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ABSTRACT

Practical analytical techniques that have
been found to be useful in explosion investiga-
tion include: timeline analysis, experimental
dato comparisons, thermochemical code analy-
sis, TNT and other air blast equivalency tech-
niques, ground shock analysis, dynamic gas
concentration estimates, simple fuellair explo-
sion codes, damage pattern analysis and sys-
tem saJbty analysis methods. An example appti-
cation of existing analytical tools to an explo-
sion investigation is presented. Exotic analyti-
cal techniques are available but are not justi-
fied unless the loss is very large. Method"ology
is reviewedfor completing a reasonable explo-
sion investigation, including essential items
from NFPA 921. Needs are addressed for de-
sired t ec hnolo gy advanc eme nt s.

Keywords: explosion investigation, thermo-
chemical equilibrium, blast equivalency,
system safety analysis, ground shock

Introduction

The investigation of explosions can be an
extremely complex task depending on the na-
ture of the incident. Evidence is often de-
stroyed by the forces involved or subsequent
fires. The evidence may be spread out ou", tut
extremely large area. Fuels and oxidizers in-
volved may or may nor be easily identified.
Pyrotechnic and explosive materials involved
will generally be consumed in the event, and
the materials that remain after and incident
may be misleading. Fuel gases involved in a

fuel-air explosion are often dissipated before
any investigators are on the scene. The explo-
sion origin can be difficult to pinpoint due to a
lack of explosion seating (e.g., the absence of a
crater). Propagation patterns may be lacking or
conflicting in some cases. Ignition sources may
be extremely difficult to identify, due ro prob-
lems in establishing the origin, or perhaps in
sorting out the source from a plethora of viable
sources.

A basic knowledge of the chemistry and
physics of explosions is necessary for an intel-
ligent evaluation of an accident scene. Several
specialized experts might necessarily be in-
volved depending on the kind of answers that
are desired. Typical questions that need an-
swers are:

. Where was the origin of the explosion?

. What material exploded?

. How much material exploded?

. How was it initiated?

. What was the extent of damage/injury?

. How can it be prevented from recurring?

The best pathway to answering these ques-
tions is the scientific method. This paper is an
overview of analytical tools that have proven
to be useful in facilitating rhe scienrific method
in explosion invest igat ions.
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Conducting the Explosion
Investigation

An explosion investigation and analysis is a
complex endeavor that needs to be approached
in a systematic manner using the scientific
method. The initial steps will include securing
the scene to prevent spoliation of evidence,
assessment and documentation of the scene,
and collection and preservation of evidence.
This will be combined with other relevant data
collection and interviews of witnesses. The
data is then inductively analyzed and a hypoth-
esis developed. The hypothesis is then deduc-
tively tested by comparing it to all known
facts. If the hypothesis is inconsistent with the
known facts, it should be discarded and an-
other hypothesis examined. This may identify
the need to collect additional data or perform
other analyses.

Of course, the extent of an investigator's
involvement may vary with his assignment and
may only cover part of the overall investiga-
tion. In some cases an investigator's involve-
ment may evcn occur several years after the
incident.

Additional details of the investigation meth-
odof ogy are given in Chapters 2 and 13 of
NFPA 921. Guide lbr Fire and Explosion In-
vestigation.t'l The analytical tools described in
this paper can be used to assist in both the de-
velopment and testing of hypotheses, which is
the essential element of the scientific method
in explosion invest igat ion.
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Useful Analytical Tools

There are a wide variety of analytical tools
for possible use in explosion investigation.
These may range from simple fluid dynamic
expressions for estimating leak rates, to com-
plex threedimensional computational fluid dy-
namic models for estimating explosive reaction
propagation through a structure. Quite often
design-basis tools are too conservative for use
in evaluating explosions. That is because engi-
neering design-basis tools are usually standard-
ized to assume idealized phenomena and in-
corporate large safety factors to insure public
safety. Although the typical accidental explo-
sion is far from ideal, some design-basis explo-
sion mitigation guides can be utilized in a re-
verse-engineering fashion to be useful to the
investigator. Other tools borrowed from fire
investigation techniques and systems safety
science are extremely valuable.

