NAWCWD TM 8742

Combustion of Hazard Division 1.3 M1 Gun Propellant
in a Reinforced Concrete Structure

by
Aubrey Farmer and Kevin P. Ford
Energetics Research Division
Weapons and Energetics Department
Naval Air Warfare Center Weapons Division
China Lake, CA 93555

Josephine Covino
Policy Development Division
Department of Defense Explosives Safety Board
Alexandria, VA 22350-3606

Thomas L. Boggs
New Directions Technology, Inc.
Ridgecrest, CA 93555
Alice I. Atwood

Engility Corporation
Ridgecrest, CA 93555

AUGUST 2015

DISTRIBUTION STATEMENT A. Approved for public release.

NAVAL AIR WARFARE CENTER WEAPONS DIVISION
China Lake, CA 93555-6100



FOREWORD

This document presents the results of four tests conducted to address needs presented
in the document, Realistic Safe-Separation Distance Determination for Mass Fire
Hazards (Reference 1-3). Reference I-3 presented results of an extensive literature
review of accidents and incidents involving munitions. One of the major conclusions of
the review is that the initial major reaction in over 80% of the accidents was fire.

Another major conclusion within the report is that the current weight-based approach
for determining safe-separation distances for Hazard Division (HD)1.3 presented in the
Department of Defense Manual (DODM), Ammunition and Explosives Safety Standards
(Reference 1-1) is inadequate for addressing the hazards from mass fire reactions of these
materials. One of the major deficiencies is that burning energetic materials within robust
structures such as reinforced concrete magazines can cause choked flow that, in turn,
causes rapid pressure rise within the structure. This pressure can cause rupture of the
structure within seconds after ignition of the energetic material with associated projection
of structural debris to distances well in excess of the safe-separation distances (e.g.,
inhabited building distance [IBD]) called out in the standards mentioned above.
Unfortunately, there was very limited data available to determine whether choked flow
will occur and, if choked flow did occur, the likelihood and characterization of structure
rupture and structural debris projection.

Projection of structural debris is not the only hazard associated with mass fire of
HD1.3 materials. Because the rupture of the structure and projection of structural debris
can occur very early in the burn before much of the energetic material has been reacted,
the subsequent combustion of the remaining energetic material produces a large fireball
that presents additional hazards. Fatalities can occur due to direct contact with the
fireball as well as from radiation from the fireball if there is sufficient radiant heat flux
and exposure time. Again, there is limited data available to predict the hazards associated
with the fireball and determination of safe-separation distances.

The Department of Defense Explosives Safety Board (DDESB) recognized the need
to better understand the hazards from mass fire reactions and provided funding for the
highly instrumented tests, reduction and interpretation of the data, discussion of results,
and recommendations presented in this document.

J. DAVIS, Head
Energetics Research Division
13 August 2015

NAWCWD TM 8742, published by Code 4G0000D,
20 paper, 50 electronic media.
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CHAPTER I. AN OVERVIEW OF TESTS 1 THROUGH 4

INTRODUCTION

Significant work has been performed in the past 50 years to obtain quantity-distance
requirements for hazard division (HD)1.1 materials. This work has provided the current
weight-based siting criteria, where the distance (d) is equal to the safety weighted
factor (k) times the cube root of the explosive weight (d=kW®). The k values are
typically generated by detonating various quantities of HD1.1 explosive donor to
determine the effects generated by the donor and the acceptable levels of hazard posed to
various acceptors based on their respective reaction to the donor’s effects. The
Department of Defense Manual (DODM) 6055.09-M defines the siting criteria
(Reference I-1).

Current siting methodologies for energetic items other than HD1.1 may not be
adequate. There is a push to produce safer munitions with hazard classifications of less
than HD1.1. Traditionally, HD1.1 materials are shock sensitive versus the thermally
sensitive HD1.3 and HD1.4 materials (Reference 1-2). Reference I-3 includes a section
that discusses why current weight-based siting methods are inadequate for determining
safe-separation distances from mass fire HD1.3, followed by sections advocating
determination of safe-separation distances based on human response to mass fire.

This document describes the results of four tests involving the combustion of
M1 gun propellant, an HD1.3 material, burning in a reinforced concrete structure. The
first test was a scoping test to check out the test plan, the ignition system, and the
instrumentation. This test and the subsequent tests are described in Chapters Il through V
of this document. Chapter VI presents an overview of the modeling that supported
this effort.

This work was performed to address needs identified in a previous project funded by
the Department of Defense Explosives Safety Board (DDESB) and presented in the
document Realistic Safe-Separation Distance Determination for Mass Fire Hazards
(Reference 1-3). Reference I-3 includes results of an extensive literature review of
accidents and incidents involving munitions. One of the major conclusions of the review
was that the first major reaction in over 80% of the accidents was fire. These fires may
then be followed by an explosion or a detonation. This explosion/detonation reaction
may have been caused by the confinement of the energetic and the pressure increase as a
result of the burning energetic.

Reference 1-3 also presented outcomes that showed that combustion of munitions
and energetic materials such as bulk propellant burning in a robust structure
(i.e., reinforced concrete magazines) producing a rapid pressure increase in the magazine
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can produce hazardous effects other than thermal hazards. The result of this bulk
propellant burn was a rupture of the structure and projection of debris significant
distances beyond the original structure (Reference I-4 and 1-5). The rupture occurred
seconds after the ignition of the material. Unfortunately, there was very limited data to
use for the prediction of the likelihood and characterization of structure rupture and
structural debris projection. The overall objectives of this effort are as follows:

(1) Understand safe-separation criteria as pertaining to HD1.3 munitions

a. Quantify how increased loading density (the weight of energetic material in
the structure divided by the volume of the structure) of ammunition and
explosives results in changes to structural response (low pressure resulting
in no damage to the structure versus rapid pressurization within the structure
resulting in rupture of the structure with projection of structural debris
(fragmentation patterns/distances)).

b. Quantify fireball dimensions and the distance of propellant ejection from
the structure.

Quantify the pressure rupture of the structure when choked flow occurs.

d. Determine the influence of structural design and venting on HDL1.3
munitions (frangible doors, vents, etc.).

(2) Develop a better understanding of rupture of structure and propagation of
structural debris due to rapid pressurization within the structure versus
detonation type reactions for the purpose of improving quantity-distance criteria
for HD1.3 materials.

(3) Compare/validate predictions of the structure pressurization, fragmentation, and
fragment throw distance from current models.

BACKGROUND

Three main test programs have been performed looking at the hazards of HD1.3
items burning in structures. These studies were performed by W.R. Herrera, et al.
(Reference 1-6); C.E.Joachim (Reference 1-4); and L. Allain (Reference 1-5). The
Herrera tests were performed with gun powder in an igloo structure at low loading
densities and with a large vent area to allow for venting of the combustion gases so that
pressure did not build up in the structure (referred to here as unchoked). The structure
was used over and over again since it did not fail. Joachim’s test series used M1 gun
propellant with higher loading densities than Herrera. The vent size was held constant
with an opening 35.6 cm in diameter. The flow was unchoked in the first three tests
(loading densities below 0.02 g/cm®), and the pressure inside the structure was low.
The final test with a loading density of 0.05 g/cm?allowed pressure to rapidly increase in
the structure causing structural failure in 5.3 seconds after ignition (referred to here as
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choked). Allain’s studies were with 1/3-scale earth covered magazines with a propellant
having a composition very similar to M1. The importance of confinement was shown in
this series with two of the structures lifting off the ground allowing combustion gas to
exit. One of the structures lifted approximately 1 meter off of the ground. The entire
structure was secured to the ground in subsequent tests, and the structure ruptured in
Tests 3 and 4. Test 4 was conducted using a steel lined concrete structure. The structure
ruptured 1 second after propellant ignition and produced 5 main concrete and 5 main steel
fragments with the roof and each wall relatively intact. The farthest fragments were
found approximately 24 meters from the structure. The maximum pressure in the
structure prior to failure was measured as less than 1 MPa (145 psi).

