community, where competent rock with
adequate rock cover could be found and at the outside of which a surface
suitable for collecting fragments could be arranged. This led to the shoot-
ing range at ArtSS, Alvdalen, Sweden.

Outside the entrance cutting a sector -5° - +10° from the tunnel axis from
which fragments could be collected was made. The area was close to flat up
to 150 m from the entrance and then steeper to form a target area in total
more than 300 m from the tunnel. A road leads across the tunnel axis about
175 m from the entrance.

Figure 1 depicts the geometry outside the installation.

u.l

Figure 1. Geometry at the test site
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The tunnel crossection is 6.3 m2. The walls are shotcreted. In the end of
the tunnel is a chamber with a crossection of 12 m® and a volume of 300 m3
e.g. a length of about 25 m designed. In 45° to the tunnel is another tunnel
with the same crossection. At the end of one end of that tunnel 1s a 17 m
long chamber with a volume of 200 m3. At the other end of it there s a 10 m
long tunnel with the purpose of collecting debris and fragments coming out
of the 200 m® chamber.

The entrance part of the tunnel is made of reinforced concrete to ascertain
that the geometry would not change during the test series. Also to facili-
tate a comparison with other test data a well defined geometry is needed.

A7S.5.. ....A10D.5

3

Chomber A

' Chember B

——
908.1 (w3

Figure 2. The installation

According to different manuals for storage of munition in rock a berm in
front of the entrance to the installation may be used to decrease the risk
of fragments reaching far.

Different designs of berms have been discussed. Relevant to such designs are:

1. To prevent exiting fragmgnts from the installation to rebounce the angle
between the barricade and the tunnel axis should be large.
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2. As the fragments, e.g. due to impacts on the tunnel walls, can not all be
considered to have trajectories parallell to the tunnel axis the berm
must have & larger crossection than the tunnel. From earlier Klotz Club
tests, /1,2/, the angle sidewise from the tunnel axis in which most frag-
ments were recovered was found to be very small, however.

3. The mass of the berm should be large enough not to be displaced by the
blast and the fragments, nor should it be penetrated nor eroded by these.

The considerations led to a design according to figure 3 for the berm.

ELEVATION

Figure 3. Measures of the berm.

The berm was made of reinforced concrete. The front wall was made 1.0 m
thick and the sidewalls as well as the bottom slab were made 0.5 m thick.
The barricade was after concreting backfilled with gravel material.

The tests were designed to be identical to the earlier performed tests #5
and #8, see /2,3/. Conclusively, for the first test with a berm (test #10)
the charge comprised 180 projectiles m/36 in chamber A, see figure 4, and
for the second test (#il) a stack of ANFC-bags totalling 5 tons were placed
also in chamber A.
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Masses

Projectile empty 39.190 kg
TNT 5.450 kg
In total 44,640 kg

Figure 4. Projectile m/36.

MEASUREMENTS

Measurements were made of blast and fragments.

Blast measurements

The transducers for blast pressure measurements were placed according to
figure 5.
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Scale & Stagnation pressure
0 50m o Side -on pressure
1-21 Gauge number

Figure 5. Positions for the airblast gauges.
The side-on pressure gauges outside the installation were PCB 113AS1. For
stagnation pressure Kistler 412 transducers were used. In the tunnel system

PCB 113A24 gauges were placed.

The gauges outside the tunnel were placed about 0.5 m above the ground
surface.

Additionally, passive gauges consisting of nails were placed in the stide-
walls of the berm to give indication of the direction of the drag pressure.

Smoke puffs

The fragments and their trajectories will be influenced more by the dynamic
pressure than the static pressure. For the analysis of fragment data, there-
for, the static pressure only is of 1imited value.




The blast wave from a detonation leaves the air in a state of spatially
varying entropy. From this follows, that there 1s no functional relationship
giving one distinct relation between various thermodynamic properties of the
air. This means e.g. that it is not possible by measuring the time variation
of the side-on pressure to have the time variation of the dynamic pressure
at the same location.

The dynamic pressure on the other hand is often difficult to measure. In
particular, the difficulties increase when fragments are present as these
might destroy the types of gauges usually used.

However, a technique with smokepuffs has been developed and used with very
satisfactory results at the University of Victoria by Professor John Dewey
and his coworkers /4/.

By placing smoke puffs in the air just before the blast arrives it is
possible to identify different points and study the movements of these
points as the blast arrives. The directions and velocities of the displace-
ments can then be used to caracterize the flow at the different points.

The analysis of the smoke puff tracers can provide the flow at different
heights and at different distances.

References on the technique can be found in /4/.
The design of a smoke launcher i1s shown in figure 6.

The base of the launcher is a 50 mm diameter steel pipe cap with a short
steel nipple attached. A 0.6 m long, 50 mm diameter, plastic tube f{s thread-
ed toc the steel pipe. In the pipe gunpowder and a detonator are placed.
Cotton wadding 1s used to contain the propellant. A wooden block fitting
into the tube 1s placed on top of the cloth to act as a driver of the tracer
material placed in an inner plastic pipe, with 38 mm diameter, on top of the
block.
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‘ Both black and white smoke powder were used. The white powder was an
app 1tely 20:1 mixture of fumed stlica and titanium dioxide while the
bla. - .wder was carbon black.

The launchers were trigged to ignite after the high-speed cameras had
started and before the blast arrived.

smoke powder

inner pipe

\
N

wooden block

N

cotton wadding

‘Kr / 1."' R+
[:J -
= S

ZA

t'i“
oA ‘
4!

detonator
gunpowder

Figure 6. Smoke launcher (from /4/)

The smoke trails were established in a vertical plane above the berm in
front of the tunnel exit and along the tunnel axis. Figure 7 and figure 8
show the positions of the launchers.
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berm \:mu«
extended centeeline / tunnel

e+ + J—

7,

4+ = smoke launcher
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L o ——

cameras 0 meters s

Figure 7. Plan layout of smoke launchers, photomarkers and cameras, cfr /5/

o 1A =

t L 1 1 1 1 1 1 |
(] meters 4$

Figure 8. Elevation view of launchers and photomarkers, cfr /5/
W = white smoke, B = black smoke.

The figures also show the positions of the photomarkers and the 16 mm high-
speed cameras. Two LOCAM cameras at nominally 500 pps and one HYCAM camera
at nominally 1000 pps were used. Two of the cameras were operated by the
Norwegian Geotechnical Institute. The same Institute also made a survey over
the site to determine the relative positions of cameras, markers, launchers

and the tunnel system. Thesg positions were needed for the smoke puff
analysis.
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Recording and data reduction systems

A 5angamo Sabre tape recording system with a 14 tracks 1" tape FM IRIG WB1
was used. Together with it was also used a digital recording system John &
Reilhofer 8K13 with 8 channels.

The data reduction was made with MEDUSA software.

Fragments

In shot #10 the fragments were from the artillery projectiles, while in shot
#11 artificial fragments were sawn out of steel plates and put into wooden
boxes. The boxes were placed close to the charge.

The steel fragments were in three sizes weighing 50 g, 100 g and 500 g. Each
box contained 250, 125 and 41 kg of each, respectively. The total weight of
the steel fragments in each box was therefor 416 kg. 12 boxes were used |
giving a total of 5000 kg. The boxes were placed around the outmost half of
the charge as earlier tests have verified that the fragments at the inner
end remain in the chamber and do not cause hazards at the outside.

Additionally, artificial debris in the shape of and with the mass approxima-
tely 11ke the artillery rounds for the test #10 were used. These debris were
680 mm long 160 mm djameter steel pipes filled with concrete. The mass was
47 kg.

Pairs of cylinders were placed on the floor of the tunnel at four locations.

To make a detailed study of the trajectories of the ejecta easier the area
outside the tunnel was prepared with timber logs l1aid down perpendicular to
the tunnel axis at 10 m interval. Highspeed cameras and videocameras were
placed perpendicular to and along the tunnel axis. Some areas were c¢leaned
and other covered with plastic to facilitate the recovery of fragments.
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TEST EXECUTION

The explosives were put in the center of the chamber. The 180 artillery
projectiles were charged individually. The 5 ton ANFO charge was initiated
at six different locations in the explosive.