Analytical tools that have proven especially
useful in practice are listed below. Many of
these tools may be incorporated in future edi-
tions of NFPA 921.

Timeline Analysis

A timeline is a graphical or narrative repre-
sentation of the events related to the incident
that are arranged in some chronological order.
The events included in the timeline may occur
before, during or after the incident. This valu-
able investigative tool can show relationships
between events, identify gaps or inconsisten-
cies in information and sources, assist in wit-
ness interviews, and otherwise assist in the
analysis and investigation of the incident.

The value of the timeline is dependent on
the accuracy of the information used to de-
velop it and the interpretations of the person
assembling it. One example of a complex time-
line diagram is shown in Figure I from refer-
ence 2.



Early Fire Spread in Batch Dryer and Process Building

Early lgnition Sequence

1 1 : 3 3  A M1  1 : 1 5  a m  -  1 1 :  3 0  A M

Figure Ia. Pepconfire spread diagram.
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Fire Spread throughout Remainder of Plant

Figure Ib. Pepconfire spread diagram (continued).
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hperimental Data Comparisons

Useful experimental data for explosion
investigation covers a broad range of topics.
These can include data on minimum ignition
energy of dust clouds, maximum explosion
pressure of a mixture of gases, maximum ex-
plosion pressure under specified vented condi-
tions, explosion limits of fuel gases, critical di-
ameters of solid explosives, explosion air blast
or TNT equivalency, etc. Each investigation is
unique and requires data sources unique to the
relevant issues. Sources of such data are much
too numerous to list here. but some useful tabu-
lations are found in references l, and 3-7.

An important point regarding the use of such
data sources is that much of the tabulated data
is derived from standard tests, and caution
should be exercised in their use. These data
sources are usually developed to result in con-
servative values so that their use will always err
on the side of safety. Often times these data do
not adequately fit the accident scenario of inter-
est.

For example, the high and low strength en-
closure venting data models in NFPA 68{31 are
too conservative for many cases where less than
the worst-case scenario is evident. Thus, it is
usually quite difficult to use NFPA 68 venting
guides to help in the analysis of an accidental
building explosion. This is because the strength
of the structure arrd explosion vent parameters
is often unknown. In addition, information on
the fuel-gas mixture content and concentration
generally are lacking.

The use of ASTM E 12261'!t test data involv-
ing maximum pressure development for dusts is
another example where the source data do not
adequately fit the scenario. The standard test
requires sieving the dust sample to 200 mesh.
This gives conservative results in most cases,
even though the fines are more easily lofted
than coarse particles, they generally dominate
the explosion effects. Due to the sieving, the
test does not consider the agglomeration of par-
ticles with, for example, wood dusts in high hu-
midity or plastic dusts in low humidity (due to
electrostatic forces).

Fuel/Air Explosion Models

There are simplified methodologies for pre-
dicting maximum pressure development in a
vented enclosure as well as flame speed and
shape. However, these quasi-empirical methods
require input such as burning velocity, turbu-
lence factors, enclosure geometry, and physical
vent parameters. Some of these methods are
summarized in reference 9 or listed in NFPA
6 g . l 3 l