Propellant was ejected from the structure and burned outside the structure in the
unchoked flow condition. A large fireball occurred when the structure ruptured in the
choked flow condition. The thermal-flux level and its duration are important and must be
considered when determining the thermal hazard in both unchoked and choked
flow conditions.

The pressurization of a structure is a competition between the pressurization
produced from reacting the solid energetic material to product gases and the release of
pressure by gases leaving the structure through venting. The pressurization due to
reaction from solid energetic material to product gases is dependent on the density of the
solid, the surface regression rate of the solid (often called the linear burning rate), the
burning surface area, and the thermochemistry of the reaction. Because gun propellants
have high surface area available for combustion, they produce rapid pressurization.
Choked flow occurs when the pressure inside a vessel or structure is about twice that of
the pressure outside the structure. Once the flow is choked, pressure inside the structure
can increase quite rapidly as the energetic material burns inside the structure.

A term often used in describing venting is vent area ratio. This non-dimensional
quantity is simply the vent area divided by the chamber volume to the 2/3 power.
Another term often used is the loading density of energetic material defined earlier as the
weight of energetic material divided by the volume of the structure. A high vent area
ratio and a relatively low loading density are needed for a structure to survive.
Reference 1-3 presented a plot of these quantities for several tests described in the
literature with some of the tests having choked flow, resulting in rupture of the structure
and several where the structure survived due to unchoked flow. The plot from
Reference 1-3 is reproduced below in Figure I-1.
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FIGURE I-1. Plot of Loading Density Versus Area Ratio for Tests
(Reproduced from Reference 1-3).

The tests at loading density of 0.02 g/cm® or less (Joachim Test 3, and all of the tests
to the left, including all of the tests performed by Herrera et al. [Reference 1-6] and
Joachim Tests 1 through 3 [Reference I-4]) had unchoked flow, and the structures were
undamaged and used again. In contrast, the tests with loading density 0.05 g/cm® and
higher (Joachim Test4 and Allain [Reference I-5]) were all choked flow, and the
structure was destroyed. Note should be taken that Allain Tests 1 and 2 were not secured
to the ground; when the gun propellant was ignited, pressure built up very rapidly causing
the structures to rise up off the ground and allowing combustion products to vent
relieving internal pressure. Allain Tests 1 and 2 were omitted from the plot due to the
unknown vent area ratio.

Addressing the question of unchoked flow (no rupture) or choked flow (rupture with
projection of structural debris) is only a partial consideration of the hazards associated
with HD1.3 energetic materials. The hazards from the plume exiting the structure for
unchoked flow, and the fireball following rupture of the structure for choked flow, still
need to be addressed. If a person is directly in the plume or fireball, they will quickly
become a fatality due to the high temperatures and often toxic vapors. Even if a person is
not directly in the plume or fireball, the radiation hazard in terms of heat flux and
exposure time may still result in fatalities. DODM 6055.09 (Reference I-1) has recently



NAWCWD TM 8742

been modified to include prevention of second-degree burns using exposure times less
than the time given by the following equation:

t=200q™"*

where
q = heat flux, kW/m?
t = exposure time, seconds

For example, a flux of 10 kW/m? will result in second-degree burns at 6.9 seconds
exposure time, while a heat flux of 15 kW/m? will cause second-degree burns at
3.8 seconds exposure time. A flux of 5 kW/m? gives 19.1 seconds before the onset of
second-degree burns, giving a modest amount of time to recognize the threat and take
evasive action. The petroleum industry uses a criterion of 5 kW/m? at the boundary fence
as one of their safety criterion for fire in refineries (Reference 1-7). Fortunately, the heat
flux diminishes roughly as 1/d? with d being the distance from the plume or fireball.

Models were designed or modified using current software to determine if a
predictive capability existed for understanding the thermal behavior of the propellant and
effects of internal pressurization on the structure and its mode of failure. High fidelity
physic-based analysis software was used to explore both the propellant behavior and the
structural behavior. These models were then used to predict the response of the structure
for current tests and future testing. Current siting tools found in TP-14 and DOD 6055.09
were also used to compare the current siting criteria to the fragment pattern found in
Tests 2 and 4. Fast running models were run to determine if they could be used to
improve the siting criteria, to determine debris throw, and thermal hazards for
HD1.3 materials.

TEST PLAN

Four tests were performed in this study to assess how loading density and influence
of venting impact the hazards associated with burning HD1.3 materials inside a
reinforced concrete test structure. The HD1.3 category is very broad (Reference 1-8). An
HD1.3 gun propellant was used in this study since gun propellant has significant surface
area and leads to rapid pressurization of the structure, potentially causing a “worst case”
structural breakup without items going propulsive. The gun propellant M1 was chosen to
allow comparisons between this study and previous studies. It is recognized, however,
that this test would not be a “worst case” scenario due to the low potential energy of M1
compared to other gun propellants. The M1 gun propellant was easily accessible from
the demilitarization account in the quantities required for this test series. The test
conditions of this study were selected based on the data of Joachim and Allain
(Figure 1-1) and their use of M1 gun propellant or a similar formulation.
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All four tests used a Kasun-type structure. The Kasun structure was used in a series
of experiments in Sweden where different loading densities and cased/uncased munitions
of HD1.1 were tested (Reference 1-9). The goal of using the same structure was to
compare the response of the HD1.1 reaction at varying loading densities to the HD1.3
tests. The idea was to compare the fragmentation and distance of fragment throw
between the two test series. These tests would also provide the opportunity to assess the
limitations of the current HD1.3 siting methodology.

SAMPLE

M1 gun propellant was the energetic material used in Tests 1 through 4. The
propellant samples were obtained from Hawthorne, Nevada, from the demilitarization
account. The composition of M1 propellant is given in Table I-1.

TABLE I-1. Composition of M1 Propellant.

Ingredient Weight %
Nitrocellulose 85.00 = 2.00
Dinitrotoluene (DNT) 10.00 £ 2.00
Dibutylphthalate (DBT) | 5.00 = 1.00
Diphenylamine (DPA) | 1.00+0.10
Lead carbonate 1.00 +£0.20
Potassium sulfate 1.00 +0.30

M1 propellant comes in many configurations. The configuration used in Tests 1
and 2 was small cylinders of propellant having a single perforation in the center (1P).
The nominal dimensions were a 1.22-mm outer diameter, a 5.03-mm length, and a
0.514-m perforation diameter (Figures 1-2 and I-3).
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FIGURE I-2. End View of M1 Gun Propellant
Grains Used mn Tests 1 and 2.

FIGURE I-3. Side View of Propellant M1 Gun Propellant Grains.

Tests 3 and 4 used larger propellant grains with seven small perforations in each
grain (7P). The nominal dimensions were a 4.77-mm outer diameter, a 10.765-mm
length, and 0.451-mm perforation diameters (Figure I-4).