The first shot was executed on August 30 and the second shot was fired on
September 20. At both events the weather conditions were excellent for
testing. '

Just before the detonation of the charge the highspeed cameras and the video
cameras were started and the smoke puffs launched. The execution of the test
was followed from an observation post.

After each shot the entrance to the tunnel had to be secured and the toxic
gases must be ventilated. For this purpose a plastic hose was put into the
tunnel and connected to a ventilating equipment. The day after the shot the
air in the tunnel was good enough to permit people to go into the installa-
tion.

After the tests the fragments were collected carefully in the tunnel system
and outside the installation.

TEST RESULTS

Blast pressure

As the geometry outside the installation 1s very specific to the site
selected a detafled comparison of blast measurements around the installation
can only be made between the different shots and not with e.g. design code
values based on more ideal geometries.

In figure 9 such a comparison is made for shots #7-11. Shot #7 was with 1
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‘ ton HE while #8 and #9 were with 5 tons HE (shot #9 was executed in chamber
B the other four in chamber A.

§HoT 7
SHOT 8
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SHOT ®
SHOT 1 4
7.10 1000kq HE
.0 11 5000kq HE
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Figure 9. Pressure outside the tunnel compared with corresponding results
from earlier tests. The iine gives maximum pressure according to
the Swiss doce TLM?75.
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Smoke puff measurements .

Only the smoke puff registrations from the 5 ton shot were analyzed in
detail, /5/. A11 the launchers worked successfully. However, the black smoke
puffs were difficult to observe in the highspeed films why certain features
in the white puffs were used in the analysis instead of the crossings
between white and black smoke. The high-speed film from one LOCAM camera
could be used while the event was not successfully recorded on the other two

cameras at the 5 ton event.

The analysis is given in detail in /5/ and compared with precalculations
from /6/ and measured pressures.

Figure 10 shows pressures according td the measurements and the smoke puff
analysis along the tunnel axis.
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Figure 10. Pressures along the tunnel axis. (From /5/.)
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There was a distinct difference in the fragment dispersion pattern between
the two shots.

At the first shot (#10) the loading density was low, about 3 kg/m3. At this
shot about half of the fragments remained in the inner part of the chamber
as could be expected. The other half of the fragments were spread out in the
tunnel and outside i1t. In total more than 95 % of the initial fragment mass
was found within the chamber and the tunnel. The fragments outside were
found in the close in area just in front of the berm and near it. No frag-
ments were found more than ten meters from the entrance to the tunnel.
Obviously, the berm was very efficient in stopping fragments at this test.

At the second shot the loading density was higher, about 16 kg/m3. This
time, there were less fragments in the tunnel than at the first shot. Also,
the dispersion pattern outside the entrance was considerably changed from
the first shot. Many fragments remained in front of the berm, cfr figure 11,
but at this event also a substantial amount of fragments were spread out
around the installation. Fragments were found above the tunnel and, in
particular, along the entrance- and exit ways to and from the tunnel. These
were in about 45 degrees from the tunnel axis. Fragments were collected at
distances up to about 200 m from the tunnel.

Note in figure 12, that the shape of the tunrel can be identified at the
barm by the hits of fragments on the wooden scaffolding. The figure clearly
illustrates how the fragments foilow trajectories close to parallel with the
tunnel a.:is.
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Some, but few, fragments were found behind the berm. The fragment density
was calculated and compared with the fragment desity at shot #8, where the
conditions were identical but for the berm in front of the tunnel entrance.
The results are shown in figure 13. Behind the berm the fragment desity is
orders of magnitude lower than if no berm was present. Close to the tunnel
in about 45 degrees the fragment density is similar to the fragment density
without a berm.

Also, as can be seen in the figure the fragment density at far distances,
where the berm is not a direct obstacle is almost the same as along the
tunnel axis with no berm. Obviously, with the higher 10ading density the
berm redirects the fragments. This means that it could be possible by using
a berm to decrease the amount of fragments in certain directions.
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Figure 13. Fragment density vs distance from tunnel entrance.

CONLUSIONS

The tests performed show that a berm in front of the entrance to a munition
storage in rock can be highly efficient in decreasing the flow of fragments
outside the storage at low loading density and thereby reduce the risks out-
side it.

At higher loading densities the berm can redirect fragments.

The design of the berm used in the tests did not prevent fragments from

going far from the tunnel entrance. It remains to be studied how effective a
design can be worked out.
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Pre- and Post-Test Calculations for the Alvdalen
5000-kg Tests

Lynn W. Kennedy, Kenneth D. Schneider, Joseph E. Crepeau,
and Charles E. Needham
S-CUBED, A Division of Maxwell Laboratories, Inc.

Abstract

In support of the 5000-kg test performed by the KLOTZ Club in the summer
of 1589 at Alvdalen, Sweden, S-CUBED undertook a series of calculationai
simulations using our second-order hydrocode, SHARC. These simulations
included a two-dimensional, rigid-wall calculation of the interior and two
three-dimensional calculations of the exterior. Drag-sensitive particles
were included in the interior calculation to simuiate the steel-plate
fragments and 155-mm shells used in the test as artificial debris. Cross-
sectional area measurements from the tunnel interior were used to incor-
porate wall irregularities in the calculation corresponding to actuai mea-
surements.

Two versions of the exterior calculation were completed. One included
the 7-m high berm in front of the tunnel exit; the other was done without
the berm. Both of these included a representation of exterior terrain
features. The extarior calculations were continued until the shock had
traveled to a range of more than 100 m from the tunnel opening. Because
the results of the pre-test calculations did not agree as well as had been
expected with the experimental data, the interior calculation and a por-
tion of the exterior calculation with berm were repeated after the test.

Results from these calculations are shown, and comparisons with experi-
mental data are made where they are available. Suggestions are made
which may improve calculational/experimental correspondence in the fu-
ture.

1. Interior Calculations
The interior layout for the test simulated by the calculations reported
here is shown in Figure 1. The tunnel complex consisted of an explosion

chamber, Chamber A; an enirance tunnel; a "debris catcher"; and a side
chamber, Chamber B. The tunnel was about 8 m wide; length dimensions
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Figure 1. Internal Tunnel/Chamber Complex Layout

are shown in the figure. The test explosive consisted of 5000 kg of am-
monium-nitrate/fuel-oil (AN/FO) in bags, stacked twelve high on a wooden
pallet in Chamber A.

The interior calculation was set up to model the actual test configuration
as closely as possible. From cross-sectional measurements of the cham-
ber, a pattern of irregularities in the walls was defined to simulate the
actual wall roughness. Because area measurements were available for
only the back 5 m of Chamber A, this pattern was reflected end-for-end
and across the centerline to provide a somewhat random distribution of
wall roughness elements along the iength of the chamber. The result for
Chamber A is shown in Figure 2. This is a plan view; the calculation was
two-dimensional, so a unit height for the entire internal configuration
was taken at 2.3 m. The dotted lines in the figure indicate the locations
of stations, at which calculated values of hydrodynamic parameters were
saved as functions of time.

Figure 3 illustrates the calculational setup for the explosive charge and
boxes of debris particles stacked in front of it. Because of the two-di-
mensional simulation, charge dimensions had to be aitered somewhat in
order to retain the appropriate total yield. The eight detonation point are
shown, as are the initial locations of the debris particles, which were
modeled as drag-sensitive massive spheres.
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2. Exterior Calculations

For the exterior portion, the calculation was transferred to a three-di-
mensional mesh. Boundary conditions from the interior portion were fed
in at a plane within the tunnel, 25 m back froin the opening. The plen view
and elevation sketch of Figure 4 illustrate the general configuration as it
was defined for us. A long, triangular apron slopes downward from the
mouth of the tunnel. Beyond the road, the slope is upward. On each side of
the tunnel mouth, there are embankments formed by cutting away the
mountain to build the portal. In Figure 5, details of the berm, which was
placed in front of the mouth as a blast deflector and debris catcher for the
1989 shot, are shown. The berm was 7 m high, and consisted of a concrete
facing wall filled in with dirt on the downslope side. As shown, the berm
was 7 m from the turinel opening.