It should be noted that the present state-of-
the-art in explosion science does not allow one
to reliably predict diffuse fuel explosion pres-
sure development within an enclosure, using
any methodology. Computational Fluid Dynam-
ics (CFD) is beginning to provide major im-
provements in the analytical prediction of the
effects of volumetric explosions (i.e., gas, dust
and hybrid explosive systems). A range of CFD
computer codes exist, and many of these codes
are commercially available, some examples are
the commercial FLUENT code, the KIVA
codel "'l and the IIT code.llr' '21 These codes
clearly demonstrate that CFD technology is
very close to providing a valuable tool for ex-
plosion investigation, but ar least three prob-
lems remain before this analysis tool can be
practical. First, to represent realistic configura-
tions the geometry is generally complex. In
some cases two-dimensional analysis may be
sufficient, but many times three-dimensional
computations are appropriate. In addition, the
analysis probably requires a fine numerical grid
in at least some locations, and as a consequence
a full evaluation generally requires substantial
computer running time. Often a simplified con-
figuration is adequate and can go a long way
towiud making the analysis more practical.
Second, for explosion analysis the numerical
method must have the ability to resolve shock
waves. This requires special numerical schemes
such as Godunov, Van Leer, Flux Corrected
Transport (FCT), Total Variation Decreasing
(TVD), and others.lt '-ttl Third, the reaction ki-
netics must be represented realistically. One
approach, given in references ll and l2,uses
the reaction kinetics in Arrhenius form. Gener-
ally major simplifications in the kinetics
scheme are made in analyses of this type.

{i

n:
i{
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The work presented in references I I and 12
was in support of experimental detonation tube
studies of a wide variety of pyrotechnic formu-
lations being evaluated for landmine neutraliza-
tion and other applications for the Army. For-
mulations evaluated included pafticulate explo-
sives (e.g., TNT and RDX), particulate ammo-
nium perchlorate (AP), atomized and flaked
aluminum, and other constituents dispersed in
air and nitrogen (e.g., reference 26). Although
the work was not directly in support of process
accident investigation, the results of both the
analytical and experimental investigations are
potentially useful in understanding explosron
effects from a dispersed pyrotechnic in a proc-
ess accident.

Usually an analysis involving major effort,
such as a detailed CFD model is only justified
in cases of very large losses. Although the accu-
racy might not be improved by such an zmalysis
(e.g., overpressure prediction), the insight into
thephysics involved might be greatly enhanced.
For these reasons, there is stil l a strong reliance
on measurements from large-scale experiments.
Although large-scale experiments are costly,
these experimental results are more easily ac-
cepted than are predictions based upon analysis.

TNT Equivalency and Other Equivalency
Methods

TNT equivalency or other equivalency meth-
ods are particularly useful for the analysis of
large-scale accidents with high overpressures at
the origin (e.g., vapor cloud, condensed explo-
sive, and some pyrotechnic material accidents).
In TNT equivalency methods, the available ex-
plosion energy in the accident is converted to
the equivalent mass of TNT. Thus, explosion
effects, particularly overpressure as a function
of distance, are then basically a function of the
TNT equivalent mass. Explosion effects for
TNT are well known and available in various
references (e.g., see references 5 and27-30).

The TNT equivalency approach is discussed
in the context of chemical process explosions in
Perry's Chemicctl Engineer' s Handbook.t:tl Py-
rotechnics manufacturing operations are in fact
chemical process plants, with specialized as-
pects due to the reactive nature of the final
products and many of the in-process material

forms. Of particular concem in the general
chemical process industry are chemical reactor
runaway reactions, inert pressure vessel explo-
sions, and pressure vessel explosions involving
flash vaporizing liquids. For pressure vessel
explosions involving compressed gas, the
equivalent mass of TNT is computed by assum-
ing isentropic expansion of the gas from the
initial vessel pressure to ambient pressure and
dividing by the detonation energy of TNT. The
resultant energy is partitioned into 30Vo for
blast, 40Vo for fragments, and 30Vo for other
dissipative mechanisms. For diffuse fuels such
as flammable vapor clouds, a yield factor is
typically applied to the calculation to account
for inefficiencies in explosive combustion,
mainly due to inhomogeneities in fuel-air mix-
ing. This factor usually ranges from I to 40Vo
depending on the circumstances. TNT equiva-
lency methods are generally thought to be satis-
factory as long as the far-field potential is the
major concem. In the near field, where there
can be significant distortion of the blast, then
either numerical modeling or simulation ex-
periments must be conducted.