Combustion of the smaller geometry grain produces a higher pressurization rate than
the larger 7P grain, as illustrated in the pressurization rate (dp/dt) versus time plot in
Figure I-5 for the two propellant geometries from closed bomb firings at equivalent
loading density (mass burned per unit volume). This difference in burning characteristic
was reflected in the time to reaction and internal pressurization of the burmming in
the structure for Tests 2 and 4.
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FIGURE I-5. Pressurization Rate Versus Time for Two M1 Propellant Geometries.

Fiber drums (19.5 inches in diameter and 26.5 inches high with lid) containing the
M1 propellant were placed in the test structure (Figure I-6). The loading density of the
propellant in the structure, total weight, and number of barrels used in each of the tests is
given in Table I-2. The number of barrels was consistent between the unchoked tests
(Tests 1 and 3) and the choked tests (Tests 2 and 4); however, the amount of material in
each barrel and the height of the propellant in the barrel varied from test to test.
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Point-source igniters were placed in each of the drums of gun propellant. The drums
were simultaneously ignited with an electric match firing into 0.25 pound of smokeless
powder as ignition aid.

FIGURE I-6. Three Drums of M1 Propellant
Placed Within the Structure for Test 1.
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TABLE I-2. M1 Propellant Loading.

Test # | Grain Type | Weight, kg (Ibs) | Loading Density, kg/m® | Drums
1 1P 135 (296) 16.78 3
2 1P 535 (1,176) 66.68 8
3 7P 120 (264) 15.00 3
4 7P 503 (1,108) 62.88 8

The authors used a numerical model, NWCDDT, developed previously at China
Lake, to evaluate the likelihood of a DDT (References VI-10 and VI-11). The
NAWCWD Combustion Sciences Branch personnel used the model to simulate the
combustion of a tube packed with M1 in a one-dimensional manner, with a two-
dimensional treatment of the tube and its failure. All calculations performed with the
NWCDDT model resulted in non-DDT events. The model validates the assumption that
M1 propellant will not undergo a DDT event in the test configurations.

TEST STRUCTURE

The test firings were made with a structure similar to the Kasun structure of
Reference 1-8. The Kasun structure documentation for the Swedish test series provided
dimensions of the structure, type of rebar, and concrete strength. Full drawings were
constructed based on their description. The drawings were sent to the contractor for
construction and can be found in Appendix I-A. The test structure was built of reinforced
concrete having inside dimensions of 2 m by 2 m by 2 m and an internal volume of 8 m®.
The walls were 15.2 cm (6 inches) thick. The concrete mix ratios and strength data for
the test structures are given in Appendix I-B. The test structure is shown in Figure I-7.
The outside of the structure was painted with a grid pattern using white and black paint to
provide a measure of deformation of the structure should failure occur. The structure
contained two small openings to allow for pass through of the internal instrumentation
lines and firing line. These openings were sealed with Great Stuff™ Fireblock Insulating
Foam Sealant prior to test initiation.

1-10
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FIGURE I-7. Test Structure With Plate Having a
79-cm Orifice Bolted Into Place.

The concrete in the walls and ceiling of the structure were color coded as follows:
the ceiling (black), the back south-facing wall (red), the east-facing wall (yellow), the
north-facing wall (gray), and the west-facing wall (green) to help determine the source of
the fragments. Figure I-8 shows a photograph of the color-coded concrete walls. The
floor was also gray, as it was assumed that it would not fragment.

1-11
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FIGURE I-8. Color Coded Concrete Walls.
Black = roof, red = south wall,
yellow = east wall, and green = west wall.

The north wall had a 0.91-m by 1.52-m (3- by 5-foot) door opening. The door frame
was a U-shape of quarter-inch-thick steel into which the concrete of the north walls was
cast and had sixteen 1.5-inch-diameter (3.8-cm) grade-5 bolts through the frame
(structural drawings included in Appendix I-A). Note should be taken that the door
frame was only connected to the rebar at the top and bottom of the structure as will be
seen in the post-test photos of Tests 2 and 4. A 1.5-inch-thick (3.8-cm) steel plate with
an orifice was placed over the bolts as a closure. The closure was secured with hardened,
high-strength washers and grade-5 nuts (Figure I-7).

The orifice in the closure plates was varied with Tests1 and 3 having a
79-cm-diameter orifice (31.1inch), and Tests 2 and 4 a 39-cm-diameter (15.4 inch)
orifice. The larger orifice for Tests 1 and 3 was chosen to ensure that the flow from the
chamber would be unchoked, and that there would be minimal pressure rise inside the
chamber, representing a well-ventilated structure. The smaller diameter opening for
Tests 2 and 4 was chosen, because it resulted in choked flow as might be seen in a rigid
structure with minimal venting. The choked flow condition caused pressure to rise inside
the structure to multiple atmospheres, resulting in a pressure rupture of the structure. The
test structures did not fail in Tests1 and 3 allowing for reuse in Tests2 and 4,
respectively.
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Tests 1 through 4 were performed at the Airport Lake (dry lake bed) test site of
Naval Air Warfare Center Weapons Division (NAWCWD), China Lake, California. The
test structure was placed with the closure plate facing the north direction. The structure
sat on a wooden platform.

INSTRUMENTATION

A mixture of real time, high-speed, and infrared (IR) video along with temperature,
heat flux, pressure measurements, Doppler radar, break wire, and fragmentation
collection was used in Tests 1 through 4 to understand the hazards associated with
thermal events and to provide data that could be used by the modelers to validate their
model. Multiple forms of instrumentation were used to improve the fidelity of the data
captured during the test. High-speed video and real-time video were employed in an
effort to quantify the response of the propellant as it burned in the structure and overall
environment. Likewise, the authors used the infrared video, temperature, and heat flux
measurements to quantify the temperature distribution inside and outside the structure.
Surveillance cameras and break wires were used in the structure to determine the flame
spread rate of the propellant and to assess how the fire might propagate inside the
structure. Doppler radar and high-speed video were employed to determine the velocity
of the fragments/plume as a result of the propellant burning in the structure. A
360 degree fragmentation map noting color, size, and location for each fragment from the
structure was generated following the failure of the structure.

Multiple data collection systems were used in this test series. The surveillance
cameras were recorded on DVD recorders that were located approximately 100 feet from
the structure in a metal berm to protect them from fragmentation. The video camera
feeds were recorded at the Range Control Center. High-speed video, IR video, and
Doppler radar were recorded locally on laptops after the test. The acquisition rates of the
high-speed video and IR data were varied depending on the test. Three data collection
systems were used to record the break wire, pressure, thermocouple, and heat flux data in
this test series. The data collection systems were located 1,000 feet from the structure.
As a result of the distance from the instrumentation, thermocouple amplifiers were used
to convert the millivolt signal to volt so that the temperature and heat flux values could be
recorded. Two Nicolet Vision data acquisition systems were used to collect the heat flux
data. The Vision systems recorded at a rate of 1,000 samples per second. The HBM
Liberty data acquisition system recorded the pressure, temperature, break wire, and
remaining heat flux data. Data collection on the Liberty was varied based on whether the
test was choked (20,000 samples per second) or unchoked flow (1 or 1,000 samples per
second). The video and Doppler radar were triggered off the fire pulse used to initiate the
M1 gun propellant. The Vision and Liberty systems used a pickle switch that was
pressed once the fire command was provided. Inter-range instrumentation group time
codes (IRIG) were used to synchronize the time for the various instrumentation suites
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that were used during the test. There is some variability in the time data, since not
everything was triggered on a single pulse.

