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Abstract

The classification of battlespace detonations, specifically the determination of
munitions type and size using temporal and spectral features of infrared emissions, is a
particularly challenging problem. The intense infrared radiation produced by the
detonation of high explosives is largely unstudied. Furthermore, the time-varying fireball
imagery and spectra are driven by many factors including the type, size and age of the
chemical explosive, method of detonation, interaction with the environment, and the
casing used to enclose the explosive. To distinguish between conventional military
munitions and improvised or enhanced explosives, the current study investigates fireball
expansion dynamics using high speed, multi-band imagery. Instruments were deployed
to three field tests involving improvised explosives in howitzer shells, simulated surface-
to-air missiles, and small caliber muzzle flashes. The rate of shockwave expansion for the
improvised explosives was determined from apparent index of refraction variations in the
visible imagery. Fits of the data to existing drag and explosive models found in the
literature, as well as modifications to these models, showed agreement in the near- and
mid-fields (correlation coefficient, r2> 0.985 for t < 50 msec); the modified models
typically predicted the time for the shockwave to arrive a kilometer away to better than
10%; and fit parameters typically had an uncertainty of less than 20%. The shockwave
was distinctive (Fisher Ratio, FR > 1) within the first 2-10 milliseconds after detonation,
then it decayed to an indistinguishable acoustic wave (coefficient of variation, Cv < 0.05).
The area profiles of the fireballs were also examined and found to be highly variable,

especially after 10 milliseconds (Cv> 0.5), regardless of munitions type. Scaling



relationships between properties of the explosive (mass, specific energies, and theoretical
energies) and detonation areas, characteristic times, and properties of the shockwave
were assessed for distinguishing weights and types: Efficiency decreased with mass (FR
> 19); early-time Mach number and overpressure were primarily dependent on energy
release (FR ~ 1.5-10); fireball area increased cubically with specific energies (r*~ 0.3-
0.76) but its time of occurrence decreased cubically (r? ~ 0.4-0.67). The relationship
between fireball and shockwave features was fairly independent of variability (r*~ 0.5-
0.9), indicating that both fireball and shockwave features scale similarly with variability

in detonations.
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REPRODUCIBILITY, DISTINGUISHABILITY, AND CORRELATION OF
FIREBALL AND SHOCKWAVE DYNAMICS IN EXPLOSIVE MUNITIONS

DETONATIONS

. Introduction

Background

The ability to remotely monitor and classify high explosive events that occur
around the world can be essential to the vital interests of the United States of America.
Furthermore the ability to distinguish between legitimate uses of high explosives (mining,
demolitions, construction, etc.) and the testing of enhanced or improvised weapons may
avert subsequent events with cataclysmic outcomes. Current technology allows optical
information from such events to be captured, but not enough is known about the
underlying physics of these events for the data obtained to allow discernment of exactly
what has occurred. Optical remote sensing is a growing field, but much work remains to
be done before identifying specific events based on the interpretation of the optical data
collected from remote sensing instruments is practical.

Optical remote sensing is the use of instruments or sensors to obtain the spectral
and spatial characteristics of target objects from a distance. It is used extensively for the
monitoring of static scenes such as crop growth, geological surveys, and urban patterns
[1][2][3], as well as faster transient events like forest fires [4][5]. Its range of use has

been from monitoring terrestrial events like the Kuwaiti oil fires [6][7] to collecting data



on extraterrestrial bodies light years away [8].

Remote sensing has also been used in military applications, for example, in
detecting missile launches [9][10], gun muzzle flashes [11][12] and explosive detonations
[13]. Itis becoming increasingly important, however, not only to detect certain types of
events, but also to distinguish them — specifically high explosives. The ability to
distinguish a high explosives detonation from small arms fire or a missile plume, or to
take the classification a step further and allow munitions types to be uniquely identified

would give the war fighter a distinct tactical advantage.

Problem Statement

Currently, the ability to identify munitions types based on the remote sensing of
detonations is limited. While munitions may be distinguished with high confidence, this
is only true when enough a priori information is known [14]. The extent of a priori
information may be as minimal as knowing whether the munition was statically detonated
or air dropped, or it may be as specific as knowing the weight and casing. As the
understanding of detonations improves, however, superior classification features can be
chosen, and the extent of a priori information needed to classify the munitions type will
decrease.

Unfortunately, data collected from remote sensors result in hundreds of features
that may or may not correlate specifically with the type of event taking place or with the
specific explosive used. In order to choose the best features to classify munitions types,
it is important to understand how the features obtained from observation relate to

particular explosives. This can only be accomplished by developing phenomenological



relationships between the characteristics of the munitions (weight, casing, explosive
compound, etc.) and the detonation effects it produces, specifically the shockwave
immediately following detonation and the lingering afterburn fireball. In essence, a
phenomenological model of detonations is needed with identifiable specific correlatable

features that can be used to classify subsequent events.

Research Focus

High explosive detonations generate two major phenomena of interest; a
shockwave and an afterburn fireball. Identifying unique, correlatable signatures that
relate the detonation event to a classable munition is highly desirable. There is an
abundance of literature regarding the phenomenology of shockwaves for detonation
events [15][16][17]. This literature describes the pressure, velocity, energy, and extent of
shockwaves resulting from the initial detonation of an explosive material, which can be
difficult (but not impossible) to monitor optically. Furthermore, the detonation of an
explosive spans only a couple of milliseconds, making it difficult to identify; and
acquiring a temporal profile of the emissions is even more challenging. For practical
sensing of explosive detonations from aerial or spaced based platforms, it is the fireball
resulting from the afterburn (mixing of unburned reactants with atmospheric oxygen
resulting in explosive combustion) that is most easily monitored. The intense portion of
the afterburn spans hundreds of milliseconds, with the cooling fireball lingering for
seconds.

Thus improvements to the classification problem rely on understanding fireball

phenomenology, and while the aforementioned understanding of detonation shocks



exists, there is little understanding of the relationship between the initial characteristics of
the explosive and the resulting afterburn. There is much to be learned about these
relationships, including how the initial conditions affect the afterburn’s temperature
distribution, turbulent flow, emissivity, size, etc. It will be the properties that are most
easily remotely monitored, however, that may prove the most useful to the classification
problem, and the simplest properties that will provide for general understanding of
phenomenology. To this end, observations of fireball size as a function of time are an
ideal starting point — it is easily remotely observed and should have a direct relationship
to the characteristics of the munition type.

Additionally, because the shockwave resulting from a detonation of high
explosives is well understood and can be monitored optically, determining a
phenomenological relation between physical features that can be extracted from it
(velocity, pressure, etc.) and the explosive material characteristics should also be
possible. Furthermore, there is no clear connection between the characteristic features of
the shockwave and the behavior of the afterburn fireball. Examination of the
relationships between the shockwave and the fireball provides a great deal of insight into
the phenomenology of explosive munitions detonations and was a major focus of this

research.

Investigative Questions
Because detonation physics encompasses a wide range of subjects (the more
prominent fields including combustion chemistry, fluid flow, thermodynamics, and

spectral radiometry), it was necessary to narrow down the list of subjects that were



investigated by determining what specific questions needed to be answered. These were:
1. Which features are reproducible for munitions of the same type, yet
different for munitions of dissimilar types?
2. Which features of the shockwave and fireball are highly correlated with
characteristics of the explosive material?
3. How are features of the shockwave related to features of the afterburn
fireball?

The first question was important because the development of a phenomenological
understanding of detonations requires that the observations of the fireball and shockwave
be reproducible. Furthermore, for the understanding to be more than a characterization of
detonations in general there must be a noticeable difference in the fireball or shockwave
as the characteristics of the munitions change; i.e. features must be distinguishable.
Answering this question also served the practical purpose of aiding in the classification
problem, since classification of remotely sensed explosive detonations requires distinct,
reproducible signatures.

This led to the second question to be answered in this work. By identifying which
features are affected by changes in the explosive munitions’ characteristics, it was
possible to physically relate these features to those characteristics.

The final question answered was the major focus of this research. While the
fireball and shockwave resulting from explosive detonations were seemingly independent
of each other — the shockwave was supersonic ahead of the fireball and thus should not be
influenced by it — identifying which features were correlated helped to understand the

phenomenology of the features. High correlation between a feature of the shockwave and



one of the fireball indicated an underlying characteristic of the explosive material.
Having been found, they may be used as predictors of fireball and shockwave features.
Or, working the problem from the other end, classification may be accomplished by
relating observation of shockwave and fireball features to the originating explosive

material.

Methodology

This research was not approached from a purely theoretical standpoint; i.e. the
phenomenology was not developed from first principles. Rather, experimental
observations of explosive munitions detonations — and other combustion events (muzzle
flashes, missile plumes) for variety of data — were examined in several spectral bands.
Features of the fireball and the shockwave were extracted for the detonation events. The
majority of these features were physical in nature (i.e. the size of the fireball and the
velocity of the shockwave), which served to aid in developing phenomenological
relationships between the features and the explosive’s characteristics, as well as between
the features themselves. Other features, however, were extracted by fitting observed data
to theoretical models and using the fit parameters as features.

The extracted features of the fireball and shockwave were assessed in a number of
ways. They were examined for reproducibility for explosives of a single type,
distinguishability for explosives of different types, and correlation with features of the
explosive and other extracted features. All of the features for all of the munitions types
were compared in a brute force manner by iterating through several groups of munitions

to determine reproducibility and all possible combinations of two features to determine



both their correlation and their ability to differentiate munitions types. Evaluation was

based on the use of several statistical metrics.

Assumptions/Limitations

Due to the complexity of the problem, this research did not attempt to study the
in-depth, detailed mechanics of shockwaves and fireball dynamics. Instead, it looked at
the first-order problem by treating the explosive material, detonation, shockwave, and
fireball using a simple model methodology. This meant using basic models of
detonations. For the purpose of extracting and comparing features, this approach proved
beneficial since the simple models capture the most important characteristics of explosive
detonations. Although more complicated models exist, they only add refinements that
contribute to a lesser extent.

The classification problem is as complex of a topic as understanding detonation
phenomenology. For the practical classification of munitions detonations, robust
classifications schemes, such as those outlined by Major Andy Dills in his PhD
dissertation, Classification of battle space detonations from temporally-resolved multi-
band imagery and mid-infrared spectra, are necessary [14]. Such methods were not used
here. Rather, the separability of features was determined as a simplistic measure of their
classification potential. Those with high potential may be examined in further research to
determine their true utility.

Further, the results that are presented here were obtained using a limited set of
data. There were three explosive compositions, only two of which were studied in-depth.

There were also only two weights for each composition. In addition, there was not a



statistically meaningful sampling for many of the features examined. Thus, the
conclusions that are drawn are limited to the explosives and weights examined and

should be verified with a greater number of tests before they are accepted as truth.

Implications

Finding the correlation between shockwave features, fireball features, and
characteristics of the explosive munitions served two purposes. First, it furthered the
phenomenological understanding of explosive detonations. A great deal is known about
shockwave physics, but little is known about a detonation’s afterburn fireball or the
shockwave’s relation to it. By studying these relations, a more complete picture of
detonations was formed, which allowed scaling relations to be developed, laying the
foundation for more complete theories and predictive models to be developed.

The second (and perhaps more practical) purpose of studying shockwave, fireball,
and explosive material correlation was in supporting the classification effort. Although
this research’s focus was on developing a theoretical understanding of explosive
detonation behavior, it also serves the interests of the Air Force and ultimately the war

fighter.



Il. Theory

Chapter Overview

Conventional explosive munitions release large amounts of energy in a very short
time through the oxidation of an explosive fuel. The result is a high speed, high pressure
shockwave immediately following detonation, as well as an afterburn fireball as the
reactants continue to burn over a longer timeframe. In military applications, the
shockwave is the primary means of affecting the target and is engineered so that it
contains a great deal of energy, but the ongoing combustion of reactants in the fireball
also releases a significant amount of energy.

The first three sections of this chapter give a brief overview of combustion
reactions and the explosives used in this research (TNT, RDX, and Composition B) as
detailed in Explosives by Josef Kohler [18] and Explosives Engineering by Paul Cooper
[19]. The latter sections address the basic theory of detonations in explosive materials
and shockwave propagation. General information on these topics was drawn from
Detonation by Fickett and Davis [17], Physics of Shock Waves and High-Temperature
Hydrodynamic Phenomena by Zel’dovich and Raizer [15], and the Army Materiel
Command’s Engineering Design Handbook. Principles of Explosive Behavior [16].
Finally, the statistical metrics used in analyzing shockwave and fireball features are

discussed.