Figure 4. Exterior Plan View and Elevation Sketch

An earlier test event, in 1987, used essentially the same configuration
without the berm. The embankments at the sides were carved away
slightly to allow for placement of the berm. Figure 6 shows the configu-
ration as modeled in the calculations. To save calculation time, only halif
of the test bed was modeled. A mirror image was assumed, reflected at
the tunnel centerline. Figure 6 is the configuration without the berm. The
tunnel opening (actually, half of the tunnel opening) can be seen at the
back on the right. The berm configuration is identical except for place-
ment of the berm in front of the tunnel opening.
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3. Results

The results of the pre-test calculations were not in good agreement with
the experimental data, so they are not presented here. They are docu-
mented in our report on the subject’. Figure 7, which was prepared by Dr.
John Dewey for his report on the smoke-puff photography for the test, il-
lustrates these results. Maximum overpressure amplitudes predicted by
the calculations were in some cases as much as an order of magnitude
above those observed. Because of this, we looked very carefully at the
calculations in order to determine the cause of the discrepancy. Previous
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Figure 7. Comparison of Pre-Test Calculational Results with Experimental
Peak Overpressures, as Functions of Range

* L.W. Kennedy, K.D. Schneider, and J.E. Crepeau, "Prediction Calculations for KLOTZ Club
Tests in Sweden,” S-CUBED Report SSS-TR-89-11049, December 1989.
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experience with our hydrocode made us certain that the basic calcula-
tional method was sound, but there were possibilities about the modeling
assumptions that could be reviewed.

No serious mistakes were found in the way the calculations had been set
up. We did find two areas where we had misinterpreted the information
that was provided. First, we had understood that the volume of Chamber
B, the side tunnel expansion chamber, was 126 m3. In actuality, it was
223 m3. Also, the total mass of the steel debris particles was 4992 kg,
not 546 kg as we had thought. This latter misunderstanding occurred be-
cause the provided figures referred to numbers of kg of particles, rather
than to numbers of particles.

Neither of these changes had large effects on the calculational results.
What did make a difference was a revision we incorporated after talking
with John Dewey and Charles Needham, experts who have been involved in
high-explosive testing, and specifically in testing with AN/FO, for many
years. They pointed out that, because AN/FO is a non-ideal explosive, it is
difficult to get it to detonate completely in an unconfined configuration.
The shock front in an AN/FO detonation may run 10 to 15 cm ahead of
complete energy release, so that when this shock wave reaches the outer
surface, it reflects as a tensile wave, causing the outer portion of the
AN/FO to separate from the rest of the charge without detonating.
Additional degradation can occur in non-spherical explosives if the shock
reaches one free surface earlier than it reaches other free surfaces, as
would occur with the rectangular shape and multiple detonation points for
this test.

Based on this information, we deleted 8 cm of explosive from all free
surfaces of the charge except the bottom (which was confined by the
wooden pallet). The undetcnated explosive could burn later, when exposed
to the hot gases of the detonation products, but its energy would not
contribute to the shock wave. The net result of this was that only 68%, or
3400 kg, of the AN/FO was retained for the post-test calculations. This
change, as might be expected, had a significant effect on the results.
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4. Results of Post-Test Calculation .

Results of the post-test calculation are shown in ihe following figures.
Figure 8 is a calculated overpressure waveform compared wiiii an experi-
mental record from inside the tunnel. it is from a point on the floor 25 m
back from the portal. As can be seen, the correspondence is reasonable
although not exact. Peak values at the wavefront are about the same, as
are levels behind the front. Individual spikes can be attributed to
differences in placement or sizes of irregularities on the tunnel walls.
This leads to the conclusion that the interior and the AN /FO yield are be-
ing treated a?proximately as tested.
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Figure 8. Comparison of Post-Test Calculation with Experimental
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A different story emerges for the exterior. At the base of the berm

(Figure 9), the calculated waveform appears to be high, both near the
wavefront and behind it. At the top of the berm (Figure 10), there are
similarities in the waveforms, but the calculated peak value is still high
by a factor or two. A more definitive comparison appears in Figure 11, in
which smoke puff displacement/time data is compared with a massless
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Figure 11. Comparison of Tracer Particle Record with Trajectory of
Smoke Puff Node, 17 m from Portal over Berm

tracer particle trajectory from the calculation. The tracer particles were
originally placed at locations corresponding to those for smoke-puff de-
ployment. In the figure, which is an example from a node at 17 m from the
portal over the berm, the circles are the experimental data, the solid line
is the pre-test calculation, and the dotted line is the post-test calcula-
tion.

5. Possible Reasons for the Discrepancy

There are several possible reasons that can be cited as to why these dif-
ferences between calculaticns and experiment occurred. First, it is pos-
sible that the detonation was even less complete than the 68% assumed,
so that the effective yield of the explosive charge was less than 3000 kg.
Second, the rigid walls and two-dimensional configuration of the calcula-
tion may not adequately model the physical response of the tunnel inte-
rior. We did find that in the larger China Lake test, in which the tunnel
complex was destroyed, some energy was absorbed in the walls and
overburden, so that these materials needed to be treated with a real
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' equation-of-state. Both of thess reasons, however, would be expected to
affect the interior results as wall as the exterior, whereas cur interior
results were in fairly good agreement with the data.

A third possibility involves modeling of the terrain in the immediate
vicinity of the portal. If the space available for expansion of the shock
into the exterior is not modeled correctly, it could influence the channel-
ing of that shockwave and hence its magnitude at important measuring
points. The last two figures, Figures 12 and 13, illustrate what this
means. The first, Figure 12, is an x-plane plot of the tunnel, berm, and
overburden. This plane is vertical and runs along the centerline of the
tunnel. The overburden is shown to be high and masgsive. But the actual
profile of the ground over the portal was more like that shown by the
dashed line, so that more space was available into which the emerging
shock could expand. Figure 13 is a z-plane plot, again vertical but this
time perpendicular to the tunnel centerline. At 8 meters from the portal,
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Figure 13. Z-Plane Plot Through Berm and Side Embankments, Showing
Uncertainty of Slope

this plane passes through the front part of the berm and through the em-
-bankments on each side. These banks were more sloped than was modeled
by the calculation, as shown by the dashed lines, and thus there was a
significant difference in the space avaiiable for the expanding shock wave.
We did not mode! the contours of these features carefully because we did
not recognize their importance at the time the calculations were set up.
Improvements could be made in this area which would enhance the abiiity
of calculations to produce accurate predictions for test configurations.
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LOADS PREDICTION PROGRAM FOR ACCIDENTAL EXPLOSIONS IN
UNDERGROUND MUNITIONS STORAGE FACILITIES

Arnfinn Jenssen, Norwegian Defence Construction Service
Chester Canada, DOD Explosives Safety Board
Charles Needham, Maxwsll Laboratories, S-Cubed Division
Lynn Kennedy, Maxwell Laboratories, S-Cubed Division

ABSTRACT

The KLOTZ Club is a multi-national group of explosives safety specialists
concerned with the safe storage of military ammunition and munitions.
One topic of present interest to the KLOTZ Club is the effects of the haz-
ardous environment that would result from an accidental explosion in an
underground military munitions storage facility. The necessary placement
and/or design of nearby above-ground structures, to provide the required
degree of safety for their occupants, is of concern. A knowledge of the
predicted hazardous environments, and the resulting loads on the struc-
tures (blast, impulse, debris, ground shock, and thermal flux), is required
if the prescribed degree of safety is to be provided.

For an above-ground storage facility, only a few parameters are needed to
characterize the effects. An underground facility, however, requires the
consideration of a number of variables if safety hazards are to be ade-
quately predicted and mitigated. In order to properly account for this
multitude of parzmeters, the KLOTZ Club decided, at its 1990 working
group meeting, to sponsor development of a "Loads Prediction Computer
Program for Underground Storage of Military Munitions". As presently
conceived, the program is to run on an AT or 386-class personal computer.
It is to be able to predict the details of the hazards expected from acci-
dental detonation of the stored explosives within the facility with suffi-
cient accuracy to permit revision of storage pians for existing facilities
and design of planned facilities, as well as siting and design of occupied
structures to be buiit near to or contiguous with the facilities. Loads
prediction capabilities for a wide range of site-specific underground
storage facility designs are planned. All parameters that significantly
influence hazardous loading environments will be considered. These will
include such factors as facility geometry and size, composition and com-
petency of the earth cover, the explosive material and its storage and
packaging configuration, effective loading density, and geology. The pro-
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gram will be based on available experimental results (both large- and
small-scale), on computational analyses, and on an understanding of the
physics of the detonation and its interaction with the facility and the
structures. The undertaking is a large as well as significant one, and may
take several years to complete. However, the predictions should prove
extremely useful for both the proper siting and design of planned under-
ground storage facilities and for assessing risks related to various stor-
age configurations in existing facilities.