Six piezoelectric pressure gages manufactured by Kulite were mounted inside the
structure. Five of the pressure gages were mounted into an electrical box, as seen in
Figure I-9, which was insulted to delay/prevent the thermal drift that would occur due to
the propellant burning. During the first two tests, the pressure gages were mounted into
the front plate. However, the gages melted in this position. In the final two tests, the
gages were mounted mto the side of the electrical box so that the transverse wave as it
passed by the electrical box was measured. The five pressure gages were located in the
center of the roof, floor, south, west, and east walls inside the structure to measure the
pressure generated during the event. A sixth “stunt” gage was placed next to the pressure
gage 1 an electrical box on the south wall in the structure to examine the drift occurring
due to the thermal effects inside the structure. The pressure gages were employed not
only to assess the pressure inside the structure but also to determine if the pressure
generated inside the structure was uniform or if a particular wall saw an increased
loading, thus causing a specific area to fail sooner. Use of the pressure-time histories
collected from Tests 2 and 4 helped determine the type and magnitude of the loads
applied to the walls of the structure in the models.

’

il g’ -,

FIGURE I-9. Pressure Gage Mounted Inside Structure.

Twenty type-K thermocouples were placed throughout the interior of the structure
to measure the temperature variation. Type-K thermocouples were used due to the large
temperature variation that was expected during the experiment. Two types of
thermocouples were used: beaded wire and probe (stick) thermocouples (Figure I-10).
The differences between the two are minimal. The probe thermocouples contain a thin
inconel sheath around the welded tip; the beaded thermocouple is just the welded tip
without any covering (sheathing). The beaded wire thermocouples were used where
surface temperatures were required, and stick thermocouples were used where
air/open-flame temperatures were needed. A thermal probe was placed in each comer of
the structure and in the center of the north wall near the roof and the floor.
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Four thermocouples were positioned on the west wall to determine the temperature
profile of the wall as well as to determine if the temperature may change the response of
the concrete. The roof, floor, and south wall’s pressure-gage boxes had thermocouples
attached to the outside of the box to determine the temperatures that the pressure gages
were exposed to. Three thermocouples were also located in the center of the structure
attached to the fiber board drums in which the propellant was stored.

Probe
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FIGURE I-10. Thermocouple Schematic (Beaded Wire
and Probe) (Reference I-10).

Two Directional Flame Thermometers (DFT), manufactured by KTEC, were placed
on the east and west walls as close to the center of the wall as possible to measure the
thermal flux of the propellant fire inside the structure. Four types of heat flux gages were
considered, the Gardon gage, Schmidt-Boelter gage, plate thermometer, and DFT. The
DFT gage was employed due to the ability to provide a total heat flux measurement. This
gage did not require water cooling, was of robust design, and was available for testing.
However, the DFT design was recognized to have a slower response rate compared to the
Gardon gage or Schmidt-Boelter gage. The DFT consists of two inconel plates with
ceramic fiber insulation placed in between the plates. A thermocouple is welded to the
back of each inconel plate as seen in Figure I-11. The temperature histories from the
thermocouples allow for the calculation of heat flux (Reference I-11).
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FIGURE I-11. DFT Schematic (Reference I-11).

Typical inside structure instrumentation placement is shown in Figure 1-12. Gage
identification numbers, pressure ranges, and their exact location in the structure can be
found in the individual test chapters. Two overview surveillance cameras used for Test 1
were placed in the corners of the west wall positioned so that they would record the
ignition and the burning of the propellant. In Test 2, one camera was placed on the floor
in the northwest corner and then abandoned in the remaining tests since they were
ineffective. Figure 1-13 shows how the surveillance camera was protected from the heat.
Break-wire was positioned at the bottom of two of the propellant barrels to obtain a mass
regression rate of the propellant burning.
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FIGURE I-12. Schematic of the Inside Structure Instrumentation.

FIGURE I-13. Surveillance Camera From Test 2.
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The outside instrumentation consisted of DFTs, pressure gages, IR video, high-speed
motion picture cameras, regular video, and Doppler radar. A schematic of the outside
instrumentation is given in Figures 1-14 and 1-15. The designation PO refers to outside
pressure transducers, and the DFT designation refers to the directional
flame thermometers. Exact gage locations for Tests 1 through 4 can be found in
Appendix I-C.

Eleven pressure gages were located outside the structure to determine if a detonation
or an explosion occurred. Three gages were positioned at about 30, 60, and 164 feet on
the centerline located approximately 5 feet in the air. These pressure gages would be
exposed to a transverse wave, since they were positioned orthogonal to the structure. The
remaining 8 pressure gages were located either 50 or 82 feet away from the centerline at
15 and 30 feet from the front of the structure. These pressure gages were pointed at
the structure to measure the incident pressure wave.

Fifteen heat flux gages were used to quantify the size and lethal radius, as well as to
validate the thermal model prediction of the plume. Heat flux gages were nominally
placed at 15, 30, 60, 164, and 325 feet on the centerline; at the 50 and 82 feet locations on
either side of the 15- and 30-feet center locations; and 50 feet on either side of the 60-feet
center location. These gages were pointed to the door of the structure. It was expected
that DFT 13 would see the greatest heat flux, since this gage would be most likely in the
plume that was generated by the propellant burning.

FIGURE I-14. Schematic of External Instrumentation Consisting
of Pressure Transducers and Heat Flux Gages.
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Camera locations are shown in Figure I-15 and were used to quantify the reaction of
the structure, plume size, temperature and formation, and overall velocity of fragments if
the structure fragmented. Two video cameras were used in the test series. One was used
as an overall video of the test and also acted as a safety camera during testing and was
positioned to look at the south wall. The second camera was used to provide an overview
of the structure to document the plume formation and the response of the structure. The
second video camera was located next to the high-speed camera located at 1,000 feet
from the structure on the east side. Two IR cameras were used to document the
size/temperatures of the plume. They were located orthogonal to each other with one
facing the door while the other one had a field of view of the entire structure and as wide
as possible in front of the door. Ultimately, these cameras were not calibrated properly
and could not accurately measure temperatures seen in the test series. Four high-speed
cameras viewed each corner of the structure for Test 1, but were relocated to
orthogonally view the four walls for the remaining tests to better view the plume and
fireball formation. High-speed video viewed the door area, overall structure, and
locations to assess velocity of fragments as the structure came apart. Four poles were
used as fiducials as shown in Figure I-16 to assist in the quantification of the velocity of
the fragments. The velocity of the fragments can be determined by manually post
processing the high-speed video to track the fragments. Currently, this process cannot be
automated successfully so it requires a significant amount of time to do. All of the
cameras were located at a distance of 1.000 feet from the test structure.

High Speed Camers, Tests 2-4
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FIGURE I-15. Camera Locations for Tests 1 Through 4.
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FIGURE I-16. Exterior of Kasun Structure.

Digital, still photographs were made to record the pretest setup and post-test
remains. An overall picture of ground zero and the surrounding location was taken for
each test. Photographs were taken of test item remains, debris, and cratering
(if applicable) in such a way as to allow determination of size (e.g., use of a scale or rule).

Doppler radar was used to evaluate plume and fragment velocity. Doppler radar was
being used in an attempt to reduce the amount of post processing required to determine
fragment velocity from the high-speed cameras. The Doppler radar has the capability to
track multiple fragments going away or at the radar. This would allow a quicker
determination of fragment velocity. The Doppler radar was located approximately
1,080 m from the structure at an angle so that the entire structure and plume was visible.
The Doppler data was moderately successful in that it was able to track the plume and
provided a plume velocity; however, the fragmentation aspect was not as successful,
since it appeared to the radar that the fragments went up and not toward or away from the
radar in Test 2 and only tracked the fastest fragment in Test 4. Other Doppler radars exist
that might be more appropriate for this application.