Combustion Chemistry
Conventional explosives are primarily composed of carbon, hydrogen, nitrogen,

and oxygen in the form of a molecule, CtHyN,O,. When these compounds react, they



undergo a process known as oxidation in which the reactants are converted to products
with lower internal energies. The excess energy is released exothermically and is known
as the heat of combustion, AHc. Most conventional explosives are fairly stable in their
latent form because they must overcome an energy barrier (called the activation energy),
E,, for the reaction to proceed (Figure 1).

The oxidation (burning) of explosives is a combustion reaction. While the
process can be quite complex, the typical chemistry follows Equationl, where a;-as are
dependent on the constituents of the explosive molecule [19]. With the exception of CO,
the final products shown are the highest oxidation states (lowest internal energies) for

each atom, and thus the most stable. Ideally, when there is enough oxygen present, the
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Figure 1: Internal energy is plotted as a function of reaction coordinate. As the reaction proceeds (left to
right), the reactants overcome the activation energy, E,, and are converted to products with a lower internal
energy. The process is typically a two step process: detonation is where the reactants are converted to
intermediate products with the oxygen present in the system, releasing some energy, 4Hp. As additional
oxygen is introduced, the reaction continues and additional energy is released, AHA. The total excess
energy released is known as the heat of combustion, AHc.
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reactants burn completely and the energy release is the heat of combustion, AH.. Thisis

the total amount of energy that can be released from the combustion of the molecule.
Most conventional explosives are oxygen deficient and cannot fully oxidize without
mixing with atmospheric oxygen. When this occurs, the products may not be the states
of lowest energy for each atom, typically resulting in CO and NOsx.
CH,N, 0O, »aN,+a,H,0+a,CO+a,CO, +a0, (1)
The amount of energy released from a detonation reaction with oxygen present in

the molecule is the heat of detonation, AH,. The remaining energy, AH,, can be

liberated by introducing additional oxygen into the system and allowing the reaction to
proceed to the final product states. When an oxygen deficiency exists, there is a
hierarchy of how the reactants burn to form products. These are summarized by Cooper
[19] in the following rules of thumb that give a general guide for determining products:

1. all N combines to form N;

2. H, combines with O to form H,O

3. remaining O combines with C to form CO

4. remaining O combines with CO to form CO,

5. remaining O combines to form O,

In addition, there are always NOx molecules formed, but these account for less
than 1% of all products. The above is known as the simple product hierarchy of CHNO
explosives and models an ideal detonation. Non-ideal behavior includes unburned
hydrocarbons as products, as well as unreacted pieces of explosive material being ejected

from the detonation. This results in a lower than expected release of energy.
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TNT

Trinitrotoluene (TNT) is a well understood explosive that is important in military
and commercial applications. It has a high inherent stability and the capacity to be
combined with a wide variety of materials for fine-tuning its explosive characteristics.
The molecular formula of TNT is C;HsN3Og, which includes several isomers. Military
specifications are very stringent and allow only the symmetric 2-4-6 to be used (Figure
2). TNT for use in military applications is optimized for the greatest detonation energy,
shockwave velocity, and overpressure. This requires a high density of the explosive
material, and so military grade TNT is either cast (molten and then shaped) or pressed
(mechanically compressed) to obtain higher densities. Some relevant properties of high
density TNT are found in Table 1.

Pure TNT has a negative oxygen balance, indicating that it does not have enough
oxygen present in molecular form to completely oxidize. An oxygen balance of -73.9%
means there is an oxygen deficiency of 73.9% by weight, so that according to the CHNO

rules given above, a TNT detonation will be of the form shown in Equation 2. Per

CHj
0,N NO,

NO,

Figure 2: TNT molecular structure.
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kilogram, AH,, is approximately 4563 kJ of energy released in the initial detonation. As

the products mix with atmospheric oxygen, combustion can occur to release additional
energy as the carbon atoms and carbon monoxide molecules form the more stable CO,
molecule (Equation 3) [19]. Assuming complete oxidation of all reactants occurs, the
additional release of energy in the afterburn fireball, AH, = AH. —AH, was calculated

to be approximately 10444 kJ/kg.

Table 1: Selected properties of TNT isomer 2-4-6 [18]

Molecular Weight (kg/mole) 0.2271
Oxygen Balance (%) -73.9
Heat of Detonation, 4AHp (kJ/kg) 4563
Heat of Combustion, AHc (kJ/kg) 15007
Density, p (kg/m°) 1654
Detonation Velocity*, D (m/s) 6900

*at p = 1600 kg/m’®

C,HN,O, > 15N, +25H,0+35C0+3.5C +AH, )

3.5C0O +3.5C +5.250, — 7CO, + AH , (3)

RDX

Cyclotrimethylenetrinitramine (RDX) is a powerful explosive due to its high
density and high detonation velocity. Like TNT, it is a very stable explosive. The
molecular formula for RDX is C3HgNgOg (Figure 3). RDX, like TNT, has a negative
oxygen balance. The detonation follows the reaction shown in Equation 4 [19]. In the
initial detonation reaction 6322 kJ/kg of energy is released. The remaining energy,
approximately 3825 kJ/kg, is released as the CO reacts with atmospheric oxygen to
produce CO,. This gives a greater initial release of energy than TNT, but the total release

of energy per kilogram is lower. Some pertinent properties are shown in Table 2.
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Figure 3: RDX molecular structure.

Table 2: Selected properties of RDX [18]

Molecular Weight (kg/mole) 0.2221
Oxygen Balance (%) -21.6
Heat of Detonation, AHp (kJ/kg) 6322
Heat of Combustion, 4Hc (kJ/kg) 10147
Density, p (kg/m°) 1820
Detonation Velocity*, D (m/s) 8750

* at p = 1760 kg/m®

C.H,N,O, — 3N, +3H,0+3CO+AH, 4)

Composition B

Composition B is an explosive compound cast from 59.5% RDX, 39.5% TNT,
and 1% wax by weight and is used primarily in military applications. It has a density
near that of TNT, p = 1650 kg/m®, although it may be raised to 1700 kg/m® and higher
with special casting techniques. Its detonation velocity is approximately 7800 m/s at a

density of 1650 kg/m® [18].
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Simple Theory of an Ideal Detonation

Detonations involve many complex phenomena including chemical kinetics, fluid
dynamics, and thermodynamics. Even for relatively basic explosives in simple
geometries, the mathematical treatment is quite difficult. To obtain a basic understanding
of what happens in a detonation, a number of simplifying assumptions can be used,

providing a first-order perspective. The assumptions generally used are as follows [19 pp

253-254]:
1. There is only flow in one dimension
2. The detonation front discontinuously jumps from high pressure behind the

front to ambient pressure ahead of the front

3. Reactants and products are in a state of chemical and thermodynamic
equilibrium

4, The chemical reaction zone is infinitely thin

5. The velocity of the detonation front is constant

6. The reaction products may be affected by the rest of the system or by
boundary conditions after the detonation front has passed
When combustion is initiated in an explosive material, the burn front propagates

outward, consuming reactants in the process. The reaction products in the wake of the
front are in a gaseous state and very energetic due to the large amounts of energy
liberated in the reaction, resulting in high pressures immediately behind the front. If the
reaction front is propagating supersonically, there will be a discontinuous region between
the high pressures behind the front and the unaffected material ahead of the front. This

discontinuity is known as a shockfront, shockwave, or shock.
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While inside the explosive, the shockwave is supported by the energy released in
the reaction. Very shortly after the detonation is initiated, the shockwave velocity, D,
reaches an equilibrium value. This velocity is maintained as the shock passes through the
rest of the explosive before finally breaching the surface. The process, from the initiation
of combustion to the shockwave proceeding through the explosive and breaching the
surface, happens on such a short timescale that it is effectively instantaneous. The result
is a nearly instantaneous release of energy as the shock breaches the surface, Ep. Once
outside of the explosive, the energy driving the shock is no longer present and the shock

dissipates.

Shock Relations

Before describing the behavior of the shockwave’s expansion outside of the
explosive, it is helpful to describe some of the relations that it is assumed to obey (taken
from assumptions used by Zel’dovich [15]). First, it is assumed that the atmosphere the
shock is traveling in is a perfect gas, i.e. the initial (ambient) pressure, po, and final
(shock) pressure, p1, obey the Ideal Gas Law (Equation 5). It is also assumed that the
atmosphere is homogeneous and has a constant specific heat (at constant pressure, cp, and
constant volume, cy) for all temperatures, T. The ratio of specifics heats (Equation 6), y,
takes on values of 5/3, 7/5, and 9/7 for monatomic, diatomic, and triatomic ideal gases,

respectively.

Lo - B ©)
PoTo 1T1
C
y=—" (6)
c,
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With these assumptions, the relationship in Equation 7 can be derived [20]. This
relation gives the pressure of the shockwave (overpressure) as a function of the ratio of
specific heats and the mach number of the shockwave, M. The mach number is defined
as the speed of the shockwave divided by the speed of sound, ¢y, in the medium in which
the shock is propagating — the atmosphere in this case (which is almost entirely diatomic,
establishing the value of y to be 7/5). With this basic relationship between the pressures
of the gases and the shock velocity established, it is possible to determine the

characteristics of the shockwave at any point along its propagation path.

1 1 2
%:m[w ~(7-1)] (7)

Shock Expansion

Propagation of the shockwave outside of the explosive material has a dampening
effect on both its pressure and velocity because it is no longer supported by the reaction
energy of the explosive. Its peak pressure and velocity are initially determined by the
shock’s properties as it leaves the explosive, but then decrease due to drag and geometry
effects. Assuming the initial shock in the explosive is strong (very high overpressures),
the resulting shockwave outside of the explosive material gradually decays to a weak
shock and then finally to an acoustic wave [15 pp 100].

The exact form of the transition from shockwave to acoustic wave depends on the
medium in which the shock is propagating. Continuing with the assumption of a
homogenous atmosphere composed of perfect gases with constant specific heats, if a
strong shock (which is most often the case in explosive munitions detonations) is

expanding into it, a number of additional relations can be derived. These relations, given
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by Zel’dovich, hold true independent of the functional form of the shock’s expansion [15
pp 51-52].

Equation 8, states that the limiting value of the density of particles behind the
front does not increase without limit as the shock’s pressure increases, but rather
approaches a finite value. Equation 9, shows that the velocity of the shockfront is
proportional to the square-root of its overpressure. In both of these relations, the constant

of proportionality is dependent on the ratio specific heats of the gas into which the shock

is expanding.
+1
P < Lpo (8)
y—1
%
D= [Lﬂgj ©)
2 p

The above formulas provide relationships amongst the thermodynamic properties
of the shockwave. Accurately relating these properties to the initial release of energy in
the detonation, however, is accomplished using empirical observations with known
detonation sources. Figure 4 shows the distance the shockwave has propagated from the
origin of the detonation (scaled down by a factor of the cube root of the mass equivalent
of TNT of the explosive material) as a function of overpressure in the shockwave. The
data were obtained for vapor cloud explosions, but should be valid for munitions
detonations because it relates the pressure in the shockwave to an initial energy release,
using the same assumptions of an ideal point detonation [21].

If the overpressure, py, is found at a distance from the point of detonation, R, the

scaled distance, s, can be used as a conversion factor to determine the equivalent mass of
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TNT, m, that was detonated (TNT equivalent mass is a standard that is often used to
describe an explosive’s energy release). This is then easily converted to a detonation

energy, Ep, using TNT’s heat of TNT, AH,. The detonation energy is the amount of
energy that would have had to have been instantaneously released in a detonation to
generate a shock of a given pressure at a given distance. Based on descriptions provided
in the SFPE Handbook of Fire Protection Engineering [21], the functional form was
determined and is shown in Equation 10.