1. Introduction.

A topic of current and continuing interest to the KLOTZ Club membership
and other explosives safety specialists, both military and civilian, is the
effects of the hazardous environment that would result from an accidental
explosion in an underground munitions storage facility. The KLOTZ Club, at
its 1990 working group meeting, decided, as part of its work toward
quantifying these effects, to undertake development of a PC-based pro-
gram aimed at predicting these hazardous environments and the loads re-
sulting from them. This paper presents a brief summary of the authors’
thoughts over the past year on why such a program is needed, what it
should be expected to do, and how development of such a program should
be approached.

Underground storage, for purposes of this discussion, is taken to include
both deeply-buried facilities, whose covers do not rupture as a result of
explosion of their prescribed load of explosives and propellants, and
shallow-buried facilities, whose covers will rupture. In the former case,
the major hazard is from directional blastwaves, debris, and burning
gases emerging from portals or vent openings. In the latter case, the
rupturing overburden may contribute to the debris hazard, and the blast,
debris, and thermal hazards are not directionally contained.

For an above-ground storage facility, only a few parameters are generally
needed to characterize the hazardous effects. An underground facility,

however, requires the consideration of a number of variables if the safety
hazards are to be adequately predicted and mitigated. These variables in-
clude the type, amount, and configuration of the explosive/propellant load,
the facility geometry and size, the composition, competency, geology, and
geometry of the earth cover, and features of the terrain exterior to the

facility. Because of the large number of parameters, an engineering table
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or simple algorithm is not adequate to provide the desired results. This

has been shown on numerous occasions, when attempts have been made to
provide "quick" predictions for experimental tests. The predictions have
sometimes proved to be "off* by as much as an order of magnitude. As an
illustration, Figure 1 shows the range of predictions that were provided

for a test in 1988 at the US Naval Weapons Center, China Laks.
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Figure 1: Airblast Predictions for Shallow-Buried Underground Tunnel/
Chamber Test at China Lake.

For this reason, an easy-to-use PC or workstation-based program is
needed to generate the environments of interest. Such a program should
be sufficiently rugged that it could be used to investigate the effect of
proposed changes of size, geometry, etc. It should also be weli-docu-
mented, so that it could be used by test engineers as well as by facility
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designers (to address safety issues in planned facilities) and site man-
agers (to assess risks related to various storage configurations in exist-
ing facilities). Finally, its ranges of applicability and its degree of accu-
racy in various regions needs to be carefully defined and documented.

2. Need for Program.
a. Design of New Facilities.

One major area in which the planned program is needed is for the design of
new facilities. Underground storage of munitions is becoming more at-
tractive, both because it is perceived to be safer than above-ground stor-
age, and because of increasing scarcity and cost of real estate to provide
an adequate cushion of space around above-ground facilities. Although
many governments and industries need to stockpile explosives and propel-
lants, both for defense and for peacetime uses, many of them may not have
the resources or the space available to provide this cushion. In planning
for storage, it is necessary to plan precisely, using highly accurate plan-
ning tools, in order to maximize storage capabilities and minimize costs.
The use of berms, debris catchers, blast traps, blast doors and other de-
vices, plus the use of terrain features to protect nearby structures and
personnel, are all possible design features that might be incorporated in
new facilities to increase their safety or to reduce the real estate re-
quired for safety zones.

b. Maximization of Loading in Existing Facilities.

Because of increased environmental awareness and increasingly stringent
regulations regarding the storage of explosive and propellant materials,
coupled with the need for additional storage capabilities, many organiza-
tions are seeking to expand, or at least to justify the safety of, the loads
allowed in currently-existing facilities. In order to do this, a highly
accurate and thoroughly validated hazardous environment prediction
capability is needed. The site manager may wish to assess a number of
different storage configurations, and thus to evaluate how he might best
arrange his particular mix of explosives and propellants to provide com-
plete compliance with all safety regulations, and hence maintain the high-
est degree of safety for on-site employees and adjacent areas where peo-
ple may live or work.




c. Inadequacy of Existing Programs.

Although some algorithms and models currently exist for the prediction of
environments from explosions in underground storage facilities, these are
generally specialized to apply to a particular type of facility or a particu-
lar configuration. They may also predict only a single type of hazardous
environment. For a given planned test configuration, predictions, as pre-
viously mentioned, may vary by an order of magnitude. Such variations in
predictions make it difficult for experimenters even to set a range for
gauge responses. For facility designers, the uncertainty is frustrating.

A start has been made, and several factors now make it practical to at-
tempt a comprehensive program for prediction of environments from un-
derground munitions storage facilities:

1) A data base of high explosive and propellant information is being
compiled which directly relates to this problem.

2) Hydrodynamic code capabilities are sufficiently advanced that
they can deal with these configurations, and preliminary validation runs
show excellent correlation with experimental data. An example of the
correspondence between experimental and calculated results is shown in
Figure 2. The test was the one at China Lake, and the calculation was run
with the S-CUBED hydrocode SHARC.

3) New personal computers are extremely powerful and can run
relatively compliex programs in an interactive mode. In addition, the use
of these personal computers is becoming widespread.

3. Requirements for Program.

In deciding how to proceed in constructing a PC program to provide the
desired information, two lists need to be made. The first is a list of the
environments we want to predict. These are the environments which we
believe will prove to be the most hazardous to buildings and personnel in
the area of the storage facility and those environments inside the facility
which may lead to the spread of fires as well as to prompt or delayed det-
onation of other munitions stored there. The second is a list of variables
which will describe the detonation and the facility, and hence will affect
the hazardous environments. These variables will be used as inputs to the
PC program. A preliminary version of both of these lists, with discussion
of each item, is given in the following two subsections.
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Records from the China Lake Test.

a. Prediction of Environments and Loads.

There are four types of environments/loads currently being considered for
inclusion in the PC pregram. The first, and the first to be addressed, wili
be airbiast, because a great deal of work has aiready been done in this
area and the tools to define it, the hydrodynamic codes, are in place.
Within the airblast investigation, not only overpressure will be consid-
ered, but also impulse, dynamic pressure, and dynamic pressure impulse.
Dynamic pressure is one of the primary parameters significant in struc-
ture and vehicle damage, and it is also active in the pickup and accelera-
tion of debris. Impulse is the parameter usually provided as input te
structural response calculations.
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A second environment/load of interest will be the debris hazard. Debris
can come from shell casings, packaging materials, and equipment con-
tained with the explosive/propellant in the facility, or it can come from
the geologic materials and concrete structures which form the overburden.
The size distribution and directional acceleration of these debris materi-
als by the airblast or ground shock environment can make them a signifi-
cant hazard, both within the facility and outside. Once accelerated, heavy
pieces of debris can travel for long distances, because they are slowed
only by air drag forces.

Ground motion is thought at this point to be less significant than the two
environments/loads mentioned above, because it is generally not so severe
at close-in ranges. Depending on the size of the explosive charge, the
range of interest, the geological configuration, and the strength of the
affected structures, it could be important in some cases. Hydrodynamic
and elastic-plastic codes are available to investigate the ground motion
environment, and there is some data.

Thermal environments are included for consideration because, in cases of
incomplete detonation or of ignition of propellants, gases may be produced
which are burning as they are swept out of the facility. Temperatures in-
sicie the facility are also a consideration for sympathetic detonation. For
a large, shallow-buried facility, a firebali will be formed which could ig-
nite nearby structures if they are not provided with some protection. The
possibility also exists that unprotacted personnel may be working in the
area. The flow fields governing the movement of these gases, the ignition
of auxiliary fuels with which they may come in contact, and the resulting
thermal radiations are subjects which need to be addressed.

b. Variables.