Fragment mapping was performed in Tests 2 and 4 where structure failure occurred.
The source of the recovered debris was identified and associated with a component of the
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structure during the cataloging process. The area around the burned out structure,
beginning at 15 feet from its center was completely searched for debris. The following
data were taken for each piece of debris weighing more than 5 g:

e Unique fragment identification number

e GPS coordinates where the debris piece was found

e Weight as determined using a platform balance

e Color of the concrete indicating where the debris originated (roof or which wall)

e Photo number (if a photograph was taken)

e Additional comment, such as “rebar”

These data were entered into a spreadsheet database. The GPS coordinates and

concrete color data were used to plot fragment maps. The fragment map for Test 4 is
presented in Figure 1-17 as an illustration and will be discussed later.
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FIGURE I-17. Fragment Map of Test 4.
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SYNOPSIS OF MAJOR TEST RESULTS

A brief discussion of the results from Tests 1 through 4 is presented in this synopsis.
The detailed data from the four tests are presented in the Chapters Il through V, one
chapter for each test. Chapter VI provides an overview of the modeling effort.

Two general outcomes were observed in Tests 1 through 4:

e Regarding the unchoked flow condition (Tests 1 and 3), the structure remained
intact, with a luminous plume exiting the structure.

e Regarding the choked flow condition (Tests 2 and 4), the structure ruptured
resulting in structural debris, some of it being very large fragments weighing a
kilogram or more, being projected a large distance.

The resulting loading densities and vent area ratios for the four tests are shown in

Figure 1-18 with the tests discussed in this report indicated in blue (choked or unchoked
China Lake tests).

FIGURE I-18. Loading Densities and Vent Area Ratios
With China Lake Tests 1 Through 4 Added.
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Tests 1 and 3, with the 79-cm diameter vent, developed very little pressure
increase (~1 psi pressure increase) inside the structure due to combustion of the M1 gun
propellant resulting in unchoked flow. Chapters Il and IV discuss the details of Tests 1
and 3, respectively.

The high-speed videos for Tests 1 and 2 provided a field of view about 10 to 12 feet
on either side of the structure and about 12 feet above the structure. Unfortunately, the
plume length of Test 1 exceeded the field of view for a significant portion of the run time,
and the fireball, when the structure ruptured in Test 2, also exceeded the field of view.
Adjusting the optics in Tests 3 and 4 provided a wider field of view. Still photos from
the high-speed videos are presented in Figures 11-12 to 11-14 for Test 1; Figures 111-16 to
111-20 for Test 2; Figures IV-17 to 1V-19 for Test 3; and Figures V-15 to V-24 for Test 4.
Table 1-3 provides a brief summary of some of the times after ignition and the
corresponding plume length and/or fireball dimensions. Figure 1-19 illustrates the plume
for unchoked flow. The flow for Tests 1 and 3 was unchoked for the entire test with a
luminous white plume, and in the first few seconds of Tests 2 and 4 before the structure
failed. Figure I-20 illustrates the fireball typical of tests after the structure ruptured.

TABLE I-3. Summary of Fireball and Plume Data.

Test Time After Ignition, Plume Length, Diametet,"eball_ength,
seconds feet f
eet feet
1 1.25 14
8.6 >30
26.8 9
2 1.5 >15
~2 14 >15*
3 ~25 >15*
5 >* 30**
17 ~7 10-15**
3 2 75
6 35 white, 49 total
13 ~8
4 2 30
4 25 60**
5 38 >90**
7 30 >90**
13 30 90**
14 10 45**
20 3 ~6**

* exceeded field of view
** plume rising in elevation with distance from structure
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FIGURE I-19. Still Picture Taken From Video of
Test 3 at 6 Seconds After Ignition.

FIGURE 1-20. Still Picture From Video Taken of Test 4 at 5 Seconds
After Ignition (After Rupture of the Structure).
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The fireball in Tests 2 and 4 extended upward following rupture when the structure
rocked backward, as opposed to the plumes of Tests 1 and 3 that were horizontal across
the ground. This is important because the fireballs were above the DFTs, higher with
increased distance from the original structure (again, seen in the above figures and in
those of the accompanying chapters); therefore, the plume length and heat flux produced
could not be measured from Tests 2 and 4.

Surface plots of the external heat fluxes for Tests 3 and 4 are seen in Figure 1-21a-b.
These surface plots have been generated using the peak flux measurements at each gage
location. The flux measurement has been replaced with calculated exposure required to
sustain second degree burns. Exposure times calculated beyond the IBD range from
19 seconds (at 300 feet from the structure) to 1.3 seconds or less. The petroleum industry
uses a criterion of 5 kW/m? at the boundary fence as one of their safety criterion for fire
in refineries (Reference 1-7). This gives a person exposed 19.1 seconds to recognize the
threat and take evasive action. Using the 5 kW/m? criteria the safe distance for these
events would have to exceed 300 feet, using the flux measurements from Test 3.

A search of the literature for M1 heat flux data was performed in order to compare
the heat fluxes measured in this program to those previously measured. Heat fluxes
ranged from 0.084 to 243 kW/m* depending on the location that the heat flux was
measured and the amount of material burned. Heat fluxes reported for the M1-type gun
propellant can be found in Appendix I-D. Chapters Il through V show that heat fluxes
measured from Tests 2 through 4 range from 2.28 to 15,027.93 kW/m?. Overall, the data
from the tests compare with the literature values. The highest flux values are found
inside the plume and close to the structure.

Tests 2 and 4 with the 39-cm-diameter (15.4-inch) vent, resulted in choked flow
producing a pressure increase inside the structure that caused rupture and projection of
structural debris, much of it very large fragments (greater than 1 kg). Many of these large
fragments were thrown several hundred feet from the original structure. The structure in
Test 2 ruptured at 1.4 seconds after the ignition pulse to the gun propellant when the
pressure in the interior of the structure reached approximately 47 psi. The structure in
Test 4 ruptured at about 2.3 seconds after ignition pulse to the gun propellant when the
internal pressure reached approximately 34.1 psi. The differences between the two tests
are attributed to the difference in propellant geometry and hence difference in mass
burning rate as discussed earlier.
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FIGURE I-21. Calculated Times for 2 Degree Burns Using Peak External Heat Flux.

The NAWCWD Combustion Science Branch used ANSYS Fluent Computational
Fluid Dynamics (CFD) models developed for Reference VI-6 and adapted them for the
Kasun structure using M1 gun propellant. The models calculated the internal
pressurization of the structure for Tests 2 and 4. The models also predicted the plume
extending out the front of the structure. In the models, the maximum temperature
calculated in the plume was slightly above 1500°C. This was consistent with temperature
above 1250°C being measured when the propellant burned in the test. The models also
calculated an internal pressure of 46.4 psi when attempting to predict Test 2 pressure
conditions. The calculated pressure compares to the 46.54 psi measured in Test 2.
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Chapters 111 and V describe the structural breakup with many still photos taken from
the high-speed videos for Tests 2 and 4, respectively. The structures ruptured quickly in
Tests 2 and 4, and at relatively low pressure. As a result, little of the gun propellant had
burned before the rupture. Most of the gun propellant burned after the structure rupture
producing very large fireballs. The hazards associated with the fireballs, as well as the
structural debris, must be considered in determining safe-separation distances associated
with mass fire of HD1.3 materials.