R 3
E, = AR 10
(S(pl)} 10
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Figure 4: The scaled distance is plotted as a function of overpressure for a detonation shockwave.
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Explosive Model

There are two basic models in the literature that describe the radial evolution of
the shockwave as a function of time. The first model, known as the explosive or shock
model, was developed in 1966 by Zel’dovich and Raizer [15 pp 93-94] and is based on
the following assumptions:

1. A large amount of energy, Ep, is released into a small volume nearly

instantaneously

2. The shock expanding from the point release of energy has spherical

symmetry (one-dimensional, radial)

3. The mass of the explosive, my, is negligible compared to the mass of gases

encompassed by the shock, m;
4. The pressure of the shock, p;, is much greater than ambient pressure, po

5. Motion of the expanding gas is determined only by the energy released in

the detonation, Ep, and the ambient atmospheric density, po

The only combination of Ep and pg that gives only units of distance and time is

E, / p, Which has dimensions of [m°/s?]. Accordingly, the radius of the shock, R, as a

function of time, t, is given in Equation 11, where & is a unitless constant that depends on
the ratio of specific heats, y, given by Equation 12 [22]. Taking the derivate of R(t) with
respect to time gives an expression for the detonation velocity, D(t), as shown in
Equation 13. In terms of the radius of the shockfront, the velocity is given in the form
shown in Equation 14. It should be noted that although the form given here requires a
time dependence of t>, experimental work often finds more accurate fits in the range of

t°4 to t°° [24 pp 2733].
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In the near-field the source mass is not negligible compared to the mass
encompassed by the shockwave, which violates the third assumption. In the far-field, the
shockwave’s overpressure attenuates to near ambient pressure, violating the fourth
assumption. Thus the equations given above are only valid in the mid-field. This is
defined as the region satisfying Equations 15 and 16 [15 pp 94]. The second assumption,
that the shock is spherical, allows the mass encompassed by the shock, ms, to be defined
as the volume of the sphere enclosed by the shock times the ambient air density, po.
Combining these equations, along with Equations 8 and 9, allows the mid-field to be

described by Equation 17.

m, < m, = gnR3p0 (15)
p, > (ij 3 (16)
% N %
(Ej 504 M >R> (Bﬂj (17)
5 Po(7+1) A7py
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Beyond the mid-field, the overpressure approaches ambient pressure and the
shock velocity approaches the speed of sound, co. This transition is gradual with the end
resulting being a nearly spherical acoustic wave expanding according to Equation 18 [15
pp 99-100][23 pp 6131].

R(t) = ¢t (18)

Drag Model

Also commonly used to model the expansion of an explosive shock is the drag
model. This model treats the shockwave’s expansion as being dampened in proportion to
its velocity due to viscous forces. Equation 19 shows the differential equation governing
this deceleration and Equation 20 shows its solution [24 pp 2733-2734]. S is the drag
rate, D is the velocity of the shock as a function of time, t, and Dy is the initial velocity of
the shock immediately following detonation. Integrating the solution with respect to time
and imposing the boundary condition that at detonation the radius must be zero, the radial

extent, R, of the shock as a function of time is found (Equation 21).

dD
E:-ﬂD (19)
D(t)=De™” (20)
D - _p
R(t)=7°(1—e M) =R (1-€7) (21)

The drag model of shock expansion accurately models the shock’s growth at early
times while the mass of expanding product gases is greater than the mass of atmospheric
gases displaced and the velocity is still considerable [24 pp 2743]. In this region the

deceleration is also large, but gradually decreases as the radius of the shock
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asymptotically approaches its maximum value, Rmax. This is defined as the initial
velocity divided by the drag coefficient and physically represents the distance at which

the shock pressure reaches ambient pressure [25 pp 1557].

Statistical Metrics

With the end goal of characterizing munitions detonations being classification, it
is important to find features that are both reproducible within a munitions type yet
distinguishable across munitions types. A simple way to evaluate how well a feature
satisfies these requirements is to use the coefficient of variation and the Fisher Ratio.
Both of these metrics are statistical and assess the set of values obtained for the given
feature.

The coefficient of variation, Cy, is a measure of a set of values’ variability about

its mean. For a feature, X, it is defined as the standard deviation of the set of all values in

the set, o, , divided by the mean of the feature set, X (Equation 22). Because the

standard deviation of the feature set is normalized by its mean, Cy allows the variability
of features of any value to be directly compared. This metric assumes a normal
distribution, which may or may not be accurate for all features it is used to examine.
Because of its simplicity, however, it is often a valid metric for characterizing the
dispersion of experimentally determined values. Figure 5 gives an idea of how variability
in a data set translates to Cy values. Qualitatively, Cy values above 0.2 begin to show a

great deal of variability, while those below 0.2 begin to appear reproducible.

Oy
G =2 (22
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Figure 5: The distributions of values (x) for five sets of data are shown in the upper plot. The mean (*) and
standard deviation (I) of each set is offset to the right of the data points. The lower plot shows the
coefficient of variation for each set of data. A Cy value of ~0.5 or greater indicates large variability of the
data, whereas a value of ~0.1 or less indicates decent reproducibility.

The Fisher Ratio, FR, is a measure of the separation of multiple sets of values.
While it may be used to characterize a number of sets, its form is simplest and most
easily understood for only two sets, X and Y. Here, the Fisher Ratio is given as the square
of the difference of the means of the sets, X and Y , divided by the sum of the variances
of the sets, o; and o, as shown in Equation 23. The meaning of the Fisher Ratio can
be visualized with Figure 6. This figure assumes normal distributions — which is not
always the case — making the relationship between the means and standard deviations of
the two sets apparent. Separation of the sets can be thought of as depending on how

much the distributions of the sets overlap, which for normal distributions depends on how
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Figure 6: Two sets of Gaussian distributed data are shown. Data points from set one (o) have a distribution
represent by the solid line. Data points from set two (A) have a distribution represent by the dotted line.
From top to bottom, the widths of the Gaussians (variability in the data sets) increase. The resulting
overlap in the distributions causes a decrease in separability, as indicated by the lower Fisher Ratio.
Decease in the FR will also occur if the variability remains fixed but the means become closer together.

far apart the means of the set are (where the Gaussians are centered) and how
reproducible the values are about their means (the width of the Gaussians). The more the
distributions overlap, the less separated the data are.

(X-Y)

2 2
Oy t+0y

FR = (23)

Another metric, the correlation coefficient, r, is a measure of how correlated two
sets of data are, with one definition given by Equation 24 (where x; and y; are the ith
values in X and Y, and n is the number of pairs in X and Y). For complete correlation, i.e.
a linear relationship, r =+1 (positive if both sets of data increase together or negative if
one set increases while the other decreases). As the correlation between the sets
decreases, r approaches zero. This is shown in Figure 7 for data with perfect correlation

(upper left) through poor correlation (lower right). The magnitude of the correlation
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between the two sets is measured by the square of the correlation coefficient and is called

the coefficient of determination, r.
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Figure 7: Correlation of two sets of data points, x and y, is shown. Complete correlation =1 (upper left)
through poor correlation (lower right) can be seen.

Summary

Combustion chemistry and the ideal theory of detonation, while not capturing all
of the intricacies of high explosive detonations, provide a background for understanding
the primary results of detonations. These include a nearly instantaneous release of energy

that is primarily in the form of a shockwave which — in the ideal model — expands
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symmetrically in the radial direction. This shockwave gradually transitions to an acoustic
wave as its pressure decreases to ambient pressure and its velocity to the speed of sound.

Energy also goes into visible and infrared emissions as the explosive reactants
detonate. Because many munitions (TNT and Composition B in this research) are
oxygen deficient, the reactants do not fully oxidize in the initial detonation. As these
unburned reactants and detonation byproducts mix with atmospheric oxygen, the reaction
continues, resulting in an afterburn fireball that lingers for hundreds of milliseconds to
seconds after the initial detonation.

Features from the shockwave and afterburn fireball can be assessed for
reproducibility, distinguishability, and correlation using a number of statistical metrics.
This allows these properties of the features to be compared quantitatively for a more

exact understanding of them.
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I11. Methodology

Chapter Overview

The preceding theory applies to simple detonations under ideal conditions where
flow is all one dimensional (in the radial direction), the explosive fuel is fully detonated
(not necessarily to the lowest oxidation state, but to a state where no unreacted fuel
remains), and the energy released due to the combustion of detonation byproducts in the
afterburn fireball is neglected.

Detonation of real munitions rarely follows this idealized model. Often, the
detonation is far from symmetric due to the geometry of the munitions, and even when
geometry does allow for a spherical detonation, the resulting shockwave and afterburn
will be influenced by turbulence and temperature gradients in an inhomogeneous
atmosphere. Complicating the situation even further, the explosive detonation can throw
out pieces of explosive material before it combusts, leading to secondary detonations or
sustained combustion of the afterburn fireball.

Because of these effects, characteristics that are very reproducible in the lab
become uncertain in the real world. Relatively simple munitions detonations can appear
wildly different in different environments or — even more frustrating to the classification
process — they can appear different under seemingly similar conditions. By determining
which features are reproducible and distinguishable, it may be possible to model some of
the basic phenomenology of detonation shocks and fireballs.

An attempt was made at accomplishing these goals by investigation a number of

emission events, not just munitions detonations. While ultimately it is the features
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extracted from detonation shockwaves and afterburn fireballs that are important,
developing and verifying the techniques to extract useful features was also important. To
this end, data from missile plumes and small arms muzzle flashes were examined in
addition to munitions detonations. This established reproducibility of features and
differentiation between dissimilar classes of combustion events. Once this was
accomplished, distinguishing between types within a specific class of combustion events,
i.e. bomb detonations, was attempted.

This chapter begins with an overview of the instrumentation and field tests used
to collect the data. It discusses the methods used for processing data. Finally, this

section concludes with a description of the metrics and models used to analyze the data.

Instrumentation

Three instruments provided data that were examined in this research: a high speed
visible Phantom camera, an Indigo Alpha near-infrared (NIR) imager, and an Irris mid-
wave infrared (MWIR) imager. The Canon imager was also used for documentation
purposes. This section gives a basic description of each instrument, paraphrased from
the Bronze Scorpio Test Report [26] and Major Andy Dill’s PhD dissertation,
Classification of battle space detonations from temporally-resolved multi-band imagery
and mid-infrared spectra [14]. Additionally, any settings that affected data analysis are
discussed. A detailed list of instruments settings used in this research for each field test
is given in Appendix 1.

The tool of primary interest for examining detonation events was a high speed

Phantom camera. The Phantom is a 24 bit Truecolor imager (8 bits in each of the red,
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green, and blue bands) that can record up to 4,800 full frames per second, or exceeding
150,000 frames per second on smaller regions of the focal plane array (FPA). The FPA is
an 800x600 SR-CMOS array with 22 um pixels. It integrates over propriety red, green,
and blue (RGB) bandpasses with integration times adjustable from as low as 2 s to as
long as ~95% of the inverse of the frame-rate. The primary drawback of the Phantom
camera is the long times required to download data from the camera; because of this, on
average only every other detonation event was captured.

The Indigo Alpha NIR imager has an InGaAs FPA that integrates over the 0.9-1.7
pum band with the relative spectral response shown in Figure 8. The FPA provides a
resolution of 320x256 with 30 um pixels and 12 bit dynamic range. It was non-
uniformity corrected using dark, medium, and bright sources in order to correct any offset
and gain differences in the individual pixels. The imager frames at a maximum of 30 Hz
but is often slower due to the duty cycle of the FPA (readout and data transfer time).
This slow-down can be minimized by keeping the variable integration time low (in the
hundreds of microseconds or less) and the total recording time less than is capable of
being stored in the buffer (typically ~7 seconds). For high intensity events, such as
detonation events or missile plumes, this was not an issue. Measurement of the muzzle
flashes required long integration times (33 milliseconds) to ensure that the short-lived
flash (less than 2 milliseconds) was acquired. Although this slowed the frame-rate to
11~15 Hz, it provided the best fraction of captured muzzle flashes to rounds fired.

The Cincinnati Electronics IRRIS MWIR imager collects thermal imagery in the
3-5 um band with a 256x256 InSh FPA. It has a spatial resolution and dynamic range

that is equivalent to the Indigo NIR imager: 30 um pixels that bin data into 12 bits. It
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Figure 8: Relative spectral response of InGaAs FPA in the Indigo Alpha NIR imager.

was used to collect MWIR imagery of detonations at 40 Hz. While this allowed temporal
information of the fireball to be analyzed, the detonation emissions occurred much too
quickly to be acquired. Thus the Irris imager was of limited use in studying the evolution
of detonation events and was used to obtain MWIR area profiles only.

The Canon imager is an RGB camera that records video at 30 Hz and also
features a microphone for recording audio. It was used to acquire low-speed RGB
imagery of the detonation events, which was not analyzed in this research. Rather, the
audio track was used in conjunction with the timestamp in the video to determine at what

time the shockwave arrived at the measurement site.