The list of input variables which will need to be included for the PC pro-

gram is necessarily incomplets at this time. We expect that the list will
be revised as new factors are found to be needed, old factors are dropped

because they are determined to be unimportant, and new ways are discov-
ered to describe or define significant factors. The discussion in this sec-
tion describes three comprehensive areas which will need to be included.

The best way to describe the various input parameters in these areas has
yet to be determined.



The first group inciudes descriptors of the explosive charge itself: the
amounts and kinds of explosives and/or propellants, the packaging or cas-
ings containing and separating the various components, and the storage or
stacking arrangements. Amounts/kinds will determine the total energy
release as a result of the contemplated incident. Packaging/casings will
determine the amount and timing of sympathetic detonations, and will
contribute to the debris available to be accelerated. Stacking arrange-
ments will also possibly be significant in this regard.

A second group of descripiors involves the internal configuration of the
facility: the sizes of the storage chambers and the cross sectional areas,
lengths, and curvatures of associated access tunnels. Internal separating
walls and blast doors or debris traps may also be included in this cate-
gory. The amount, materials, and properties of the overburden, which de-
termine when or if it ruptures and how much energy it absorbs, should
also be considered.

Finally, the external configuration will affect the hazardous environ-
ments. Terrain features, the existence and placement of berms and debris
catchers, and the geclogy of the earth in the vicinity will be factors. In
addition, the distance of structures from the storage facility, their
placement relative to openings, and their strength and integrity should be
considered. Proposed uses of these structures or equipment will be fac-
tors in determining the allowable environments at various locations.

4. Approach.

It is anticipated that the first environment to be investigated will be
airblast. This is because a fair amount of work has already been done in
this area: data is available and some preliminary correlations have previ-
ously been made. This should lead to the generation of a workable PC
model for airblast within about a year. The steps to be accomplished in
developing the airblast model are outlined bslow. Development and subse-
quent improvement of models for the other environments should proceed in
a similar manner. It is expected that the models for each individual envi-
ronment will be combined into an integrated program in which all possible
hazardous effects can be investigated.
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a. Review of Available Data.

The first step in the process of preparing an environments prediction
model should be a review of currently available airblast data from tests
and theoretical calculations. The data should be examined and sorted ac-
cording to its applicability to configurations of interest and according to
the completeness of information about the yield and configuration of the
explosion which generated the data. Cause-and-effect correlations should
be identified. It is emphasized that review of the data must be accom-
plished with the physical principles that govern airblast generation and
propagation kept firmly in mind. This will allow the reviewers to identify
inconsistencies in the data and to discard any data that seems to be incor-
rectly recorded or identified.

b. Review of Current Models and Definition of Regions of Inadequacy.

At his stage, the correlations and normalizations of the data provided by
all researchers should be examined. Two such correlations are those by
Skjeltorp, Hegdahl & Jenssen and by Kingery. Some of the current models
have been developed by entering peak pressure data on a pressure vs. range
logarithmic grid. The data is then fit by a straight line which defines an
inverse power for decay of peak pressure with range. Although this is a
powerful technique, we now know that a single value of the decay expo-
nent is not appropriate for all ranges. By using a more comprehensive al-
gorithm, a better fit to the data can be obtained which will provide good
results over a broad range of pressure values. In addition, an estimate of
the accuracy of the fits, both within the range of the data and beyond it,
can be obtained.

¢. Validation of Calculational Tools.

it is anticipated that the experimental data will be found to be insuffi-
cient for generation of a complete model. This is because the nature and
cost of experiments require that data be collected at only a few points
and for only a few selected configurations. In order to provide for a com-
plete understanding of blast wave propagation, data at a large number of
locations, and information about the variation of other hydrodynamic pa-
rameters (for example, density and gas flow velocity) as functions of time
and space are needed. For this reason, we expact to include the results of
numerical hydrodynamic calculations in the data base. A few calculations
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have previously been accomplished, and these have been used to validate ‘
the procedures. In particular, three-dimensional calculations have been

completed simuiating recent tests at China Lake (California) and Alvdalen

(Sweden). The results of these calculations are to be reported at this

Seminar by representatives from S-Cubed, Aibuguerque, New Mexico.

d. Performance of Selected Parameter Studies with Calculations.

Once we are satisfied that the calculational techniques are valid, calcu-
lations can be performed to fill in gaps in the experimental data base and
to perform parameter studies. The results of these calculations will help
us to understand how the parameters listed above affect the airblast
environments in regions of interest. The suite of calculational configura-
tions should be carefully chosen to minimize both the number and com-
plexity of calculations to be performed. Calculations, like large-scale
tests, can be expensive, and it is important that they be carefully de-
signed to maximize useful output. It is expected that the calculations
will concentrate initially on high explosive sources. Techniques also ex-
ist, however, for calculating the results from propellant burning. Both
types of sources, and mixtures of the two, are of interest for the final

modsel. '

e. Analysis of Calculations.

A thorough analysis of completed calculations is necessary to cbtain a
full understanding of the physics applicable to each situation. Not only
overpressure peak values, but complete waveforms should be studied to
determine origins of the various features which affect the blast environ-
ment. All basic and derived hydrodynamic parameters (pressure, impulse,
density, flow velocity, energy, temperature, gas composition, and dynamic
pressure) should be considered.

f. Development of Models.

Once a relatively complete data base is assembled, consisting of experi-
mental data and calculations and including an understanding of the physi-
cal principles which give rise to the observed results, mathematical al-
gorithms can be developed which, as functions of the various parameters
identified as significant, can reproduce the observed environments. These
algorithms can be mathematical expressions, tables from which numerical
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answers are interpolated, and rules for combinations of results from
several sources. An important part of model development is the assurance
of physical consistency. If care is not taken, "glitches" can occur which
produce unreasonable results for some combinations of variables.

g. Model Testing.

As the models are developed, they can be tested against the available
data, both calculational and experimenial, to ascertain whether or not
they are providing reasonable answers which agree in all respects with
the data. At this point, it will be appropriate to conduct some riew exper-
iments, either at large- or small-scale, so that the models can be tested
against data which was not used in building the models. The experiments
shouid be designed to exercise as many aspects of the models as possible.
Comparison of results will provide a basis for judging the accuracy of the
models in a real prediction situation.

h. Incorporation of Models into PC Program.

The validated modeis will the be incorporated into a personal computer or
work station program. This is a straight-forward activity, but must be
accomplished with, care if the results is going to be useful to a variety of
users. The most important part of this step is development of the user-
interface menus so that they are understandable and logically organized.
Another important part is development of docuimentation, either on-line or
as separate documents. All aspects of the code and how it works must be
carefully explained if misuse by inexperienced workers is to be avoided.

i. Refinement and Improvement of Models.

Finally, further refinement of the modeils should be undertaken to incorpo-
rate the other environments of interest and to accommodate new data or
new configurations which were not covered in the first round of develop-
ment. The cycle of data ieview, calculations and analysis, preliminary de-
velopment of models, testing, and incorporation into the PC program can
be followed through for debris, using much of the same experimental and
calculational data used for the airblast investigation. Our experience has
been that models of this type are never fully completed, because a com-
pleted capability always leads to the desire to apply the model to new
situations. These new situations point up deficiencies, which in turn re-
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quire new development, new analysis, and new testing. The product then, ’
which is the PC program, can continue to be improved even while it is be-

ing used and providing useful results.
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ABSTRACT

UNDEROSTANDING THE RISK OF AMMUNITION KICKOUY
FROM EXPLOSION SUPPRESGIVE STRUCTURES

Richard B. Shipe
USACSTA ATTN: STECS-SO
Aberdeen Proving Ground, Maryland 21005

This paper presents a system safety model that justifies
relaxing operating restrictions at weapons and ammunition
test facilities.

The mission of the U.S. Army Combat Systems Test
Activity (USACSTA or CSTA), Aberdeen Proving Ground (APG),
MD, includes the evaluation of large caliber weapons. As
these weapons increase in size, so does the danger
associated with testing them. The availability of land for
large caliber firing ranges is decreasing. Because of that
unavailability, incompatible operations are often conducted
contiguously. In such cases, personnel and facilities are
exposed to the dangers associated with weapons testing.