Other equivalency methods have evolved in
recent years for systems such as flammable va-
por clouds. The multi-energy method has re-
ceived wide acceptance for use with unconfined
vapor cloud explosions. In this method, poten-
tial sources of strong blast are identified, ener-
gies are computed, and the relative blast
strength is estimated. Strong blast sources gen-
erally correspond to locations where there is
partial confinement or where the cloud is con-
gested with obstacles that produce turbulence.
Sachs-scaled blast parameters are utilized to
determine blast variables of interest as a func-
tion of distance. Blast variables generally in-
clude peak over-pressure, positive phase im-
pulse, time of amval, positive phase duration,
and shock velocity. A good compilation and
discussion of these methods is listed in refer-
ence 32.

Ground Shock Analysis

After an accidental explosion occurs, there
are generally numerous reports of damage to
surrounding property. This damage is many
times attributed to air blast or ground shock. Fcr
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air blast damage, the TNT equivalency methods
described above can be used to evaluate which
of these claims are credible. An extension of the
air blast methods can be employed to evaluate
ground shock damage, as well. Ground shock
analysis methods have been used for the design
of structures to resist accidental explosions in
pyrotechnics manufacturing and storage facili-
ties, and to design structures to resist weapons
effects in military applications. Ground shock
can be evaluated as having two contributing
parts: the air blast induced ground shock and
the direct induced ground shock. The ar blast
induced ground shock is (as the nzrne implies)
the ground shock disturbance that follows the
air shock as it propagates outward from the
explosion center. The direct induced ground
shock is the disturbance that passes from the
explosion directly into the ground medium.
This component depends on the coupling of the
explosion to the ground at the source. Many
times the explosion is not in direct contact with
the ground surface, and the resulting direct in-
duced ground shock is substantially diminished
because of this poor coupling. To conduct a
ground shock analysis, the characteristics of the
soil medium (e.g., seismic velocity and density)
and characteristics of an underlayer such as the
water table or a rock layer must be known.

Sources of information on this subject can
be found in references 28-30. These are each in
a workbook form, which aid in their appltcation
by a knowledgeable practitioner. Each of the
references were developed for different specific
purposes, and their domains of applicability
must be considered by the user. The Pantex
Manualt28l concentrates on buried explosions,
either in direct ground contact or within an un-
derground cavity. Since the explosions are bur-
ied, no air blast induced ground shock is con-
sidered. TM 5-l300ttn1 is concerned with de-
signing structures against accidental explosions.
It considers both air blast induced ground shock
and direct induced ground shock. These meth-
ods do not directly include an underlayer. TM 5-
855-1t301 is concemed with designing structures
against conventional weapons. To use this ap-
proach for an above ground accidental explo-
sion, an equivalent TNT hemisphere is assumed
to sit on the ground surface. The height of the
burst is not automatically taken into account for

ground shock. An underlayer can be consid-
ered. These references provide the procedures
to conduct a good assessment of the effects of
ground shock on structures, based on predicted
maximum displacement, velocity and accelera-
tion. A criterion used frequently for the thresh-
old of damage is a maximum velocity of 2
inches (51mm) per second. A more compre-
hensive approach is to conduct a structural
analysis for a specific structure, given the pre-
dicted ground shock characteristics.

Dynamic Fuel Concentration Modeling

The analysis of flammable gas concentra-
tions has been used to evaluate whether a gas
leak could have been responsible for a
fire/explosion incident and to assist in
determinrng the source of the gas. These
models can be used to calculate the gas
concentration as related to time and elevation in
the space, and they can be correlated with
explosion damage. Models may range from
simple exponential mixing calculations in a
control volume, to detailed computational fluid
dynamic (CFD) models incorporating diffusion,
turbulence and gravity effects.

Flammable gas concentration modeling,
combined with an evaluation of explosion/fire
damage and the location of possible ignition
sources, can be used to establish whether or not
a suspected or alleged lelk could have been the
cause of an explosion/fire and to determine
what source(s) of gas or fuel vapor was consis-
tent with the explosion/fire scenario, damage,
and possible ignition sources. Useful sources of
information on this topic include references 9,
33, and 34.