Field Tests
This section discusses the three field tests from which data were collected. The

Bronze Scorpio tests were of small munitions detonations. The Dual Thrust Smokey
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SAM tests measured missile plumes emissions. Finally, the Muzzle Flash tests were used
to characterize the flashes from small arms fire.

The Bronze Scorpio field tests were conducted at the US Army Yuma Proving
Ground in Yuma, Arizona from 17-19 November, 2004 as part of the National Air and
Space Intelligence Center’s effort to “investigate signatures from Improvised Explosive
Devices” [26]. These tests consisted of 65 detonation events, primarily of 1705mm M760
howitzer shells and 155mm M107 howitzer shells filled with either TNT or Composition
B (Figure 9). The munitions were either erect (standing on end with the nose vertical) or
prone (nose horizontal). A smaller number of C-4 and improvised (multiple munitions
placed in a barrel) detonations were also included. Additional information on the Bronze
Scorpio tests can be found in the Bronze Scorpio Test Report [26].

There were two measurement sites, both approximately 1100 meters from ground
zero (Figure 10). Instrumentation of interest to this research was the Canon, Phantom,
Indigo, and Irris imagers. Not all events were acquired by each instrument (due to

pointing and focusing issues, downtime required to download data, instrument

Figure 9: 155mm Composition B shell, 155mm TNT shell, and 105mm TNT shell (left to right) detonated
during the Bronze Scorpio field tests.
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Figure 10: Bronze Scorpio test layout. Both instrumentation sites were located above ground zero,
approximately 1100 meters away.

malfunction, or operator error). The test matrix that shows which events had data
collected by which of these instruments is shown in Table 3. Indicated is whether the
munitions were detonated during the day or at night, which significantly affected the
amount of background noise in the visible, and to a lesser extent the NIR and MWIR.
Also shown is the composition of the explosive material, the size of the munitions casing,
the weight of explosive material, and the orientation of the munitions.

Imagery and spectra from six Dual-Thrust Smokey SAM (DTSS) plumes were
collected on October 26, 2005 at the Wright Patterson AFB Area B Test Range (Figure

11). All tests were alike, with two propellants burned sequentially in each DTSS,
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Table 3: Test matrix for Bronze Scorpio. Data collected and examined are denoted by a “Y”; data that have
yet to be acquired by AFIT (not examined) are denoted by an “X”.

# | Light | Munitions | Size Weight Orient. | Phantom | Indigo | Irris | Canon
1 | day TNT 155mm 6.64 kg Erect Y Y X Y
2 | day TNT 155mm 6.64 kg Erect Y X Y
3 | day TNT 155mm 6.64 kg Erect Y Y X Y
4 | day TNT 155mm 6.64 kg Erect Y X Y
5 | day TNT 155mm 6.64 kg Erect Y Y X Y
6 | day TNT 155mm 6.64 kg Prone Y X Y
7 | day TNT 155mm 6.64 kg Prone Y Y X Y
8 | day TNT 155mm 6.64 kg Prone Y X Y
9 | day TNT 155mm 6.64 kg Prone Y Y X Y
10 | day TNT 155mm 6.64 kg Prone Y Y X Y
11 | day TNT 105mm 2.09 kg Erect Y X Y
12 | day TNT 105mm 2.09 kg Erect Y Y X Y
13 | day TNT 105mm 2.09 kg Erect Y X Y
14 | day TNT 105mm 2.09 kg Erect Y Y X Y
15 | day TNT 105mm 2.09 kg Erect Y X Y
16 | day TNT 105mm 2.09 kg Prone Y Y X Y
17 | day TNT 105mm 2.09 kg Prone Y X Y
18 | day TNT 105mm 2.09 kg Prone |Y Y X Y
19 | day TNT 105mm 2.09 kg Prone Y Y X Y
20 | day TNT 105mm 2.09 kg Prone Y X Y
21 | day C-4 3x0.57 kg Y Y Y Y
22 | night | TNT 155mm 6.64 kg Erect Y Y X
23 | night | TNT 155mm 6.64 kg Erect Y Y Y X
24 | night | TNT 155mm 6.64 kg Erect Y Y X
25 | night | TNT 155mm 6.64 kg Erect Y Y X
26 | night | TNT 155mm 6.64 kg Erect Y Y Y X
27 | night | TNT 155mm 6.64 kg Prone Y Y Y X
28 | night | TNT 155mm 6.64 kg Prone Y Y X
29 | night | TNT 155mm 6.64 kg Prone Y Y Y X
30 | night | TNT 155mm 6.64 kg Prone Y Y X
31 | night | TNT 155mm 6.64 kg Prone Y Y X
32 | night | TNT 105mm 2.09 kg Erect Y Y X
33 | night | TNT 105mm 2.09 kg Erect Y Y Y X
34 | night | TNT 105mm 2.09 kg Erect Y Y X
35 | night | TNT 105mm 2.09 kg Erect Y Y Y X
36 | night | C-4 4.55 kg Y Y X
37 | night | TNT 105mm 2.09 kg Erect Y Y X
38 | night | TNT 105mm 2.09 kg Erect Y Y X
39 | night | TNT 105mm 2.09 kg Erect Y Y Y X
40 | night | TNT 105mm 2.09 kg Erect Y Y X
41 | night | TNT 105mm 2.09 kg Erect Y Y X
42 | night | TNT 105mm 2.09 kg Erect Y Y Y X
43 | night | C-4 4.55 kg Y Y X
44 | night | C-4 4.55 kg Y Y X
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# | Light | Munitions | Size Weight Orient. | Phantom | Indigo | Irris | Canon
45 | night | TNT 155mm 6.64 kg Erect Y Y X
46 | day TNT 155mm 6.64 kg Erect Y Y Y X
47 | day TNT 155mm 6.64 kg Erect Y Y Y Y
48 | day C-4 4.55 kg Y Y Y
49 | day TNT 155mm 6.64 kg Erect Y Y
50 | day TNT 155mm 6.64 kg Erect Y Y Y
51 | day TNT 155mm 6.64 kg Erect Y Y Y
52 | day TNT 155mm 6.64 kg Erect Y Y Y Y
53 | day C-4 4.55 kg Y Y Y Y
54 | day Comp. B 155mm 6.64 kg Erect Y Y Y Y
55 | day Comp. B 155mm 6.64 kg Erect Y Y
56 | day Comp. B 155mm 6.64 kg Erect Y Y Y Y
57 | day Comp. B 2x155mm | 2x6.64 kg Erect Y Y Y Y
58 | day Comp. B 155 mm 6.64 kg Erect Y Y Y
59 | day Comp. B 2x155mm | 2x6.64 kg Erect Y Y Y Y
60 | day Comp. B 155mm 6.64 kg Erect Y Y Y
61 | day Comp. B 2x155mm | 2x6.64 kg Erect Y Y Y Y
62 | day TNT 155mm 6.64 kg Erect Y Y
63 | day TNT/C-4* | 155mm/ | 6.64/13.64 kg Y Y Y
64 | day TNT/C-4* | 155mm/ | 6.64/13.64 kg Y Y
65 | day C-4 13.64 kg Y Y Y

* munitions placed in a barrel

Figure 11: Dual Thrust Smokey SAM test setup at Wright Patterson AFB, Area B Test Range. The DTSS
was fixed approximately 1.5 meters above a concrete runway.
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simulating the propellants used in an actual SAM. The propellant for the first thrust was
Smokey SAM Mix IH210-03B-SSAMS-0665, and the second thrust burned Modified
Sagger SAM Propellant IH210-04A-DTSS-0018. All DTSSs were ignited after dark to
minimize background noise.

The DTSSs were held stationary approximately 1.5 meters above a concrete
runway and collection instruments were placed 139 feet away at a 90 degree angle to the
fuselage. The instrumentation of interest to this research was the Indigo imager.
Additional information on the DTSS tests, including information on reproducibility of
features in the NIR, is contained in Dual Thrust Smokey SAMs: NIR Quick-look [27].

The final set of field tests involved acquiring imagery and spectra from 140
rounds of ammunition collected from November 28-30, 2005 at Range 1 of Area B on
Wright Patterson AFB. Muzzle flashes from four types of ammunition were collected but
only three of the types were examined because the limited number of events of the fourth
type (five) was not statistically meaningful. These included a frangible bullet propelled
with standard gunpowder and a novel low flash powder, labeled “conventional” and
“novel,” respectively. The third ammunition type was a full metal jacketed (FMJ) bullet
with the novel powder. The primary differences between the frangible rounds and the
FMJ rounds were that the frangible bullets were lighter and thus had greater velocities
exiting the firearm barrel.

All rounds were fired from a .45 caliber semi-automatic held stationary in a
Ransom Rest approximately three feet off the ground. The rounds were fired in
sequences of 5-7 rounds at a time (one magazine), with fewer rounds being fired in the

event of a jam. The instrumentation included two Indigo Alpha NIR imagers, a Canon
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RGB imager, a high speed Phantom RGB imager, an ABB Bomem MR-254 spectro-
radiometer, an ABB Bomem MR-154 spectro-radiometer, and an Acton visible grating
spectrometer, with the latter three not being discussed because they were not used in this
research.

Of importance to the current analysis was the Indigo imager located perpendicular
to the barrel at 181 cm. The test matrix indicating how many and what type of rounds
were fired in each sequence, as well as how many rounds were acquired with the Indigo
imager used, is shown in Table 4. Additional information on the Muzzle Flash tests and
the novel “flashless” powder can be found in Muzzle Flash Test: NIR Quick-look and

Conventional and Q30 Flashless Gunpowder Preliminary Test Report [28][29].
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Figure 12: Muzzle Flash Test setup geometry.
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Table 4: Test matrix for Muzzle Flash Tests indicating ammunition type, number of rounds fired, and
number of rounds acquired with the Indigo imager.

Sequence | Ammunition | # rounds | # acquired | fraction
001 conventional | 7 4 0.571
002 conventional | 6 3 0.500
003 conventional | 4 2 0.500
004 conventional | 7 2 0.286
005 novel 7 1 0.143
006 novel 6 4 0.667
007 novel 7 3 0.429
008 novel 7 1 0.143
009 conventional | 1 1 1.000
010 conventional | 7 4 0.571
011 conventional | 1 1 1.000
012 conventional | 7 4 0.571
013 conventional | 5 1 0.200
014 conventional | 2 0 0.000
015 conventional | 1 0 0.000
016 conventional | 6 1 0.167
017 conventional | 5 0 0.000
018 novel 3 2 0.667
019 novel 4 1 0.250
020 novel 7 1 0.143
021 novel 7 5 0.714
022 novel 2 1 0.500
023 novel FMJ 1 1 1.000
024 novel FMJ 6 4 0.667
025 novel FMJ 6 3 0.500
026 novel FMJ 6 3 0.500
027 novel FMJ 6 2 0.333
028 Wolf 1 1 1.000
029 Wolf 5 1 0.200
Total 140 57 0.407

Data Extraction

Analysis of the afterburn fireballs, DTSS plumes, and muzzle flashes was not
conducted on the raw imagery files acquired by each instrument. Rather, the data were
input into Matlab where more sophisticated data processing could be used. For the

Indigo and Irris imagers, this was accomplished with Matlab scripts (written by Tom
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Fitzgerald of ATK Mission Research) that read the raw data directly from the
instrument’s imagery file and saved them in a Matlab structure. For every frame of
imagery, the Matlab structure contained a matrix representing the digital numbers (DNs)
of each pixel. Since both imagers are 12-bit, these DNs ranged between zero (no signal)
and 4095 (saturation).

Importing the Phantom imagery into Matlab was more complicated because the
imagery files use a proprietary file structure. Without knowing how the files were
encoded, a reader could not be developed. Instead, imagery from the Phantom camera
was converted to an uncompressed, 24-bit AVI movie. These were read into Matlab
structures using built-in Matlab functions. The structures were similar to that of the IR
imagers, with the difference being that the Phantom structures contained a matrix of 8-bit
DN values for each of the RGB bands for each frame. This preserved the quality of the
data, but due to the extremely large AV file sizes, processing time was extensive.