The Naval Facilities Engineering Command Engineering and Expeditionary Warfare
Center (NAVFAC EXWC) modeled the structural response of the Kasun structure in
LS-DYNA. The Kasun structure was modeled according to the drawings; deviation from
drawing design on how the door was tied in was made based on post-test pictures
following rupture of the structure from Tests 2 and 4. The pressure-time histories from
Tests 2 and 4 were used to apply the load to the walls of the structure. The models were
able to simulate many of the failure mechanisms observed in Test 2 but overpredicted the
damage to the structures. The simulations were unable to duplicate the damage level
observed in Test 4.

The fragment maps for Tests 2 and 4 are shown in Figures 1-22 and 1-23. A total of
2,609 fragments were collected in Test 2 and 3,042 fragments in Test 4. The fragment
maps for Tests 2 and 4 are interesting by themselves and in comparison to each other.
The fragment map for Test 2 shows that most of the fragments (black fragments) came
from the roof of the structure, with some coming from the back (south) wall (red) and
some from the front (north) wall (gray). Many of the fragments were found more than
100 feet from the original structure, and some were found over 250 feet from the
structure. Approximately 110 fragments were quite large weighing more than 1 kg. The
largest fragment for Test 2 was 8.4 kg. (Note: More detailed discussion of the Test 2
fragments is presented in Chapter 111.)

The fragment map for Test 4, shown in Figure 1-23, in contrast to that of Test 2,
shows fragments from the east wall (yellow), the south wall (red), the west wall (green),
and the front wall (gray). There were many fragments at distances greater than 100 feet
with some at distances greater than 250 feet as in Test 2. Some of the Test 4 fragments
were found at more than 450 feet (more than 135 m) from the center of the structure.
There were many large fragments greater than 1 kg found, as in Test 2, with the largest
fragment weighing 11.55 kg (Note: A more detailed discussion of the fragments from
Test 4 is contained in Chapter V).
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FIGURE I-22. Fragment Map From Test 2 Conducted on 15 December 2012.
The fragment map shows that most of the fragments were
from the roof (black concrete).
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FIGURE I-23. Fragment Map of Test 4.
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The fragment maps of Tests 2 and 4 are compared to the quantity-distance hazard
arcs, given in DODM-6055.09, Table V3.E3.T14 HD1.3 QD (Referencel-1) in
Figures 1-24 and 1-25, respectively. There were 1,176 pounds of M1 gun propellant in
Test 2 and in Test 4, there were 1,108 pounds of M1 gun-propellant loaded into the
structure. The geometry of the individual M1 grains was different in the two tests
resulting in different flame spread, ignition and pressurization as discussed earlier.
Table V3.E3.T14 of DODM 6055.09 lists the inhabited building distance (IBD) and
public traffic route distance (PTRD) for 1,500 pounds of HD1.3 material as 82 feet and
the inter-magazine distance (IMD) and the intraline distance (ILD) as 56 feet for the
1,500 pounds (Reference 1-1). The blue circle in each of Figures 1-24 and 1-25 indicates
the 82-foot radius IBD/PTRD from the center of the structure, while the green circle is
the 56-foot IMD/ILD radius for 1,500 pounds. Using the table found in Reference I-1,
Table V3.E3.T14 lists an 82 foot IBD/PTRD and a 56 foot IMD/ILD for 1,500 NEW.
All of the subsequent tests are below the 1,500 NEW benchmark. The tabulated IBD and
IMD are used in this document to demonstrate trends and to address general correlations
between tests. Reference II-1 also provides an equation for calculating IBD and IMD
(EQN V3.E3.T14-1). The equation is used in the following chapters to calculate the IBD
and IMD for each test.

The amount of M1 propellant burned in Tests 2 and 4 was less than 1,500 Ibs as
reported above, and Reference I-1 was used to calculate the IBD/PTRD at 76 and 75 for
Tests 2 and 4, respectively. An ILD/IMD of 50 feet for both tests was also calculated.
Obviously, many of the fragments in Figures 1-24 and 1-25 are well beyond the IBD and
IMD/ILD distances.

The fragmentation results (Tests 2 and 4) were compared to the results obtained by
using the DDESB approved siting tools (Explosive Safety Siting [ESS] and Safety
Assessment for Explosive Risk [SAFER]). APT Research also compared the HD1.3
testing to those of a similar structure with HD1.1 explosive. Tests 2 and 4 were modeled
strictly as HD1.3 events, HD1.1 events, and modified HD1.1 events based on TNT
equivalency.

When modeled as HD1.3 events, the inhabited building distance (IBD) and the
public traffic route distance (PTRD) was approximately 75 feet, which is the minimum
default IBD/PTRD for the models. The intermagazine distance (IMD) and intraline
distance (ILD) was calculated to be 50 feet for all four tests with a HD1.3 material using
the net explosive weight (NEW) from each test. Tests 2 and 4 produced fragments
beyond the distances approved for public building or highways (IBD/PTRD).
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ESS was also used to evaluate the IBD and IMD for Tests 2 and 4 based on HD1.1
material. The IBD and IMD for were calculated at 1,250 feet and 750 feet. The farthest
fragment measured from test 2 was 341 feet, and the farthest fragment measured from
Test 4 was 508 feet. This method of calculating IBD extends the hazard arc 2.5 times
farther than the farthest fragment measured. This method is grossly conservative.

The ESS model was then used to calculate the IBD and IMD using a modified
HD1.1 formula. The calculated IBD/PTRD was 395 feet, under the modified HD1.1
conditions. The IMD/ILD was calculated to be 176 feet. This method of calculating IBD
underestimates the hazard arc.

Tests 2 and 4 conditions were also applied to the SAFER model. In the risk based
approach, HD1.3 has primarily a thermal hazard. For conditions of Tests 2 and 4 with
HD1.3 in a concrete structure, the fireball radius was calculated to be 35.2 feet (Test 2)
and 34.6 feet (Test 4). These conditions used over 1,000 pounds of HD1.3 material. The
plume from Tests 1 and 3 (~300 Ibs NEW) extended beyond the 35 feet. SAFER was
also inadequate for predicating the pressure, impulse, and debris density for Tests 2 and
4. Details of the modeling effort can be found in Chapter V1.

DISCUSSION

Figures 1-24 and 1-25 illustrate that many fragments were projected well outside the
QD arcs given by Table V3.E3.T14 HD1.3 QD of DODM-6055.09 (Reference I-4). As
mentioned above, these fragments were often very large. The plots also show that many
of the areas had more than one lethal fragment per 600 square feet. Given this projection,
it is recommended that Section E of 6055.09 be rewritten to reflect these test data.

Figures 1-22 and 1-23, along with the pressure data from Tests 2 and 4, demonstrate
the influence of propellant mass regression rate on the response of the structure. The
slower pressurization of the structure found in Test 4 allowed more work to be done on
the structure even though the maximum recorded pressure in the structure was less than
the pressure recorded for Test 2. The faster burning material used in Test 2 produced
smaller fragments that were projected less distance compared to those produced in Test 4.

The heat flux data from Tests 1 through 4 of the China Lake tests, with the data
removed for sensors directly in the plume/fireball, agree well with the data of Hay and
Watson (Reference 1-12), as well as Allain, when compared to the flux values found in
Appendix I-D.