There is no guarantee an explosive accident will never
happen in a test structure, but it is a very unlikely
occurrence. For an accident to occur, a complex sequence of
events must happen. If that sequence is explicitly
identified, then it can be controlled. By controlling
selected hazards, the risk (risk is the expected value of an
event or accident) can be reduced. If it has been reduced
to an acceptable degree, the requirements applied to the
design and subsequent operation of any facility can be
relaxed.

Because of the high cost of constructing weapons test
facilities, alternatives must be designed in the context of
the risks associated with such testing. Using System Safety
technigues, those risks can be identified and modeled. This
paper suggests a model from which can be derived safe and
cost-effective construction, design and operating alter-
natives for weapons testing facilities.
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TITLE Understanding the Risk of Ammunition Kickout from
Explosion Suppressive Structures

PURPOSE To inform a reader of the risk of ammunition being
thrown from a containment structure (e.g. a magazine or
explosive operating building), and whether that risk varies
with the design style of the structurs.

CENTRAL IDEBA Understanding the circumstances that could
lead to an unsuppresssd detonation of a munition in an
industrial, depot, or testing environment will make such an
event more predictable, hence more preventable. An explicit
model defining those circumstances demonstrates the low risk
associated with a kickout, and it allows the risk to be
compared between construction styles.

CONCLUSION Whatever the risk of ammunition kickout, it is
not markedly different for any suppressive structure,
regardless of construction style, if that structure has a
frangible wall) that will be lost in a detonation or an
entrance way that aliows direct access from the outside.
This is explicitly defined by the fault tree contained

. herein.
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This paper synopsizes a study conducted at the U.S. Army
Combat Systems Test Activity (USACSTA or CSTA) by Mr. Thomas A.
Lucas and 1 from January 1986 through October 1988. That study
was recently published by the AMC Action Committee for System
Safety as Technical Report 90-4. The quality and thoroughness of
that original study are creditable to Mr. Lucas.

I also acknowledge Mr. William wWatson who generated the cut
sets in this paper using the software:

Fault Tree An
Personal Computers version 6, August 1987, developed by Mr. Jack
Copeland. A special appreciation is extended to Misters Martin
Mossa and Rodolfo Gil, from the USACSTA Safety Office, whose
insights and criticisms helped focus and guide the technical
considerations of this paper.
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Historical Background

The mission of the U.S. Army Combat Systems Test Activity
(USACSTA or CSTA), Aberdeen Proving Ground, MD, includes the
evaluation of ammunition and weapons. As these systems increase
in effectiveness, so does the risk associated with storing,
handling, and testing them. That increase in risk is a result
of encroachment, since the availability of land area for storing
and testing those high-risk systems is decreasing. Because of
that decrease, incompatible operations are often conducted
contiguously. In such cases, personnel are subject to high risk
exposure. The danger inherent in weapon testing, then, is an
unexpected, unconfined detonation - an ammunition explosion.
This is so because high-value facilities and equipment are
necessarily exposed to the effects of such an event, and more
important, people are exposed as well.

Weapons testing is not confined tec weapon firing. It is a
range of tests that demonstrate the reliability of a weapon and
its ammunition. In addition to weapon firing, the testing
includes regimes to demonstrate the hardiness of ammunition.
Rough handling and environmental tests are conducted to prove
that hardiness. The tests are conducted in sophisticated
facilities which must meet the operational requirements of the
testing and still embody explosion-suppressive qualities. That
those operational and protective requirements are contradictory
has resulted in facilities being designed and built that are
adequately suppressive, but operationally restrictive.

To mitigate the real and political costs that would result
from an explosive accident has necessitated expensive and con-
servative construction. This has been true at USACSTA,
especially where test areas abut densely populated, public
areas. At Aberdeen Proving Ground, there are two recent
examples: a 14M $ welded steel containment facility and a 10M $
MCA project for laced, reinforced concrete firing barricades,
both at USACSTA. Facilities so designed and constructed meet
the dogmatic requirements of design codes, but may exaggerate or
understate real dangers and may,then, be more costly than nece-
ssary. Because of the high cost of constructing test facil-
ities, alternatives designed in the context of a risk profile
(risk is the expected value of an accident) are desirable.

Using analytic techniques, like the fault tree analysis
described in this paper, such a profile can be developed. This
report suggests a profile from which can be derived safe and
cost-effective construction, design and operating alternatives.
This paper defines the risk of an unconfined explosion.
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Defining Kickout

The purpose of an explosion-suppressive structure is to
mitigate the effects of a detonation; an explosion occurring
outside the confinement provided by such a structure defeats its
purpose. An unconfined detonation creates concern only in the
case where personnel, facilities, or assets are exposed and
incur some chance of injury or damage. Kickout is one such
exposure. It is the escape from a containment structure (such as
a storage, operating, or test facility) of an unexploded round
of ammunition following an explosion in the structure. Although
there is no guarantee an explosion will never happen in a
suppressive structure, nor is there a guarantee a round of
ammunition will never be ejected, a kickout is a very unlikely
occurrence. For a kickout to occur, a complex sequence of
events must happen. If that sequence is explicitly identified,
then it can be controlled. If negligible, then it can be
accepted.

This paper models the problem of kickout, which affects the
design of magazines, barricades, and other suppressive
structures. The model defines the mechanisms which cause an
unconfined, unsuppressed explosion, and logically describe the
order of their occurrence. The solution provided in this report
is an identification of the events and hazards associated with
the kickout phenomenon so its risk can be understood.

Describing the Fault Tree

The problem, then, is to create a model from which can be
deduced the causes of an unsuppressed, unconfined explosion at
an operating, test or storage facility. From that generic
model, the case of kickout can be deduced as well. The logical
choice for a model is a fault tree.

The tree defining the conditions necessary for an
uncontained, unsuppressed detonation is a logic diagram
consisting of three branches, each representing one variable of
a mathematical statement. Logically, the top event can occur
only if the underlying conditions in each branch have been
satisfied. Each of the three branches defines one of the
general conditions leading to the undesired outcome. That
outcome is defined as "injury to personnel or facility damage
caused by an unconfined detonation". The tree flows downward
from the top event to the specific root causes. General
outcomes at the head of the tree are connected to intermediate
and root causes by logic gates. The gates depict the logical
conditions of union and intersection that are analogous to
addition and multiplication. Where describing a fault tree gate
in the text, an additive or union condition is represented by an
underlined, italic @r, a multiplicative or intersection
condition by an underlined, italic and.
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The Head Event

Although kickout and a detonation that might result from a
kickout are the principal interests of the fault tree, the tree
is more general. In it are addrassed many cases other than
kickout. The conditions necessary for the top event are these:
a round of ammunition is unconfined (it is outside the
suppressive structure), and a person or facility is exposed, and
the unconfined round of ammunition transmits energy. Further,
it is probable that in a densely populated area, glven an
unconfined detonation, some damage or injury will occur.

There are three ways & munition might cause damage. 1If
it is intact, the round can impart energy only if it is thrown
or propelled and directly strikes a receiver. Alternatively, it
can detonate. Given a detonation, energy might be transmitted
via propelled fragments, or heat flux, or blast overpressure.
Where the detonation occurs is significant. An exploding bomb
can cause damage within some limited radius. If no exposed
asset is within that radius, no damage or injury can be
imparted. At military installations, undesirable exposures
often exist; people and facilities are usually within the radius
at which a munition, detonating unsuppressed, can cause damage
or injury. Explosives are stored in a way that limits this
exposure. They are isclated from populated areas and stored in
bunkers designed to contain or direct missiles and the shock
wave that result from an explosion.

Exposure of Assets

Exposure of personnel and facilities to the hazards of
kickout is briefly detailed in the central branch of the tree.
The branch is separated into two sections. One is the blast
hazard - overpressure and heat flux - and the other a missile or
fragment hazard. Neither of these conditions have been
developed because cof their complexity, although both normally
exist.

Energy Released by Munition

The third condition that must be met for the top event to
ocuur is defined in the right branch of the tree. For exposed
assets to incur damage, the unconfined munition must transfer
energy. The transfer might result from the blast shock of the
detonation, or from missiles and fragments, or the heat flux of
the fireball. A fragment can only cause damage if it directly
strikes a receiving asset gnd transfers sufficient energy (the
accepted lower limit for that energy transfer is 79 Joules).
Another way for a munition to cause injury or damage is by its
detonation. This could be caused by the proper functioning of
internal mechanical gor electrical mechanisms, or by the
application of heat from an external energy source.