The Phantom camera provided imagery of the shockwave in addition to the
fireball. The shocks were visible, albeit faintly, due to the change in index of refraction
they caused as they passed through the atmosphere (see Figure 13 — the shockwave is
visible in the video but very difficult to distinguish in a static image without image
processing). Since viewing the shock depends on viewing the disturbance it causes to
light passing through it (from the landscape in the background), the shock could only be
seen for events that occurred during the day. Additionally, due to the variations in the
landscape, automated processing of the shockwave’s position was not attempted. Instead,
the position of the shock relative to the point of detonation was measured manually in

steps of 5-10 ms from the time it was first visible until the shock exited the field of view;
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image processing (right). The index change due to the shockwave is difficult to see in the original image,
but with background subtraction and contrast adjustment, it can be seen as a nearly spherical shell
propagating away from the detonation.

this amounted to six to ten data points. A late-time data point was obtained using the
Canon video to determine the time of detonation and then listening for the boom as the
shockwave reached the camera on the audio track.

There was an uncertainty of approximately 10 pixels in the measurement of the
shockwave’s position. This was due to the thickness of the shockwave and its faintness,
both of which made it difficult to distinguish where its position could consistently be
measured. Taking the IFOV of the Phantom camera into account, this translates into
approximately half of a meter. The uncertainty in the late-time measurement of the shock
position was approximately 0.3 seconds. This is an uncertainty of approximately ten
percent, but it gave a rough approximation of the velocity of the shockwave at the
measurement site (and thus the extent to which the shockwave had transformed to an
acoustic wave).

Ideally, the shockwave would be spherically symmetric and measurements of the
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shock position could be taken in any direction. In reality, the shock appeared elliptical at
early times (although it approached spherical rather quickly) and so for consistency, the
position of the shock was measured in the vertical direction. The position and time
values were stored in an Excel spreadsheet that was accessible to both TableCurve 2D for

curve fitting and Matlab for analysis.

Data Processing

In general, the events being observed occupied only a fraction of the field of view
of the instrument and an even smaller fraction of the total number of frames recorded.
This inflated file sizes with useless data and made processing go much more slowly. To
more efficiently handle data, the Matlab structures were truncated by eliminating all but a
handful of background frames. Additionally, the event matrices were cropped on all
sides to slightly larger than the event dimensions. This can be seen for the NIR imagery

in Figure 14, which is representative of the cropping for all instruments and events.

Figure 14: Detonation fireball as seen from the Indigo Alpha NIR imager’s full field of view (left) and the
cropped image (right).
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The above processing did not alter the data from their raw format. In order to
perform calculations for the fireballs in the Phantom’s blue band, however, hot pixels —
pixels with a DN above some threshold value — that were not associated with the fireball
needed to be removed. This was because calculations of the fireball area were dependent
on hot pixels, and non-fireball hot pixels would skew the result (the exact criteria for a
pixel being hot are discussed in the Area Profiles section). These were pixels that viewed
the smoke and debris cloud near to the ground and were saturated by reflected or emitted
light in the blue band only (see Figure 15). Removing them was accomplished by
applying a mask to each frame of the blue imagery so that only the region around the
fireball remained. The mask was computed by identifying the hot pixels in the red band
and defining a rectangular region with a ten pixel buffer to each side. Everything in the

blue matrix outside of this mask was set to a digital number of zero.

-

Figure 15: Detonation fireball as viewed by the Phantom camera in the red (upper left), green (upper right),
and blue (lower left) bands. Due to the brightness of the smoke and debris in the blue band, the blue image
was masked (lower right) so that only hot fireball pixels would be seen. The mask was based on hot pixels
in the red band, with a ten pixel buffer on each side.
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Area Profiles

The simplest features of the fireball to extract from imagery were those relating to
the size and duration of the fireball (missile plumes and muzzle flashes had many of the
same features and, although not always explicitly mentioned, these types of combustion
events are assumed to be included in descriptions of fireball feature extraction). To
examine the fireballs’ characteristics quantitatively, metrics had to be established that
gauged the fireball’s size and duration. The metrics used were taken from the histograms
of the imagery as a function of time, as in Figure 16. In these temporal histograms, the
numbers of pixels, N, as functions of digital number are plotted for each frame of
imagery for a munition detonation in the MWIR (left) and a DTSS plume in the NIR
(right). While the distribution of DNs was band dependent and varied for event type, the
common characteristics included a spike in pixel number at low DNs corresponding to
background, low pixel numbers in the mid DNs before and during the combustion event,
and a smaller spike in the high DNs from pixels illuminated by combustion emissions.

Because of the bimodal distribution, the histograms provided an opportune way to
determine fireball size — the spike in high DNs corresponds to fireball illuminated pixels.
The size of the fireball (for each frame of the image) was calculated by summing over the
number of pixels at each digital number in the histogram, N;, that were above some
threshold and then multiplying by the area viewed per pixel (Equation 25). From
geometry, the area viewed per pixel, Ay, as a function of the IFOV of the instrument, G,
and the distance from the event, d, is given in Equation 26.

This metric provides an area profile as a function of frame (but was converted to a

function of time by dividing by the instrument’s frame-rate) and is referred to as the
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Figure 16: The MWIR histogram of a Bronze Scorpio detonation event (left), representative of all Bronze
Scorpio events, shows excellent separation between dark pixels and hot pixels. The temporal histogram of
a typical DTSS in the NIR (right) also exhibits separation between background and hot pixels, but the
distributions are wider. This is indicative of a wide range of intensity levels in the combustion event, and
can be attributed to reflection from gases and surroundings.

digital number, DN

DNy
Ah = Apx Z Ni (25)
i=DN >DNy,
A, =(0,4d)’ (26)

threshold area, Aq. It is simply a sum of hot pixels in the instrument’s field of view for
each frame of the image, where hot pixels are defined as those pixels with a DN greater
than a threshold digital number, DNy, up to the maximum, DNpax. Where to set the
threshold DN was somewhat arbitrary; it was set high enough that pixels illuminated by
background and reflected light were not included in the summation. This is shown in
Figure 17, where there is a clear minimum between the background and hot pixels.

This level changed based on which instrument was used and which type of
combustion event was being observed. For each of the field tests, however, the threshold
was maintained for all events of the field test so that the events would be relatively
comparable. Table 5 indicates the threshold DN used for each instrument in the various

field tests. In the Bronze Scorpio and DTSS tests, background and reflected light were a
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Figure 17: The histogram as a function of time shows a minima near DN 3000. Setting the threshold here
(dashed line) assumes that all DNs above this level are due to combustion emissions and that all DNs below
this are due to background or reflected light.

concern, so the threshold was set where there appeared to be a minimum in the
histogram. In the Muzzle Flash test, however, all events occurred in the dark with a
black background, so background and reflected light were not an issue. Because of this,
all DNs above the background (calculated as the DNs above which the number of pixels,
N, dropped below 1% of the maximum of the background spike) were considered muzzle
flash areas. This level was variable, but was typically around DN 600 and was most
likely due to light reflected from gases ejected from the muzzle. The area of the brightest
part of the plume (the part thought to be emitting) was based on a threshold of DN 3800.
Histograms, thresholds, and imagery of a single frame of each combustion event are

shown in Figure 18.
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Table 5: Threshold DN for each instrument used in the three field tests. In the Muzzle Flash test, there
were two thresholds. The first measured everything above background and was variable for each event. It
was set where the background DN spike drop below 1% of its maximum value, typically around DN 600.
The second threshold quantized only the DNs of the bright flash and was fixed.

Instrument DNmax Bronze Scorpio DNy, DTSS DNy, Muzzle Flash DN,
Phantom 255 254

Indigo 4095 3276 3000 600* / 3800

Irris 4095 3276

* typical value
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Figure 18: NIR histograms (left) for the corresponding frame of the combustion even (right). From top to
bottom, the events are a muzzle flash, DTSS plume, and afterburn fireball. The gray shading in the
histogram corresponds to the average background, and the black shading corresponds to the DNs of the
event. The threshold levels are indicated with a dashed line.

As can be seen in the histograms, the value at which the threshold DN should be
set was not always obvious — there was not always a clear minimum in the separation of
background/reflected light and emitted light. Moving the threshold DN up or down,
however, did not affect the threshold area profile as a function of time. If it had,

determination of the threshold level would have been much more important because it
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would have indicated new features were being included or discarded. Rather, changing
the threshold merely changed the magnitude of the area profile, as is seen in Figure 19.
Maintaining a consistent threshold level for all events in the test was more important to
feature comparison than determining the absolute level (if one exists) at which DNs
shifted from background and reflection to combustion emissions.

The threshold area was not the only area profile used to examine the size of the
afterburn fireball. Four other methods were used to characterize the area profile as a
function of time, all of which (erroneously) approximate the fireball as spherical. Two of

these included finding the mean location of the hot pixels at the time of detonation, thus
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Figure 19: The MWIR area profile of Bronze Scorpio event 26 is relatively independent of the threshold
level. Changing the threshold from 20% of the dynamic range through 90% changes only the magnitude of
the area, but not its shape as a function of time. The scaling factors, S, for each threshold level, th, are
indicated below the plots.
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locating the detonation origin. The distance to the maximum hot pixel from the origin

defined a radius, that when squared and multiplied by =, gave an area profile termed the

maximum static area, A, . The maximum dynamic area, A__ , was calculated in the

same manner as A’ except that the origin was calculated for each frame (under the

assumption that the fireball translated as it evolved). Both of these metrics overestimated
fireball size by assuming that cool pixels (those below threshold) closer to the origin than
the maximum radius were fireball that was obscured by dirt, smoke, and other debris.
The remaining two area metrics also used the static and dynamic origin. In these,
however, the standard deviation of the distance between the origin and all hot pixels in
the image was found. This defined a statistical radius that assumed the obscured fireball
was distributed normally and that the area determined by taking three times this radius

(three standard deviations) encompassed 99% of the fireball. These area profiles were
termed three sigma static area, A; , and three sigma dynamic area, A, .

The five area profiles of a munitions detonation are shown in Figure 20 for
reference. Because of the range of magnitudes involved — less than ten to greater than
one hundred square meters — the log of the areas are plotted as a function of time. Itis
clear that each profile is different, and thus each will have different features that can be
extracted from it. In this research, however, time was limited and features were only
extracted from the threshold area profile. The others are mentioned because they show
potential for use in classification and phenomenology in future study. In the remainder of
this paper, the terms area and area profile will refer to threshold area and threshold area

profiles.
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Figure 20: The five area profiles are plotted for a Bronze Scorpio event in the red band. Threshold area
(solid dark line) is several orders of magnitude below the maximum static (dotted dark like) and maximum
dynamic (dotted gray line) areas. The three sigma static profile (dashed dark line) predicts the largest area,
but the three sigma dynamic area (dashed gray line) has a much lower magnitude.

Combustion Features
By examining the area profile for a typical Bronze Scorpio detonation (Figure
21), several features are apparent. These include the sharp spike in the area profile due to

the initial flash at detonation, A, , the peak area of the afterburn fireball (or more

generically, the peak area of the combustion event), A_ , and the times after detonation

pk

that these peaks occur, ty, andt, . Three additional features relating to the duration of

the fireball are the time at which its area falls below 50% and 10% of A_ , denoted by tso

ok
and to, and the time at which the area falls within three standard deviations of the
average noise level, t,. The total area under the curve, A;, is found by integrating the area
profile with respect to time.

With the exception of the detonation peak features, these features were valid for

all of the imagers (the detonation features could not be extracted in the IR because the
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instruments were too slow to resolve the initial spike). These features were also extracted
from the DTSS plume, excluding the detonation spike (because there was no detonation
flash in the missile plume). The muzzle flashes, however, were very short lived and
occupied only a single frame of imagery. Because of this, there was no area profile, but

rather a single (peak) area — the area of the muzzle flash, A, . The goal of these tests was
to determine the visibility of the flash; thus A, includes everything above background,

both from reflection and emission. A second feature that was extracted from the muzzle
flash is the area of strong emission characterized by DNs near saturation. This is the
flash (or saturation) area, Asa;, and as mentioned previously, includes DNs above 3800.

Finally, because of the extremely high temporal resolution of the Phantom
camera, the area profiles in the red, green, and blue were used as features. This was
accomplished by interpolating the area profiles for each event onto a uniform time axis
ranging from zero (detonation) to 200 milliseconds (well after the fireball has decayed) in
steps of 0.1 milliseconds. This interpolation was necessary for comparing the time

dependent features, since a point by point comparison required all of the profiles to have
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Figure 21: Threshold area profile as a function time for a Bronze Scorpio detonation in the red band. The
features that may be extracted from the profile are indicated.
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the same temporal sampling (the profiles all had to be mapped to the same axis). A
tabulation of the features from the afterburn fireball (combustion event) that were

examined is given in Table 6.