Thermodynamic Chemical Equilibrium
Analysis

Fires and explosions that are suspected of
being caused by reactions of known or sus-
pected chemical mixtures can be investigated
by a thermodynamic analysis of the probable
chemical mixtures and potential contaminants.
This type of analysis can be used ro help an-
swer causal investigative questions such as:
What reaction(s) could have caused the
fire/explosion? Was the reaction spontaneous or
did it require an outside source of energy? Was
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there an improper mixture of chemicals or a
contamination? Did a chemical or chemical
mixture overheat? Was there a vapor release
followed by an outside ignition?

Thermodynamic reaction equilibrium analy-
sis requires tedious hand calculations or the use
of a complex computer code. Several of these
thermodynamic codes that are available are re-
viewed in reference 35. These computer pro-
grams usually require the input of material and
the material's properties that include the chemi-
cal formula, density, mass, entropy and heat of
formation. Sources for this information include
the JANAF tables,lr6l Chemical and Chemical
Engineering Handbooks, published papers, ma-
terial safety data sheets, and the NIST Chemrs-
try WebBook.trTl

The state of the art of equilibrium thermo-
chemical codes for explosion analysis is repre-
sented by the CHEETAH Code.lttl This code
was developed by Lawrence Livermore Labora-
tory. It is an improved version of the TIGER
Code.lrol  The Code is quite easy ro use-i t  is
user friendly. However, this code is currently
available only to the govemment and govem-
ment contractors working on government pro-
jects. To use the code properly, the user should
have a reasonable understanding of how equi-
librium thermochemical codes work. For exam-
ple, there are several options for equation of
state and species libraries, each of which has
certain domains of applicability. There are a
number of state characterizations to choose
from. The primary application of this code is
for the characterization of condensed explosive
and pyrotechnic propellant formulations, but
diffuse fuel-air applications are easily handled.
Because of the limited availability of this code,
other codes such as NASA-Lewis and others
(see reference 35) should be employed where
necessary.

Damage Pattern Analysis

Damage pattem analysis usually includes
analysis of debris and structural damage. Often,
it is very useful to prepare diagrams showing
relative damage pattems. Debris pattems often
can show the direction and relative force of the
explosion. However, different drag or lift forces
of various fragment shapes will tend to favor

some shapes continuing on further trajectories.
These factors must be considered in relative
force comparisons. Quite often, investigators
erroneously assume that the fragments that have
gone the furthest are representative of the
strongest force and direction of the explosion.
References 27 and 32 aid in this type of analy-
sis.

Structural damage analysis usually involves
the estimation of overpressures and sometimes
the impulse necessary to produce the damage.
Several generalized overpressure damage list-
ings are compiled in the literature (see refer-
ences  1 ,9 ,27 ,31 ,  and 32) .  These are  qu i te  use-
ful for making quick estimates. These lists are
usually derived from data where explosive im-
pulse is very high at a given overpressure,
where the overpressure approximates a static
application. Thus, such data can be quite useful
for applications involving fuel, gas or dust ex-
plosions, where such an approximation is usu-
al ly val id.

If needed, various structural computer pro-
grams can be used, however, sometimes a struc-
tural damage expert will be necessary. Some
examples of practical computer programs are
listed in reference 40.

Systems Safety Analysis

Systems Safety Analysis (SSA) techniques
are particularly useful for explosion investiga-
tions. They can help identify potential causes of
an explosion, and they can indicate where fur-
ther analysis should be directed. A formalized
SSA is generally most useful in a large and/or
complex incident. It can be very effective in
identifying all factors, both physical and hu-
man, which did or could have contributed to the
cause of the explosion. Similarly, it can be
helpful in eliminating potential causes of an
explosion.

These techniques include Failure Modes and
Effects Analysis (FMEA), Fault Tree Analysis,
HAZOP Analysis, What-If Analysis, etc. [n
general, these tools provide a systematic
method for analyzing large complicated sys-
tems to determine hazards or faults. The tools
can utilize either qualitative or quantitative
formats. Hazwd probabilities or failure rates
can be factored in when using quantitative for-
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Figure 2. Fault Tree Example.

mats. Some of the more common techniques-
failure mode and effects analysis and fault tree
analysis-are described below.