While the heat flux data are interesting, with fluxes in the tens and hundreds of

kW/m?, it must be remembered that all of the tests were relatively small-scale tests. Tests
should be conducted with larger scale structures with heat fluxes at various distances
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determined. This would be critical to determine safe-separation distances due to mass
fires, as fire does not scale (Reference I-13). For these events, the accepted exposure
limit of 5kW/m? is at or beyond 300 feet.

The vent area ratio-loading density plot of Figure I-1 is shown again for convenience
in Figure I-26 with two highlighted areas. The plot shows a highlighted area to left of the
plot with unchoked flow and no rupture of structure and no structural debris. The
highlighted area at the right of the plot shows the conditions resulting in rupture of the
structure and projection of debris. The figure also shows a gap in the data, roughly
between 0.02 g/cm’ and 0.05 g/cm’ loading density, where there is no data to define the
two regions. Obviously, more data are needed in order to positively define the two
regions. Given this reservation, if additional data continue to show the two discreet
areas, this type of plot might be used to predict how much gun propellant could be stored
in a magazine without causing choked flow and subsequent rupture of the magazine with
projection of debris if the contents of the magazine caught fire.
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|
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| CL Choked Allain 4
" loachim 4
Ly Joachim™
1] 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Loading Density, gfcc

FIGURE I-26. Vent Area Ratio and Loading
Densities of China Lake Tests 1 Through 4.

Take an example problem of how much M1 gun propellant could be stored in
various lengths of the Modular Storage Magazine (MSM). The MSM is 25 feet wide by
11 feet high by various lengths. The lengths are 20, 40, 60, and 80 feet long. We know
from Figure 1-26 that loading densities of M1 propellant of 0.02 g/cm’ or less would
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result in unchoked flow and no rupture of the magazine. We also know that a test with
0.05 g/cm® loading density of M1 did result in choked flow and rupture of the structure
and projection of structural debris. What we do not know is what happens between
loading densities of 0.02 and 0.05 g/cm®. Additional test data in that interval would be
most helpful but are not currently available. Table I-4 presents the various lengths of
MSM and how much M1 could be stored in the magazine and still have unchoked flow
(0.02 g/cm?® or less), and how much would result in choked flow and magazine rupture
(0.05 g/cm®).

Placement of 53,565 pounds or more of M1 in the 60-foot magazine in the MSM
example of Table I-4 (357 19-inch-diameter by 26-inch-tall barrels each holding
150 pounds of M1 gun propellant), would most likely result in choked flow with rupture
of the structure and projection of large debris fragments well beyond the 268 feet from
the Table V3.E3.T14 for IBD from 6055.09-M-V3 (See paragraph below for caveat).
Loading the structure with 21,426 pounds (only 143 19-inch-diameter by 26-inch-tall
barrels) would result in unchoked flow and no rupture of the structure.

TABLE I-4. Weights of M1 Gun Propellant That Can be Stored in Various
MSMs for Unchoked, Choked Flow.

Weight, pounds (to give indicated loading densities)

Lengthof | Volume, 3 3 0.05 g/cm*(3.11 Ib/ft?)
MSM, feet s O'Ofuﬂg:gkgﬁo'\%ﬁ ) (choked flow and
rupture)
20 5,720 9,142 17,855
40 11,440 14,284 35,710
60 17,160 21,426 53,565
80 22,880 28,568 71,420

The previous paragraphs did not discuss the contribution of vent area ratio (vent
area/volume?®). The vent areas, considering the two doors of the MSM, are 0.81 for
20-foot length, 0.51 for 40-foot length, 0.39 for 60-foot length, and 0.32 for 80-foot
length. The vent area ratio was not discussed, because there are no data for vent area
ratios that high in Figure 1-26. This is another area where additional data are required.

The test conditions for HD1.3 Tests 1 through 4 were applied to existing models to
evaluate the predictive capabilities for HD1.3 hazards. The NWCDDT model, ANSYS
Fluent Computational Fluid Dynamics (CFD), LS-DYNA, ESS, SAFER, and several fast
running models have been used to simulate the test conditions and results for this series
of tests.
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The NWCDDT model was used to determine the likelihood of a DDT event. The
model validated the theory that the M1 propellant would not DDT in the test
configurations of interest. The ANSYS Fluent CFD calculated thermal and pressure
profiles inside the structure for Tests 2 and 4. ANSYS Fluent CFD also predicted the
formation of the plume outside the structure for Tests 1 through 4.

LS-DYNA was used to model the structural response of the Kasun-like structure for
Tests 2 and 4. The pressure-time histories from the tests were used to apply the loads to
the walls of the structure. The models were able to simulate many of the failure
mechanisms observed in Test 2 but overpredicted the damage to the structures. The
simulations were unable to duplicate the damage level observed in Test 4.

ESS and SAFER were used to predict hazard siting for HD1.3 materials. These
predications were then compared to the test data to determine if the models were
applicable. Three methods were used in SAFER and ESS to predict hazard arcs; treating
the event as a HD1.3 event, treating the event as a HD1.1 event, and treating the event as
a modified HD1.1 event based on TNT equivalency. When the M1 was treated as a
HD1.3 material the ESS model calculated the IBD/PTRD distance was at 75 feet, which
is the minimum default IBD/PTRD for the models. The IMD/ILD was calculated to be
50 feet for all four tests with a HD1.3 material using the NEW from each test. Tests 2
and 4 produced a significant amount of fragments beyond the calculated IBD/PTRD
(75 feet). This method drastically underestimates the hazard arc for these events.

When the test configurations were modeled as HD1.1 event, or modified HD1.1
event based on TNT equivalency the IBD (Modified TNT:392 ft; HD1.1: 1,250 ft) and
ILD (Modified TNT:176 ft; HD1.1: 180 ft), distances are grossly conservative,
overproducing the response of the structure and the distance of projected fragments.

SAFER calculated the fireball radius to be 35.2 feet (Test 2) and 34.6 feet (Test 4).
These conditions used over 1,000 pounds of HD1.3 material. The plume from Tests 1
and 3 extended beyond the 35 feet (approximately 300 pounds NEW). SAFER also
attempted to predict the pressure, impulse, and debris density, but resulted in an
over prediction.

Fast running models were evaluated for predicative capabilities, but these models

produced results similar to the results discussed above. These fast running models show
potential but require further maturation prior to being used for HD1.3 predictions.
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SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This report presents the results of four tests with a HD1.3 material, M1 gun
propellant, in a 2 m by 2 m by 2 m reinforced concrete structure. The results of the four
tests show that for combustion of M1 propellant, under conditions that produce choked
flow of combustion products and the rapid increase in internal pressure within a structure,
can cause rupture of the structure in seconds after ignition and projects structural debris
significantly further than the 82-foot (25 m) IBD given in the quantity-distance tables of
Volume 3 of DODM 6055.09-M for 1,500 pounds (680.4 kg) of propellant. For example,
Test 4 had 1,108 pounds of multi-perforation M1 propellant in the structure and projected
structural debris up to approximately 460 feet from the center of the structure. Some of
the structural debris was quite large; for example, in Test 4 the largest debris fragment
was 11,5559 (25.48 pounds) and was projected 31.5m (103.3 feet) from center of
structure.  Over 3,000 fragments weighing more than 5g were collected, with
136 fragments over 1,000 g each and 552 fragment weighing 100 to 1,000 g.