MNunition is Unconfined

The left branch of the tree details the way blast and
fragmentation mitigation features of a protective structure can
be defeated. This branch defines the circumstances that must
exist for a receiver to be directly exposed to an unexpected
energy transfer.

Most often, direct exposure occurs when ammunition is being
packed or unpacked, transported, or handled during testing.
While exposure clearly exists in these cases, the risk of an
accident is controlled through the use of tralning and special
procedures which minimize the likelihood of an event.

For a kickout to occur, a relatively intact round of
ammunition must be thrown outside a suppressive structure. An
impulsive energy source gnd a path cut of the structure must be
present, and the round, when thrown, must travel along that
path. An impulsive release of energy is necessary for a kickout
to occur. That release might result from a detonation, or a
pressure vessel failure, or an electrical explosion. A path out
of the containment structure might exist because of a structural
failure, or an inherent weakness, or because a natural opening
exists (e.g. doors, windows, or frangible surfaces). It is
important to recognize that all suppressive structures with
frangible walls or surfaces or with access doors can permit a
kickout. This weakness is an inherent characteristic of the
suppressive qualities of those structures, and is irrespective
of the construction medium, whether concrete, steel, earth,
or sheet metal and sand.
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FAULT IREE DATA
INPUT DATA LIST

TOP EVENT: PERSONNEL INJURY/FACILITY DAMAGE

GATE DATA

1

2

3

4

5 BBl A
6 BB2 O
7 BB3 O
8 BB4 O
9 BB5 ©
10 CBl1 O
11 CB2 A
12 CB3 O
13 CB4 A
14 DBl O
15 DB2 A
16 P2DB3
17 P2DB4
18 P2DB5
19 P2EB1
20 P2EB2
21 P2EB3
22 P2FB1
23 P3DB6

COPYPOOOPIOOHKPEBPBLWUNNNON

CCOROFRRRFRFMFWRArRREOIOOKR NGO

B W WW WM R

TE A 3 0 Al A2 A3
Al O 1 2 BBl BD1l BD2
A2 O 1 1 BB2 BD3
A3 O 3 0 BB3 BB4 BF5

CBl1 CB2
CH1 CCi
CB3 CB4
CB3 CB4
CB3 CB4

CDh1

P2DB3 P2DB4 P2DB5

DB1 DD1
DB2 DD2

P3DB6 P3DC1
EHi ED2

ED1 EC1
ED3 EH2
P2EB1
P2EB2
P2EB3
P2FD1
P2FBl
P2FD4
P2GD1
P3ED7

EC2

P2EH3
P2ED4
P2EC3
P2FCl
P2FC2
P2FC4
P2GCl
P3EC4
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P2ED5
P2EDé6
F2FD2
P2FD3 P2FC3
P2FD5
P2GD2
P3ED8 P3ECS




FAULT IREE DATH
FAULT EVENT DATA

1 BD1 D
2 BD2 D
3 BD3 D
4 CH1 H
5 CCl1 F
6 CD1 D
7 DD1 D
8 DD2 D
9 ED1 D
10 ECl1 F
11 EHl1 H
12 ED2 D
13 ED3 D
3 EH2 H
15 EC2 F
16 P2EII3
17 P2ED4
18 P2EDS
19 P2EC3
20 P2ED6
21 P2FD1
22 P2FC1
23 P2FD2
24 P2FC2
25 P2FD3
26 P2FC3
27 P2FD4
28 P2FC4
29 P2FD5
30 P2GD1
31 P2GC1l
32 P2GD2
33 P3DC1
34 P3ED?7
35 P3EC4
36 P3EDS8

37 P3ECS

MUNITION IS BEING TRANSPORTED
MUNITION 1S BEING HANDLED
PERSONNEL/FACILITY IN PATH
PERSONNEL/FACILITY IN QD

IN VICINITY OF UNEXPLODED RND
UNEXPLODED IS MUNITION IS PROPELLED
MUNITION FOLLOWS PATH OUT

FUZE FAILS UNSAFE

WEAK WALL DEFEATED

HOLE IN STRUCTURE

DOOR OPERD FOR HANDLING
CATASTROPHIC LOSS OF STRUCTURE
SAFETY FEATURES OVERCCME
STIMULUS e.g. IMPACT
PROJFECTILE PROPELLED

HMO"MO"MURUO"MOMMOMOU MO OT

FLUID IS PRESSURIZED

IMMEDIATE DONOR EXPOSED TO ENERGY
ENERGY TRANSFER TO IMMEDIATE DONOR
LIGHTNING STRIKE

SABOTAGE

PUNICTURE TO VESSEL WALL

CORROSION OF VESSEL

FAILURFE CAUSED BY MATERIAL DEFECT
IMMEDIATE DONOR STRIKES AGAINST OBJECT
SHOCK INITIATION

IMMEDIATE DOMNOR IS STRUCK BY AN O3JECT
CURRENT PATH THROUGH RECEIVER TO EARTH
BUILDUP OF STATIC CHARGE

IMPERFECT GROUND PATH

HOT FRAGMENT

FIRE

ELECTRICAL EXPLOSIVE

ENERGY IS TRANSMITTED

MUNITION STRIKES OBJECT

LIGHTNING

MUNITION IS STRUCK BY OBJECT

FIRE




FAULT TREE DATA
GATE TE WAS NOT USED

(GATE MAY BE

'"TOP EVENT' GATE)

Rk hhhARhh Rk hkhhhhhhkhhhkhrhhkhhhhhkk

FAULT TREE ANALYSIS PROGRAM

Rhkhhkkhhhhhhkhhdhbhhhhhhhhkhbhhhhhhhhd

EXAMPLE CUT SETS FOR PERSONNEL INJURY/FACILITY DAMAGE

CUT SET #
BD1
CH1
ED3
EH2
EC2

CUT SET #
CH1

CD1

DD1

ED1

P2ED6

CUT SET #
cc1

cD1

DD1

ED1

P2EC3

CUT SET #
CH1

DD1

DD2

ED1

P2FD4
P2FC4
P2FD5

37

42

51

MUNITION IS BEING TRANSPORTED
PERSONNEL/FACILITY IN QD
SAFETY FEATURES OVERCOME
STIMULUS e.g. IMPACT
PROJECTILE PROPELLED

UNEXPLODED IS MUNITION IS PROPELLED
MUNITION FOLLOWS PATH OUT

WEAK WALL DEFEATED

SABOTAGE

PERSONNEL/FACILITY IN QD ‘

IN VICINITY DF UNEXPLODED RND
UNEXPLODED IS MUNITION IS PROPELLED
MUNITION FOLLOWS PATH OUT

WEAK WALL DEFEATED

LIGHTNING STRIKE

PERSONNEL/FACILITY IN QD

MUNITION FOLLOWS PATH OUT

FUZE FAILS UNSAFE

WEAK WALL DEFEATED

CURRENT PATH THROUGH RECEIVER TO EARTH
BUILDUP OF S7#TIC CHARGE

IMPERFLECT Gliv ND PATH
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CUT SET # 101
BD3

CD1

DD1

EH1

P2FD4

P2FC4

P2FD5

CUT SET # 102
BD3

CD1

DD1

ED2

P2FD4

P2FC4

P2FD5

CUT SET # 107
BD3

DD1

DD2

EH1

P2FD4

P2FC4

P2FDS

PERSONNEL/FACILITY IN PATH

UNEXPLODED IS MUNITION IS PROPELLED
MUNITION FOLLOWS PATH OUT

DOOR OPENED FOR HANDLING

CUURRENT PATH THROUGH RECEIVER TO EARTH
BUILDUP OF STALIC CHARGE

IMPERFECT GROUND PATH

PERSONNEL/FACILITY IN PATH

UNEXPLODED IS MUNITION IS PROPELLED
MUNITION FOLLOWS PATH OUT
CATASTROPHIC LOSS OF STRUCTURE
CURRENT PATH THROUGH RECEIVER TO EARTH
BUILDUP OF STATIC CHARGE

IMPERFECT GROUND PATH

PERSONNEL/FACILITY IN PATH

MUNITION FOLLOWS PATH OUT

FUZE FAILS UNSAFE

DOOR OPERD FOR HANDLING

CURRENT PATH THROUGH RECEIVER TO EARTH
BUILDUP OF STATIC CHARGE

IMPERFECT GROUND PATH
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Logic Nodel of the Top Event

The figure is a depiction of the fault tree described in
the text. It has 59 basic events connected through 33 gates to
intermediate events leading to the head or top event. At least
some of the fault events at the bottom of the tree must exist
before the top event can occur. This can be shown using the
Laws of Boolean Algebra. The following symbols are directly
taken from the figure:

l?Top Event PM X PAZ X PAS

where: Prop event = the probability of occurrence of the
Top Event.
P,; = the probability a round of ammunition is

outside the structure, left branch of the tree.