Failure Modes and Effects Analysis

A FMEA is a relatively simple and straight-
forward technique to identify basic sources of
failure within a system and to follow the conse-
quences of these failures in a systematic fash-
ion. In fire/explosion investigations, the purpose

of the FMEA is a systematic evaluation of all
equipment and/or actions that could have con-
tributed to the cause of the incident. A FMEA is
prepared by filling in a table with row headings
such as those shown in the example in Table l.
The row headings and format of the table are
flexible, but at least three items are common:
the item (or action) being analyzed, the basic
fault (failure) or error that created the hazard,
and the consequence of the failure. Additional
rows tre added by the investigator as needed for
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the particular investigation at hand. An assess-
ment of the likelihood of each individual failure
mode is frequently included. Also, it is some-
times helpful to assess the severity of a given
failure. Also, it is sometimes helpful to assess the
severity of a given failure relative to the fire/ex-
plosion. FMEA tables can also be catalogued by
item and serve as reference material for further
investigations.

When fil l ing out the table, the investigator
should consider for each item/action the range
of environmental conditions and the process
status (i.e., normal operation, shutdown, startup,
etc.). Qualitative or quantitative values can be
assigned as probabilities of occurrence. Then,
when a sequence of failures is required for an
incident to occur, the probabilities can be com-
bined to assess the likelihood that any giverr
sequence ofevents led to the incident.

The usefulness of FMEA is limited by the
ability of the investigator to identify all system
components (or human actions) that may have
contributed to the incident. Furthennore, the
evaluation of the likelihood that a given se-
quence of events caused the incident is only as
good as the ability of the investigator to assign
accurate probabilities to each of the individual
failure modes that contributed to the sequence.

Fault Tree Analysis
A fault tree is a diagram used to analyze an

undesired event. The undesired event is placed
at the top of the diagram, and all the causes that
can lead to the event are grouped below. This
approach is repeated for each cause and contin-
ues until the desired level of detail is reached or
the root causes of the event are determined. The
diagram takes the form of an inverted tree. The
relationships between the events leading to the
undesired event are described by the use of
"AND" and "OR" gates at the junction(s) lead-
ing to the next level of the event. An example
diagram is shown in Figure 2.

Once a complete fault-tree is developed for
an undesired event, an investigator can look at
each of the root causes of the undesired event
and all of the steps necessary for the event to
happen. If any of the necessary steps did not
occur, the root cause associated with that par-
ticular path can be eliminated.

It is possible to assign values associated
with the probability of occurrence to the roor
causes and other independent aspects of the
fault-tree. The probability of each path leading
to the undesired event can then be evaluated.
The investigator will find that information on
the probability of the occurrence of causes is
difficult to find or not available. In most cases
the assignment of a probability of occurrence
will be based on experience, engineering judg-
ment, tests, incident reports, models or pub-
lished data. Any time probabilities are assumed,
the sensitivity of the outcome to the assumed
value should be determined by reevaluating the
outcome with slightly modified values.

Reference 4l provides additional guidelines
for conducting these and other types of systems
saf-ety analyses.

Example Application

The use of some of these tools is il lustrated
for the Pepcon explosion investigation.t'i This
incident originated as a fire in a large ammo-
nium perchlorate (AP) plant located in Hender-
son, Nevada. The fire quickly spread through
most of the facility by means of thermal radia-
tion, firebrands, a continuous (linear) source of
fuel, and some natural self-propelled missiles.
Two large explosions occurred during the fire,
each equivalent in energy to a few hundred tons
of TNT. The explosions claimed two lives, in-
jured 372 people and damaged plant buildings
and nearby residential buildings. Some of the
tools used in the analysis are illustrated below,
in limited detail.