Table 6: Features extracted from the afterburn fireball in each band, denoted by an “x”.

feature Red Green Blue NIR MWIR
Agerex X X X

A X X X X X
tget X X X

tok X X X X X
ts0 X X X X X
tio X X X X X
t, X X X X X
A X X X X X
Asat™ X

An(t) X X X

* Muzzle Flash test only
** Bronze Scorpio only

Shock Expansion Models

There were only a handful of data points collected for position as a function of
time from the imagery of the shockwave. This, combined with the non-uniformity in
time steps at which the positions were measured and the uncertainty of approximately
one half of a meter in the measurements, made the data points themselves unsuitable for
use as features. Instead, these data points were used to fit various shock expansion
models. Once a functional form of the shockwave’s radius with time was obtained,
features were extracted from it. The quality of the fit also provided information on which
models worked best, which in turn provided information on phenomenology.

The first two models which were fit to the data are the drag and shock expansion
models (Equations 11 and 21). Both of these models are only valid prior to the far-field,

where the overpressure of the shock is much greater than ambient pressure. The shock
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model is also not valid in the near-field, where the mass of the explosive is not negligible.
The region where both models are valid is quantized by Equation 17. Inserting values of
Ep, and mo from the properties of TNT and Composition B, and assuming values of 1.4,
1.2 kg/m?, and 1 atm for y, po, and po, the limiting values of the mid-range for the
munitions studied in the Bronze Scorpio tests were calculated and are shown in Table 7.
The values of detonation energy used for Composition B were not found in the
literature and had to be approximated. By assuming the energies released by the TNT
and the RDX in the initial detonation are independent of each other, the heat of
detonation of Composition B can be assumed to scale in proportion to the mixture ratios
(Equation 27). This estimates the energy released in the detonation of Composition B to
be 5573 kJ/kg, which when multiplied by the mass of Composition B, is the value that

was used for the energy released in the detonation, Ep, in the above table.
AHS™® =0.39AH"" +0.6AH ;> =0.39(4563) +0.6(6322) = 5573 (27)

Because the position of the shock was examined at distances extending well into

the far-field (both from data points taken from the Phantom imagery and the late-time

Table 7: Material properties are shown for each munition in the Bronze Scorpio tests. These, along with
the assumed atmospheric properties (also shown), allowed the near- and far-field radii to be calculated.

property 155mm TNT | 105mm TNT | 155mm Comp. B | 2x155mm Comp. B
Eb (J) 30298320 9536670 37004720 74009440

po (Pa) 101325 101325 101325 101325

po (kg/m®) 1.2 1.2 1.2 1.2

my (kQ) 6.64 2.09 6.64 13.28

y 14 14 1.4 14

& 1.165 1.165 1.165 1.165

near-field R (m) | 1.097 0.746 1.097 1.382

far-field R (m) | 2.426 1.650 2.593 3.267
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point from the Canon audio), it was necessary to also use models which could take the
late-time behavior of the shockwave into account. As stated previously, as the shock’s
overpressure and velocity decrease, it gradually transitions from a shockwave to an
acoustic wave traveling at the speed of sound, c,. A modification of the explosive model
that approximates the mid-field and far-field behavior is the linear combination of the
mid-field and far-field solutions (Equations 11 and 18). While this functional form
causes deviation from the true model, it captures the basic growth of the fireball in both
the mid-field and far-field. The t*® causes the mid-field term to dominate at early times
but become negligible later, whereas the t makes the far-field term small at early times
but more important at later times. The form shown in Equation 28 approximates the
extent of the shockwave as a function of time in both regions.

"
R(t)=r§o(ED ! j e (28)

2o

The basic drag model also fails to capture the far-field approach to the speed of
sound and instead has the shock approaching a zero final velocity. By modifying the
equation of motion governing the shock’s behavior, however, a functional form with a
final velocity of c, can be found. This is shown in Equation 29 where the deceleration is
set proportional to the difference between shock’s velocity and the speed of sound; when
the shock’s velocity reaches the speed of sound it stops decelerating. Solving for the
shock velocity as a function of time (Equation 30) and then integrating with respect to
time (and imposing the boundary condition of zero radius at detonation) yields Equation
31. This modified drag model captures the viscous deceleration of the drag model with

the recognized asymptotic behavior of shockwaves at late times.
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dD

E_—,B(D—co) (29)

D(t) = D,e ™ +¢, (30)

(1-e)+ct (31)

max

R(t) = %(1—e"")+cot =R

Shock Expansion Fits
The four models given above were used to generate six fit functions of the time

dependence of the shock’s position, R(t). All physical quantities that could be combined,

suchas & (E, /,00)% , were combined into single fit parameters a, b, or c. These fit

functions are shown in Equations 32 through 37. The first two are the explosive and drag
models as functions of only two fit parameters, a and b. The second pair of fit functions
consists of the modified explosive and modified drag models as functions of three fit
parameters: a, b, and c. In these functions, the final velocity of the shock (the speed of
sound in air, represented by the c fit parameter) is left variable. The purpose of this was
to improve the quality of the fit as well as to verify that the shock velocity did indeed
approach the speed of sound — if fit parameter ¢ took on values near ¢, as a result of the
best fit, it would be evidence that the shockwave did indeed transition to an acoustic
wave. The final two equations are the modified explosive and drag models with the
speed of sound fixed. This was to ensure that the modified shock and drag models did
not fit the data better than their unmodified counterparts merely because they contained
an additional fit parameter. The value used for ¢, was 350 m/s, which corresponds to a

temperature of 30.33°C. This was warm for November in Yuma, AZ; the actual range of
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temperatures was 11°C to 26°C which corresponds to values of ¢ ranging from 338.11

m/s to 347.26 m/s [30][31].

R(t)=a-t" (32)
R()=a-(1-e™) (33)
R(t)=a-t* +c-t (34)

R(t)=a-(1-e™)+c-t (35)
R(t)=a-t"+c, -t (36)
R(t)=a-(1-e™")+c,-t (37)

The position as a function of time, excluding the late-time data point from the
Canon camera, was imported into TableCurve 2D (the late-time data point was used to
evaluate the quality of the fit at late times). TableCurve 2D uses least-squares fitting
routines to fit the input data to user-defined functions. After fitting the functions to the
data for each event, the fit parameters, their uncertainties, and the correlation coefficient

between the fit and the data were exported into Matlab for feature extraction.

Shockwave Features

Because the only shockwave information that was used was the position at
various times, all of the extracted features were directly or indirectly related to its
expansion. Because of how the features were compared (discussed in the Feature
Analysis section), however, it was useful to transform the position fits to other physical
quantities using known relations.

The first of these transformations was simply a determination of the velocity of
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the shockwave as a function of time, accomplished by taking the derivative of the fit
function with respect to time. This was put in terms of the Mach number, M. This is
shown in Equation 38, where, for consistency the temperature was fixed at 30.33 °C and
Co Was 350 mf/s.

D(t) _ 1 dR
c, ¢, dt

M (t) = (38)

With the Mach number known as a function of time, the pressure of the
shockwave was found using Equation 7. Using the empirical relationship between
overpressure and scaled distance, the shockwave’s pressure could be related back to an
initial release of energy in the detonation, Ep. An analytic approximation was
determined, however, so that all calculations could remain analytic. The least-squares fit
of the base 10 log of the scaled distance to the base 10 log of the pressure was found,
with the base 10 logs used to more equally weight the data (because the data spanned

several orders of magnitude). The approximation is shown in Equation 39 and had

excellent correlation for the weighted data (r® = 0.988) and agreement within 30% for

the unweighted data.

s=_Po (39)

3/5

P
If the detonation were truly ideal, all of the energy would have been released
instantaneously and Ep would have been constant. Since real munitions detonations are
not ideal, however, the apparent energy released became functionally dependent on the
time at which the shockwave was examined. Substituting Equation 39 into Equation 10

provides this relationship, which is shown in Equation 40.
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R(®)

0

ED(t)=( } PO AHT (40)

All of the above physical quantities, R(t), M(t), p1(t), and Ep(t), as calculated from
all six fit functions, were used as features of the shockwave. Since they all evolve with
time, the function for each physical quantity was evaluated for all times between 0 and
200 milliseconds in steps of 0.1 milliseconds. This led to an enormous number of
features that for small separations in time were very closely related. Because of this, only
one time step of each feature was used (in comparisons to other features) — but all were
evaluated to determine which time yielded the best results.

Another feature of the shockwave (for each fit function) was the efficiency of the
detonation, f. This was calculated as a ratio of the detonation energy that was derived
from experimental data to the theoretically determined energy of detonation, as shown in
Equation 41. It was used as a feature to determine if there was a correlation between the
fractions of energy released in the detonation to the variability in other extracted features.
Like the other time-dependent shock features, it was sampled in 0.1 ms increments from

0 to 200 ms, but only one value was used per comparison.

f(t)= % (41)

Finally, the fit parameters a, b, and c for each of the fit functions were used as
features of the shockwave. This brought the number of shockwave related features to a
total of forty-four (five time dependent features for each of the six fit functions giving a
total of thirty physical features, plus an additional fourteen fit parameters from the fit

functions themselves).
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Feature Analysis

The primary questions to be answered in this research (which features of the
shockwave, fireball, and explosive munitions are reproducible, provide distinguishability,
and are correlated with other features?) guided this research in the final phase of data
analysis. The first step in answering these questions was to specify how the combustion
events were to be categorized. There were five different munitions used in the Bronze
Scorpio field tests, detonated in nine total arrangements. Each of the unique
arrangements was referred to as a type. Combinations of arrangements were referred to
as a group, and categories of combustion events were referred to as a class. For example,
155 mm TNT was a group, but when specifying an orientation, such as 155 mm TNT
erect, the unique arrangement was a type. DTSS plumes and muzzle flashes (along with
detonations) were classes of combustion events. If all tests were included, the number of
types of combustion events was brought up to fourteen. These types and their use in
analysis are shown in Table 8.

Grouping these types together was necessary for two reasons. The primary need
was the sparsity of the data set. There were a limited number of events of each type and
an even fewer number of events acquired by all of the instruments for each type. If only
a single type was examined, there were approximately half a dozen or fewer acquired
events. By grouping the types, such as all TNT (types 1-4), the number of data points for
any given feature increased and became more statistically meaningful. The second
reason for grouping the types was to determine which features were unique to the group
and which features were unique to the type. Some features were independent of weight

but depended very strongly on explosive material, indicating they were features of the
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explosive material group. On the other hand, a feature that did depend on the weight was
a type feature. Grouping showed which features scaled with which properties of the
group and type.

The groups that were examined are given in Table 9. The five munitions were
examined individually, as well as in combination with other munitions of the same
weight or explosive material. These small groups of one or two types provided
information on reproducibility of features and the ability of these features to differentiate

between other types or groups. Many of these did not contain enough data points to be

Table 8: Types used in analysis. “Y” indicates use as a stand-alone type, “X” indicated that the type was
not analyzed separately but was used in groups with other types, and “N” indicates no analysis was
performed on the type.

Type # | Field Test Arrangement Used in Analysis
1 Bronze Scorpio | 155mm TNT erect Y
2 Bronze Scorpio | 155mm TNT prone Y
3 Bronze Scorpio | 105mm TNT erect Y
4 Bronze Scorpio | 105mm TNT prone Y
5 Bronze Scorpio | 3x1.25# C-4 X
6 Bronze Scorpio | 10# C-4 X
7 Bronze Scorpio | 155mm Composition B erect Y
8 Bronze Scorpio | 2x155mm Composition B erect | Y
9 Bronze Scorpio | 155mm TNT / 30# C-4 / barrel | X
10 DTSS Dual Thrust Smokey SAM Y
11 Muzzle Flash Conventional Y
12 Muzzle Flash Novel Y
13 Muzzle Flash Novel FMJ Y
14 Muzzle Flash Wolf N

Table 9: Grouping of types for reproducibility, distinguishability, and correlation analysis

Group # 1 2 3 4 5 6 7 8
Types 1 2 3 4 1,2 34 1-4 8
Group # 9 10 11 12 13 14 15 16
Types 7,8 1-47,8 | 1-9 10 11 12 13 11-13
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meaningful, but it was still useful to see if they produced any results that showed promise
for further investigation. The broader groups, i.e. all explosive munitions (types 1-9),
weren’t particularly useful for reproducibility or distinguishability, but gave a large range
of values in the feature sets to determine correlations.