P,, = the probability a person or facility is
exposed, centaer branch of the tree.

P,; = the probability a round of ammunition
transmits energy, right brainch of the tree.

If the probability of occurrence of the undesired event,
opEen' were to be calculated, it would be the product
of pro %abilltles of the three dlrectly contributing branches.

The tree depicted in this paper has been condensed from one
contained in AMC Action Committee for System Safety Technical
Report 90-4. It has roughly an eighth the resolution of that
tree.

Logic Model of the Kickout Branch

Kickout is the only event in the third rank of the
left-hand branch that is a rare event. Both BD1 and BD2 are
regularly occurring events. Discount the cases where a munition
is outside a containment structure while being manipulated - as
in BD1 and BD2, and consider the case of the undesired outcome
occurring as a result of a kickout. What contribution does a
kickout play in the probability of occurrence of the Top Event?
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Kickout is very unlikely. This is obvious because of the
circumstances necessary to cause it. For a kickout to occur,
there must be an impulsive event. That event must create an
opening in the structure or magazine containing the munitions,
and given an event has occurred, there must be munitions
remaining that are then propelled through the opening in the
structure.

BB1 = CB1*CB2

CBl1 = DB3+DB4+DB5

CB2 = DD1* (ED1+ECl1+EH1+ED2)
DB3 = EH3*(FD1+FC1+FD2)

DB4 ED4*EB2*ED5

= ED4%*EDS5* (FC2+FD3+FC3+GD1+GC1+GD2)
DBS = EC3+ED6+FD4*FC4*FD5

So That: CBl1 = EH2*(FD1+FC1+FD2)+EC3+ED6+FD4*FC4*FD5
+ED4 *ED5* (FC2+FD3+FC3+GD1+GC1+GD2)

And: CB2 = DD1*ED1+DD1*EC1+DD1*EH1+DD1*ED2

Therefore: BBl = {EH3*(FD1+FC1+FD2)+EC3+ED6+FD4*FC4*FDS5+ED4*EDS5*
(FC2+FD3+FC3+GD1+GC1+GD2) } *{ DD1*ED1+DD1*ECl+
DD1*EH1+DD1*ED2}

By examining the Boolean statement for kickout (Event BB1),
48 cut sets can be identified. The cut sets are three, four, or
five point failures. This implies that the Top Event occurring
as a result of a kickout requires the contribution of at least
five basic events. For this case, TE seems to have a remote
probability of occurrence - at least qualitatively - since it
depends on the sum of five, six, and seven point failures. The
probability of the top event's occurring is the sum of the
products of the probabilities of the minimal cut sets.

Conclusion

Because the developed Fault Tree model was more
extensive than was anticipated, it was impractical, given the
scope of this study, to quantify. Even so, it is clear the pos-
sibility of the Top Event occurring does exist, but only if the
complex set of conditions defined by the tree have been satis-
fied. The fault tree confirms a number of scenaria whereby an
injury or damage resulting from a kickout coculd occur. There
are many event combinations that could cause this. Equally
obvious is that there is no way to reduce P u gyyry tO
zero. This implies there will always be a risk of kickout.
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Elimination of the possibility of the head Event is impossible. .
However, a long string of events, which is diagramed in each

branch of the tree, is required to satisfy that condition. Wwhat

makes the chance of a kickout that causeg injury or damage seem

so remote is each of the events that can cause that outcome is

an accident. Further, these accidental events must occur in

combinations of five, six, or seven; since they must occur

serially, the combination of events is very unlikely.

Whatever the risk of ammunition kickout, it is not markedly
different for any suppressive structure, regardless of con-
struction style, if that structure has a frangible wall that
will be lecst in a detonation or an entrance way that allows
direct access from the outside. This is explicitly defined by
the fault tree contained herein.
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"I' SLOSEGARY

Cut Set - a combination of fault events whose occurrence as a set
will cause the top event.

Donor - a round of ammunition which functions in the vicinity cof
other rounds of ammunition thus imparting energy to them.

Event
a. When regarding ammunition, a detonation or explosion.
b. An occurrence in the tree.

Head or Top Event - the main event of the fault tree, the
undesired outcome.

Immediate Donor - The donor munition that initiates an unconfined
munition.

Kickout - when a round of ammunition which does not detonate from
an initial event in a structure is thrown from the structure.

Receiver - a round of ammunition which receives energy when
‘ another round of ammunition in the vicinity functions.

Risk - the expected value associated with a given hazard; it is
the product of the severity of a hazard and the likelihood of its
occurrence. Probabilities have not been calculated or assigned to
individual events because it is beyond the scope of this report to
do so. In this report, risk has several contexts: when pertaining
to kickout, it is the consequence caused by a round detonating or
escaping a containment structure after an event has occurred;

when pertaining to a fault tree, it is the head event.

Unrelated - People or facilities which are not directly involved

in a testing scenario but could be injured or damaged because of
their proximity to a test when a kickout occurs.
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. TEST DATA ON THE STORAGE OF MIXED MUNITIONS IN CONEX CONTAINERS

WILLIAM LAWREILCE
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ABSTRACT

A series of 10 tests was conducted to identify debris, fragments, and airblast hazards associated with
the detonation of the explosives in Conex containers. Eight of these tests were conducted at Socoiro,
NM, and the last two tests were conducted at China Lake, CA. The first three and last two tests were
conducted without any kind of confinement around the Conex containers. The fourth, fifth, and sixth
tests were conducted by sandbagging the Conex containers on three sides. In tests 7 and 8, the
containers were sandbagged on three sides, and a 12-foot sandbag wall (20-foot wall in test 8) wall
was erected at a distance of 15 feet from the front side of the container.

A lot of fragments were found beyond 300 feet in Tests 1, 2, 3, 6, 9, and 10. Only a few fragments
were found beyond 300 feet in Tests 4, 5, 7, and 8. Some fragments were found beyond 600 feet in
Tests 6, 9, and 10. A few metal fragments of Conex co.itainer were also found between 900 and
1,155 feet in Tests 9 and 10.

. The fragment density at any distance was computed on the basis of a worst-case assumption. It was
assumed that any fragment found in a sector at a distance greater than x fect from the origin could hit
a standing person in that sector. The fragment density was computed as the number of fragments
divided by the vertical area and multiplied by 600. That gave the fragment density per 600 square
feet.

The fragment density, at different locations, is calculated by using 30-degrce sectors. When the mean
fragment density was computed, the sectors in which no fragments were found were excluded. The
fragment density and distance were plotted for 25, 75, 160, and 500 lbs of explosive. For 500 lbs of
explosive, the fragment densiiy of less than one fragment per 600 square feet is at about 800 feet. For
160 Ibs of explosive (sandbagged test), the fragment density of less than one fragment per 600 square
feet is at about 600 fect. On the other hand, the fragment density of less than one fragment per 600
foot, for 75 1bs of explosive, is between 700 to 800 feet.

Comparison of sandbagged and unsandbagged test data clearly shows that sandbagging the containers
does decrease the fragment density at larger distances. It also suggests that more tests may be needed,
for explosive weights between 75 and 500 Ibs and for explosive weights more than 500 Ibs. The test
data approximately supports the existing explosive weight and distance curve.

INTRODUCTION

A large quantity of different types of munitions are stored in a Conex container. Small caliber
ammunition, fragmentation grenades, smoke grenades, signal flares, M42 submunitions, mines, file
’ destroycr, and rockets are stored in the containers. Table I shows a tvpical basic load of ammunition
stored in a containcr. The study had three obj