A videotape of the event from a nearby
mountaintop permitted advanced reconstructive
techniques, such as superimposing CAD out-
lines of the plant on video records. This, to-
gether with witness accounrs, greatly aided in
constructing a detailed timeline of events from
ignition, through various modes of flame spread
through the plant, to the two large explosions
(see Figure l). The size and shape of the ex-
tremely large fire plumes advancing through the
plant were determined. Graphical plot plan dia-
grams of the fire/explosion progress were pre-
pared for different time slices (one example is
shown in Figure 3).

Page 26 Journal of Pyrotechnics, Issue 12, Winter 2000



i  i  i  { ^r l onTH  I  i  \  /S' H  
I  i  \  l :

r  I  \  i 6
l ! \  I  covEREoPAHKr lG \  i ,Fr  I  covEREoPAHK[ lG \  / ,P ,

, , f . - t ; r  I  . . ,  \ ,  r !- . ' 1  I  i ,  ai , '  .  \ / :
\ ,-t : ___..,/, \,__ _, V *.n

1/ eoer L_..- 
-f--- --r"_J \ _

ASS€MiJLY \  
_

Figure 3. Pepcon Fire Progress at I l:52 AM

. . , . t - r r l r
I  t i  I  ,  I  I  |  -

|  - ; 1  i  u r  f  [ l ^ .  I  I M E = -  1 1 . 5 2| , ' _  I  - $ N S S N \  t
WARE NOUSE _r OFFICE

. i IBLDG 61.Nt\iss-i

,--,""".:;,,,""..,;;,i'[ffi ,*."', .:r:rJ"?,",
t - 9

ll 
*__:t 

_ l._-t;

I INDICAILS A', S]OIt G€ AREAS

f,N rLAr.4ES

rI SN,'IOKING

Thermal radiation heat transfer calculatrons
aided in the determination and confirmation of
the flame-spread theories. A radiant heating
model was constructed that showed that signrfi-
cant preheating of drums&ins of AP in storage
lots near the huge fire plumes had occurred be-
fore initiation of the detonation. The model
consisted of a marching/growing radiant plume
model coupled with a one-dimensional conduc-
tion heat transfer model of a bin. Due to the
large size of the bins and their onentation with
respect to the immense fire plumes, an assump-
tion of modeling the bin as a semi-infinite solid
was appropriate. This analysis was very useful
in predicting that pyrolysis of AP rn strongly
preheated bins would cause them to burst and
disperse some of their contents onto nearby fu-
els, providing a more-easily initiated explosion
layer, which could serve as an explostve
booster to the drums and bins.

Explosion dynamics estimates aided in de-
termining the locations of the initial small ex-
plosions and in estimating the amount of prod-

uct involved in the large explosions as sympa-
thetic detonations. Experimental data on AP
and AP/fuel explosion chiuacteristics provided
guidance for possible modes of explosion initia-
tion and propagation. A thermodynamic equi-
librium analysis was done to determine the en-
ergy release from AP and different fuels at the
plant. Structural damage data helped assess the
overpressures experienced in the area.

Possible causes of the initial fire were ascer-
tained, and the most probable was related to
welding sparks coming into contact with con-
tamination-sensitized AP. The official cause
remains undetermined. Conclusions were for-
mulated regarding major factors involved in the
ignition, the extreme rate of fire spread, and the
explosion initiation and propagation.
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Summary

Cunently the engineer investigator has a
range of practical analytical tools for effective
investigation of explosions. These "tools" can
be applied to the investigatron of incidents in
pyrotechnics manufacturing facilities. Most of
the tools require that accurate data from the in-
cident be available. Thus, data gathering activi-
ties are crucial to a successful investigation.

Although many analytical methods are
available, desirable advancements in the area of
explosion science to aid in such investigations
include: verified field modeling of vented ex-
plosions in enclosures, a wider range of data
and models for estimating vented explosion
external pressures, more refined models for gas
mixing, additional experimental investigation
and modeling for estimating cascade fuel/air
explosion overpressures in successive com-
partments, and verified field modeling of explo-
sions in highly elongated geometries.
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