The next step was to determine which features are reproducible. This was
performed by calculating the coefficient of variation. Since the Cy is a statistical metric
based on the mean and standard deviation of the feature set, differing which types of
munitions were included in the set (group) changed its value. The Cy was calculated in
Matlab for all extracted features in all bands for all groups. For features with time
dependence, the Cy was calculated for each time step and the mean value used as a
characterization of the feature’s reproducibility. This generated an extensive list of
values that were sorted from best to worst (lowest Cy to highest) for examination.

The Fisher Ratio was then determined by comparing two groups at a time to
determine distinguishability. Instead of using all groups in these comparisons, the groups
containing only a single munitions type were excluded. This was guided by the low
number of data points for each feature in single type groups. While this was acceptable
for calculating Cy, comparisons of two groups where one is not statistically significant
would be meaningless for distinguishability. There were three sets of comparisons. The
first was a comparison of each class of combustion events against the others — this
demonstrated the ability to distinguish very dissimilar events and provided a baseline for
how well distinguishability using the FR performed. The second comparison used only
events from the Muzzle Flash test because these types contained features that are

relatively simple and reproducible within types. The more complex problem of
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distinguishing groups of munitions detonations based on extracted features was also
examined. The groups that were compared are shown in Table 10. As with the Cy, these
comparisons generated an extensive list of FR values that were sorted from best to worst
(highest to lowest).

Finally, the correlation between shockwave, fireball, and munitions features in the
Bronze Scorpio data set was evaluated based on their coefficient of determination, r’. In
these comparisons, the munitions features used were the mass, mo; energy released in the
detonation, Ep; energy released in the afterburn fireball due to combustion, Ea; heat of

detonation, AH; and the specific energy released in the afterburn fireball, AH,. The

time dependent features of the shockwave and fireball were compared at all time steps
and the one with the highest r? was used as the feature. Since a wide range of feature
values were necessary to compute correlation, the groups were all TNT (group 7), all
TNT and Composition B (group 10), and all munitions (group 11).

The form of the correlation coefficient used here (Equation 24) determines the
linear correlation between two sets of data. A more general form could have been used if
other functional forms relating the two features were tested (such as exponential, inverse
power, etc.) but in this research, only power laws were tested (with one exception,

discussed in the Analysis and Results: Efficiency section). This was accomplished by

Table 10: The groups to be compared using the Fisher Ration are shown for each set of comparisons.
These include comparing groups of all combustion events, groups of muzzle flashes only, and groups of
munitions detonations only.

Field Tests Groups Types

All 11,12,16 [1-9][10] [11-13]
Muzzle Flash 13-15 [11] [12] [13]
Bronze Scorpio 5,6,7,9 [1,2] [3,4] [1-4][7,8]
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taking the square-root and cube-root of each of the fireball features and determining the
linear correlation of these features with the shockwave and munitions features. This
effectively determined whether the correlation with the fireball feature was best with a
linear, quadratic, or cubic power of the shockwave and munitions features. This is also
why all of the position-dependent shockwave features were used; even though the
pressure, Mach number, and apparent energy released all depended on measurements of
the shock’s position as a function of time, they are not related in a linear fashion. Thus,
when determining linear correlation, different forms of the same basic information
proved to be more useful. Because of the large number of coefficients of determination,

the values were sorted, and those features that were highly correlated were examined.

Summary

Detonations of explosive munitions are anything but simple phenomena.
Understanding them requires studying their behavior and trying to draw physically
meaningful conclusions. This was attempted here, with the results of the process —
experimentally observing fireballs and shockwaves in several bands of imagery,
determining profiles of the fireball area and models of the shockwave’s characteristics,
extracting features from the fireball area and shockwave properties, and assessing these
features for reproducibility, distinguishability, and correlation — providing a number of
findings. The next step was to examine these findings to try to extract the

aforementioned conclusions.
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IV. Analysis and Results

Chapter Overview

This chapter attempts to answer the questions first posed in this research: which
features of the shockwave and afterburn fireball are reproducible and provide
distinguishability? Which of these features are correlated to characteristics of the
explosive munitions? And which of the features of the shockwave are correlated to
features of fireball?

Since reproducibility of features is dependent on only a single feature in a single
group of munitions, it was the simplest metric to examine and is the first one looked at
here. Next, the distinguishability of features was examined between different groups of
munitions. Those features with the highest reproducibility are best suited for recognizing
munitions types because they identify a consistent signature of an explosive munitions
group. These were not always the best features for classification, however, because some
features with low reproducibility still provided a high degree of classification, and vice
versa. Those features with promise for classification are presented.

Finally, the correlation of features extracted from the shockwave, fireball, and
munitions was examined. Those features that had the highest coefficients of
determination were used to find scaling laws for to all detonations, detonations of
explosives containing TNT, and pure TNT explosives. Also investigated were those
features that had low reproducibility to determine if variability in one feature was
correlated to variability in the other feature. A number of specific feature correlations

were examined and are discussed throughout the analysis.
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Reproducibility of Area Profiles

Before examining which specific features are the most reproducible, looking at
the reproducibility of the area profiles as a function of time is instructive. Figure 22
shows the area profiles for the six individual erect 155mm TNT detonations (thin lines),
along with the mean profile (thick line) and the standard deviation (shaded region) of the
set; the plots shown are for the red band, but the green and blue bands show very similar
profiles. It is clear that even for events of the same weight, composition, and orientation
there is a great deal of variability in the fireball size as a function of time — the peak
fireball areas differ in both magnitude and time of occurrence, and the duration of the
fireball varies by a factor of two. The most reproducible aspects of the detonation appear
to occur at very early times (less than 10 milliseconds) and include the time and peak area
of the detonation.

If all TNT (155mm erect, 155mm prone, 105mm erect, and 105mm prone)

detonations are grouped together, the variability of the area profiles does not appreciably
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Figure 22: The area profiles for all erect 155mm TNT detonations are shown (thin line) with their mean

(thick line) and standard deviation (shaded region) in the upper plot. The Cy as a function of time for the

area profiles is shown on bottom. The mean C, value for the six events of this type’s feature is 1.22.
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increase. This is evidenced in Figure 23 where the area profiles for all thirteen TNT
events are plotted, again from the red band. The magnitude of the mean profile decreases
for the afterburn fireball, but its shape remains nearly the same. The individual
detonation profiles show that there is also as much variation in the afterburn area, time to
afterburn peak, and duration as there was in the erect 155mm TNT. The conclusion that
can be inferred is that the variability in the area profiles of a single type is nearly the
same as it is for a group of munitions of the same composition, i.e. reproducibility is not
affected by weight or orientation. The average Cy before the fireballs begin to decay
(prior to ~40 milliseconds, on average) is approximately one, indicating that the
variability in the area profile is of the same magnitude as the area itself.

The other explosives examined in this research were munitions containing
Composition B. The red band area profiles for all Composition B detonation events are
shown in Figure 24 (note that the timescale is different than for the TNT profiles). These

detonations have a shape that is very reproducible — a sharp spike in area at detonation
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Figure 23: The area profiles for all TNT detonations are shown (thin line) with their mean (thick line) and
standard deviation (shaded region) in the upper plot. The Cy as a function of time for the area profiles is
shown on bottom. The mean Cy, value for the thirteen events of this type’s feature is 1.6.

65



and then a very small area in the afterburn. The reproducibility of the magnitudes and
time to peak of the areas, however, is quite poor and has an average Cy of 1.58 (possibly
due to obscuration, in which case a scaling factor accounting for this may improve
reproducibility). Without correction, however, the Composition B detonations showed as
much variability as the TNT detonations, indicating that the variability in observed area
profiles was not a function of explosive composition in the Bronze Scorpio field tests.
Finally, although the result is easily anticipated, plotting the area profiles of all
TNT and Composition B detonations shows greater variability for the combined group
than for either single composition group alone. This is seen in Figure 25 where the
average Cy value is 1.98. The least reproducible features are the area, time to peak, and
duration of the afterburn fireball. Although the variability of the two groups of
compositions is approximately the same, the reproducibility of the area profiles decreases
when the two groups are combined into a single group. This is indicative that there are

features in the area profile that show some distinguishability for the different explosive
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Figure 24: The area profiles for all Composition B detonations are shown (thin line) with their mean (thick
line) and standard deviation (shaded region) in the upper plot. The Cy as a function of time for the area
profiles is shown on bottom. The mean Cy value for the five events of this type’s feature is 1.58.
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compositions, and is a preview of characterizing distinguishability using the Fisher
Ration — the variability in the two groups are of the same magnitude, but the means of the
groups are separated, leading to a greater variability when all feature values from both

groups are examined as a single set.
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Figure 25: The area profiles for all TNT and Composition B detonations are shown (thin line) with their
mean (thick line) and standard deviation (shaded region) in the upper plot. The Cy as a function of time for
the area profiles is shown on bottom. The mean Cy value for the eighteen events of this type’s feature is
1.98.

Reproducibility of Fireball Features

There were an extremely large number of Coefficients of Variation calculated —
nearly 500 for the afterburn fireball alone (all features for all groups of munitions in all
bands) — so only those features that showed the least variation or that were particularly
interesting are presented here. The three most reproducible features (and their Cy value)
for each group of munitions, DTSS plume, and muzzle flash are presented in Table 11; in
the case where the feature showed nearly the same reproducibility in the red, green, and
blue bands, it was only listed for the band with the highest Cy value. The reproducible

features tended to be the detonation area in one of the RGB bands (with blue providing
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blue

the most reproducibility by a small fraction), A.", the time to the peak detonation area in

the RGB (with red typically providing the best reproducibility), t™®, or the duration of

det ?
the afterburn in the near- and mid-infrared as characterized by the time to decay to the
noise level, t'"® and t"""'*. For many of these features, the Cy is less than 0.2, signifying

moderate reproducibility. Some of the groups even contain features with a Cy less than

0.1, indicating a very high degree of reproducibility.

Table 11: The most reproducible fireball features and the corresponding Coefficients of Variation are given
for each group of combustion events.

group | types feature | CV feature | CV feature | CV
1 155mm TNT erect blue ;. | 0.142 | qred 0.156 | tMwIR 0.307
et det 50
2 155mm TNT prone tgéfe 0.163 r:? 0.165 Agf(W'R 0.168
3 105mm TNT erect blfe « | 0.0658 trid 0.158 | ged 0.163
e p et
4 105mm TNT prone A’r)id 0.0819 bel;e = | 0.102 tnNIR 0.123
5 155mm TNT té:? * 0.165 gerteen *« | 0.23 t:“R 0.356
6 105mm TNT blue 0.0991 | 4red 0.159 | ¢green 0.264
e:J * tdet * tpk
7 all TNT t(;:td * 0.259 tnN'R 0.336 tr:vIWIR 0.432
8 2x155mm Comp. B Ared 0.148 | toreen 0.212 | {MWIR 0.247
det 50
9 all Comp. B AL\LIR 0.136 tglieen 0.172 ANIR 0.19
10 all TNT & Comp. B téif * 0.243 tnN'R 0.355 tr’]leIR 0.373
11 all munitions NIR 0.349 MWIR 0.367 | ¢blue 4 0.379
tn tn tdet
12 DTSS ANIR 0.0908 | ¢NIR 0.145 | ¢NIR 0.18
n 0
13 conventional ANk'R 0.0747 NIR 0.357
Pl at
14 novel ANR 0.079 NIR 0.289
pk at
15 novel FMJ ANk'R 0.0572 NIR 0.955
P! at
16 all muzzle flashes ANk'R 0.0745 NIR 0.837
P! at

* feature had nearly the same Cy in the red, green, and blue bands
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The most commonly reproducible feature across all groups of munitions was the

red

time to the peak detonation area in the red band, t,; . The values of the features are

shown by the thin bars in the upper plot of Figure 26, where each bar represents a single
event from the group (thus the groups of multiple types had larger numbers of events).
The wide bars indicate the mean time to the detonation’s peak area for the group. The
lower plot shows the Cy for the group. For all groups consisting of any combination of
TNT and Composition B, the Cy is less than 0.25 (and is often lower) indicating that the
time to the peak detonation area is a highly reproducible feature of munitions detonations
in general. This was to be expected, however, because in the simple model of
detonations, the detonation was assumed to be instantaneous. Although this assumption
isn’t true, it is often used because it captures one of the most basic aspects of detonations:
the release of energy is so fast that it is effectively instantaneous and variations in
munitions weight, orientation, and explosive composition become negligible. Further
examination of this feature did little to aid in either phenomenology or classification
because it merely verified a basic type-independent characteristic that is assumed in the
simplest detonation models.