While the propellant composition was the same in Tests 2 and 4, the geometry of the
grains was different. The propellant in Test 2 consisted of smaller sized grains with
single perforation versus the propellant in Test 4 with larger sized grains with seven
smaller diameter perforations. The propellant in Test 2 produced a faster combustion rate
and higher pressurization rate than did the propellant in Test 4 as shown in Figure I-5.
However, the structure used for Test 2 ruptured 1.4 seconds after ignition and at 47 psi.
The structure used in Test 4 ruptured 2.3 seconds after ignition and at 34 psi. Test4
produced larger sized structural debris and projected it further.

If the flow is unchoked flow, the pressure in the structure remains low and the
structure does not rupture and no structural debris is produced as was demonstrated in
Tests 1 and 3.

It is recommended that predictive methods be established that determine when
choked flow, and resulting projection of structural debris, will occur, as well as the
weight of fragments and associated projection distance. The results from this study,
coupled with the results of Joachim (Reference 1-4) and Allain (Reference I-5), indicate
that if the loading density (weight of the HD1.3 gun propellant/volume of structure) of
M1 gun propellant in a structure is equal to or exceeds 0.05 g/cm®, then choked flow will
occur. However, these data do not predict the size, weight, and projection distances of
the structural debris. The results of this study, the results of Joachim, and Herrera, et al.,
indicate that if the loading density is 0.02 g/cm® or less then unchoked flow will occur
and the structure will not rupture. Note should be taken that there is no data on the effect
of scale on the propensity to produce choked rather than unchoked flow in a structure.

This report gives examples of various loading densities of M1 gun propellant in

various MSMs that would give unchoked (good) or choked (bad) flow, again neglecting
the unknown effects of scale and large vent area ratios.
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It is recommended that Table V3.E3.T14 HD1.3 QD of DODM 6055.09
(Reference I-1) be changed to reflect the increased hazard of large pieces of structural
debris projected well beyond the distances given in the table for given weights.

Projection of structural debris is not the only hazard in a combustion driven event.
The pressures causing rupture were produced by only a relatively small amount of the
gun powder burning. The rest burned after the rupture resulting in a very large fireball
that lasted approximately 15 seconds after ignition of propellant and about 13 seconds
after rupture of the structure. Direct exposure to the fireball would result in fatalities
(although an individual may have already succumbed to impact by structural debris.).
Radiation from the fireball can also cause fatalities outside the visible fireball given
sufficient heat flux and exposure time. DOD M6055.09 has recently been amended to
prevent second- and third-degree burns, using the equation recommended by the Society
of Fire Prevention Engineers, t = 200 q™*°, where t is the minimum exposure time to a
heat flux to produce second-degree burns in seconds, and q is the heat flux in kW/m>.
For example, 15 kW/m? would produce second-degree burns in 3.84 seconds, while
5 kW/m? would produce second-degree burns in 19.08 seconds. Times less than
4 seconds do not provide enough time to recognize the threat and seek protective cover,
while 19 seconds does provide time to recognize the threat and take cover.

Any risk-based approach for determination of safe-separation distances from mass
fire of HD1.3 must address the hazard risks previously mentioned. Projection of
structural debris, location of fireball, and radiant heat flux at distance and exposure time
from the fireball (prevention of second- and third-degree burns) should be considered for
the choked flow condition. The hazard in the unchoked flow condition is primarily due
to the location and extent of the external plume(s), the expulsion of unburned propellant
through the vents that burns exterior to the structure, and the radiant heat flux at distance
and exposure time from the plume(s) in the unchoked flow condition.

Unfortunately, there is not an extensive database to draw from as shown in
Figure 1-26 in this report. There are only the five examples of choked flow with M1-type
gun propellant, and all of the examples resulted in rupture of structure with debris throw
within seconds after ignition (two tests by Allain [Tests 3 and 4], one from Joachim
[Reference 1-3], and two from this study). Allain performed two other tests (Tests 1
and 2) with M1-type propellant, but the structures were not secured to the ground. In
Allain’s Tests 1 and 2, when the pressure built up internal to the structure, the structures
rose above the ground allowing gas pressure to escape from the structure, resulting in
“no-tests.” Herrera et al. (Reference 1-6) tested several gun propellants including single
perforation M1 and multi-perforation M1 but all of their results were for unchoked flow.
Joachim had three unchoked test results, and this report presented results from two tests
of unchoked flow with single perforation and multi-perforation M1 propellant. All of the
choked flow tests resulted in structure rupture and projection of structural debris, while
all of the unchoked flow tests resulted in no rupture.
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There is a gap in data for loading density between 0.02 g/cm® (resulting in unchoked
flow) and 0.05g/cm® (choked flow). It is recommended that additional tests be
conducted with M1 propellant to close this gap and provide a better threshold for
transition from unchoked to choked flow. Also evident in Figure 1-25, there are also
limited data over a range of vent area ratio (vent area ratio = vent area/volume of
structure #®). It is recommended that additional tests be designed to address
this deficiency.

It is recommended that additional tests be conducted with other HD1.3 energetic
materials (other than M1 gun propellant) in conditions that would result in choked flow.

The testing has been conducted using relatively small-scale structures. At some
point, testing in larger structures and fires need to be done in order to gain an
understanding of the scaling effects on the combustion driven events as large fires do not
scale (Reference 1-13).

It is also recommended that tests with mixed storage (HD1.1 and HD1.3) be
conducted because Reference 1-3 showed that fire is the first reaction in over 75% of the
accidents surveyed, and mixed storage is common practice.

This effort used several existing models to evaluate the ability to predict a similar
event containing HD1.3 material. Structural models demonstrated an ability to predict
failure mechanisms but could not accurately address the damage. Thermal models
showed positive results when predicting internal pressure and temperature. Fast running
models show potential but require further maturation prior to being used for HD1.3
predictions. Both risk based and quantity distance criteria were inadequate in estimating
either the fragmentation or the thermal hazard created from the HD1.3 event. However,
attempts to use either HD1.1 siting criteria or TNT NEW criteria overestimated the
hazard. Work is currently underway to develop models that will be able to predict both
the thermal and fragmentation hazard.

It is recommended that further development be made towards all the models used in
this effort to improve the accuracy of the predictions.
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Appendix I-A
STRUCTURE DATA FOR TESTS 1 THROUGH 4

(The contents of this appendix are reproduced in facsimile.)
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ITEM NO PART NUMBER DESCRIPTILN QTY,
1 CONCRETE BUNKER STRUCTURE, 73" X 79" X 795, 60" WALL THICKNESS ALL AROUND| 2
c DOCR_1 STEEL BLAST DOOR, 3110" DIAM, HOLE, TEST 1 1
3 DOOR_2 STEEL BLAST DOOR, 15.33" DIAM. HOLE, TEST 2 2
4 DOOR_LIFTING FYE LIFTING FYE, DOOR [INLY 3
2 FRAME PLATE 1 TOP AND BOTTOM DOOR FRAME PLATE 4
6 FRAME PLATE 2 RIGHT AND LEFT DOOR FRAME PLATE 4
{ FRAME PLATE 3 OUTSIDE DOOR FRAME PLATE 2
8 FRAME PLATE 4 INSIDE DOCR FRAME PLATE 2
9 BOLT 13 - 6 X 11 HEX BOLT, GRADE 3, PLAIN, FASTENAL PART NUMBER: 12685 32
10 VASHER 19" FLAT WASHER, THRU HARDENED, HIGH STRENGTH, PLAIN, FASTENAL PART 30

NUMBER: 33809
11 NUT 15" HEX NUT, GRADE 5, PLAIN, FASTENAL PART NUMBER:12685 32
12 BOLT TUBE MILD STEEL TUBING, 2 0D X 1/8" WALL THICKNESS 3
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