The next most common feature with high reproducibility is the magnitude of the

blue
et *

detonation area in the blue band, The areas of the individual events, the groups’

means, and the Cy are shown in Figure 27. For groups consisting of a single type or
multiple types of the same weight, the Cy is fairly low (ranging from 0.0658 to 0.165)
and the feature is reproducible. When multiple weights or compositions are combined

into one group, however, the variability increases. This is actually promising, because it
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indicates that the feature may possibly be used for distinguishing between weights of
TNT; when multiple weights are included in the group a high variability indicates a wide

range of data, but since the variability decreases when only a single weight of munition is
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Figure 26: The time to the peak detonation area in the red band is shown for each event (thin bars) of the
eleven munitions groups. The mean feature value is also shown for each group (wide bars) and the value is
indicated below the top plot. The bottom plot shows the coefficient of variation for the feature in each

group. t(;gf is a very reproducible feature for all groups, indicating it may be a feature common to
explosives in general.
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Figure 27: The peak detonation area in the blue band is shown for each event of the eleven munitions
groups (thin bars). The mean feature value is also shown for each group (wide bars) and the value is
indicated below the top plot. The bottom plot shows the coefficient of variation for the feature in each

group. For TNT, b:};‘e shows correlation for a single weight and may be a good feature for classification.
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examined, it means that the two weights’ values are clustered. Clearly the size of the
detonation can be related to the amount of material detonated. This is almost trivial,
however, since a greater mass of explosive contains more total energy and when released
instantaneously should result in stronger emissions. The extent of how useful the feature
is for classification depends on how much the distributions overlap, which is examined in
the Distinguishability of Explosive Munitions section.

The final features that are presented are the duration of the detonation event
(afterburn fireball) in the NIR and MWIR. These two features show a much lower
reproducibility than the two previously discussed, as can be seen in Figure 28 and Figure
29. The Cy across all groups in both bands is fairly high (with prone 105mm TNT in the
NIR and prone 155mm TNT in the MWIR being the exceptions). This alone merely
indicates that there is variation in the duration of the fireball in each group, but the fact
that the Cy does not increase as more munitions types are included indicates that the
variability in the durations for individual events (or types of events) is greater than the
differences in durations between types. Physically, this may mean that the longevity of
the afterburn fireball is less dependent on the weight and composition of the explosive
than on some other factor not examined here.

To be complete, a brief comment on the DTSS and Muzzle Flash features is
warranted. These two classes of combustion events both contain highly reproducible

features that may be used as descriptors of their respective types. The most reproducible

NIR

feature of the DTSS plume is its total integrated area, A"'™®, and its duration, t"* , both in

the NIR. Both of these features have a Cy less than 0.15, indicating a high degree of

reproducibility. The muzzle flashes have only a single highly reproducible extracted
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feature: the total area of the flash in the NIR, AL". This feature is characteristic of all

muzzle flashes, independent of round type. In addition, the longevity of the flash, which
was not an extracted feature but is nonetheless useful for characterizing the combustion
event, is less than 2 milliseconds for all flashes. These features are used later to

demonstrate the feasibility of distinguishing between classes of combustion events.
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Figure 28: The time required for the fireball’s area to fall below the noise level in the NIR is shown for
each event of the eleven munitions groups (thin bars). The mean feature value is also shown for each group

(wide bars) and the value is indicated below the top plot. The bottom plot shows the coefficient of
variation for the feature in each group.
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Figure 29: The time required for the fireball’s area to fall below the noise level in the MWIR is shown for
each event of the eleven munitions groups (thin bars). The mean feature value is also shown for each group

(wide bars) and the value is indicated below the top plot. The bottom plot shows the coefficient of
variation for the feature in each group.
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Shockwave Fits

All of the features extracted for the shockwave are dependent on the function that
was used to model the propagation of the shock over time. Because of this,
understanding which fit functions provide the best representation of the experimental data
guides the analysis of which features are most directly related to the actual shockwave.
The three forms of the shock model are shown in Figure 30 for an erect 155mm TNT
detonation, along with the observed positions at each time. All three models were fit to

the Phantom data (t < 100 msec, which encompasses the near-field, mid-field, and the

beginning of the far-field), and show excellent agreement (r_2 >0.99); the modified
shock and the shock 350 model are slightly more accurate than the basic shock model.
The late-time data point and the fits’ proximity to it are shown in the upper right region
of the figure. This point was not used in determining the best fit, but was reserved to
verify the predictions of the fit models at a time several orders of magnitude greater than
the fit data. It is not surprising that the shock 350 model gives excellent agreement at late
times, because this model had the final velocity of the shockwave fixed at 350 m/s (which
would bring the fit function to within the error bounds of the data point for a large range
of a and b fit parameters). Of much greater interest is that the modified shock model so
accurately predicted the late time position of the shockwave. This is notable since the a,
b, and c fit parameters were all determined by the least-squares fit to the shockwave’s
position for times less than 50 milliseconds, yet were able to predict the position at ~3. It
makes sense that the modified shock model provides a good fit to the early-time data,
since it has three fit parameters for smoothly varying data. To provide such an accurate

extrapolation at a time nearly two orders of magnitude later, however, indicates that the
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Figure 30: Position of the shockfront () 1s shown with its uncertainty for an erect 155mm TNT detonation.
The shock fit (solid line), modified shock fit (dashed line), and shock 350 fit (dotted line) are also shown.
The functions were fit to the early-time data (lower left) with the late-time data point used to evaluate the
fits in the far-field (upper right).

model is representative of the shockwave physics over a much wider ranger of fields, and
that the properties of the shock at early times are predictive of late-time behavior.

Figure 31 shows the fits of the three drag models to the same data. As with the
shock models, the late-time data point was ignored for fitting purposes and used to
evaluate which fits are accurate in the far-field. As expected, the drag model does not

perform well at distances extending beyond the mid-field. Surprisingly, however, the

basic drag model has the lowest quality of fit (F —0.989 versus r? >0.99 for all other
models) in the near- and mid-field region as well. The drag model is often presented in
the literature as an excellent fit to shock expansions, and so its inaccuracy here is

troublesome. The most probable explanation is that the data include points in the far-
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field (beyond ~0.015 seconds) which the model was not intended to account for. These
points were included because initially the entire life of the fireball was to be examined in
conjunction with the shockwave. This required extending the models into the far-field,
but the basic models were kept as a reference for the modifications in the mid-field. It
was only during the course of analysis that it was determined the most pertinent features
of the detonation occur at very early times.

The modified drag and drag 350 models, however, give superior fits in all regions.
Once again, it is remarkable that the fits provide such an accurate prediction of late-time

behavior of the shockwave based on data that were collected at times two orders of
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Figure 31: Position of the shockfront (¢) is shown with its uncertainty for an erect 155mm TNT detonation.
The drag fit (solid line), modified drag fit (dashed line), and drag 350 fit (dotted line) are also shown. The

functions were fit to the early-time data (lower left) with the late-time data point used to evaluate the fits in
the far-field (upper right).

75



magnitude prior. This is most likely due to the fact that although the timescales of the fit
data are so small, the near- and mid-fields are so physically short that the fit data
encompass the far-field as well, and thus the fit parameters capture the far-field behavior.
This is useful to know, since if any features depend on field, it will be necessary to know
on what timescales to look for them.

A quantitative look at the fits for all of the events examined is shown in Figure
32. In the upper plot of the figure, the coefficient of determination, r?, for the quality of
the fit to the data is shown for all events and all models. Clearly, all models provide very
good agreement with the experimentally observed data at early times. Although good,
the basic shock and drag models give slightly poorer results than the others, which can be
accounted for by the fact that they are based on mid-field assumptions and the data used
extends into the far-field. At late-times, however, there is no question that the modified
drag, modified shock, drag 350, and shock 350 fit functions are superior. This is seen in
the lower plot of the figure where the deviation of the shockwave’s actual position from
its predicted position is shown. The shock and drag models are nearly useless in this
region, having deviations nearly as large as the shock’s position itself. The models that
extend into the far-field, however, all predict values that are within the uncertainty in the
data point.

Due to the lack of significant improvement in the fits by using three fit parameters
(modified drag and shock models) instead of only two (drag 350 and shock 350 models),
the c fit parameter should be set to the ambient speed of sound so that artificial
improvement is not introduced by having an additional fit parameter. This is because the

fit parameter physically represents the speed of the shockwave when it has transitioned to
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Figure 32: The coefficient of determination calculated from the near, mid, and early far-field shockwave
positions, is shown for each fit function and all events (top). The deviation of the fit from the far-field data
point is also shown (below). All of the fits show good correlation in early-time data, but in the far-field the
shock 350 and drag 350 models show the best agreement with observations.

an acoustic wave (in the far-field). Since the ambient speed of sound is nearly constant,
using a fixed value for c that is near co will result in a fit that differs inappreciably from
leaving c free and allowing it to approach ¢ as a result of least-square fitting. This can
be seen in the upper plot of Figure 33, where the least-squares fit value of ¢ is shown for
each event of each munitions type for the modified drag (dark bars) and modified shock
(light bars) models. The variation in the fit parameter is shown in the lower plot, which
for TNT is very reproducible (types 1-4) in both models but for Composition B is only
strongly reproducible for the modified drag model.

The modified drag model consistently overestimates the ambient speed of sound
(the range of which is represented by the shaded region) while the modified shock model
underestimates it. This result further indicates that these fit functions are not ideal for
two reasons. The first, and perhaps most important for understanding the physics behind

the fits, is that the fit functions are based on simple models that do not capture all of the
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Figure 33: The speed of sound fit parameter for the modified drag (dark bars) and modified shock (light
bars) fit functions are plotted for each event of each type in the upper plot. The shaded region was the
average range of speeds of sound (based on the temperature) for the Bronze Scorpio field tests. On the
lower plot, the Coefficients of Variation are plotted for the fit parameter by type. The modified drag best-
fit speed of sound was consistently high whereas the modified shock best-fit speed of sound was
consistently low.

complex thermodynamic and kinetic mechanisms involved in detonations and shockwave
propagation. A number of simplifying assumptions were used, including a constant ratio
of specific heats, an instantaneous release of energy, and a completely spherical
shockwave. The second reason for the non-ideality of the fits is that they are based on
data collected primarily in the near-and mid-fields but the speed of sound fit parameter, c,
is most strongly dependent on far-field data. These reasons, combined with the
uncertainty in the measurements, yielded the range of values for c that are given above.
Even so, all of the values are fairly close to the actual speed of sound, and better still,

provide a model of the shockwave that very accurately predicts its position in all fields.

Reproducibility and Physicality of Shockwave Fit Parameters
To understand how the fit parameters translated to physical quantities, the

accuracy and precision with which they represented the physical parameters needed to be
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known. It was already seen that the speed of sound can be fixed (instead of being left a
free fit parameter) without loss of fit quality. The remaining fit parameters from all
models, a and b, are also related to physical characteristics of the shockwave.

Theoretically, a* =R __ is the maximum radius of the shock, or rather is the maximum

radius of the shock before the shock’s pressure reaches ambient pressure — this is only an
accurate description when the final speed of the shock is zero. Otherwise the shock will
have propagated an additional distance cot before its pressure reaches ambient, in which
case, a™"™ represents some other characteristic radius of the shock. In both the basic

and modified drag models, b = £, which determines how quickly the shockwave will

decay to an acoustic wave and is a measure of the viscosity of the atmosphere relative to
the shock.

The meaning of the shock model’s fit parameters is slightly more complex. The

1/5

fit parameter a=¢,(E, / p,) "> contains information about the detonation’s geometry (in

&); energy release, Ep; and the initial density of the explosive, p0. All of these are
dependent on munitions type, and thus determining a’s relationship to particular
munitions is not trivial, especially with the known variability in the detonations. The b fit
parameter is theoretically fixed at 2/5 from the model’s derivation (for units to work out
correctly), and so variation in this in most likely an indication of the non-ideality of the
detonation and an imperfect fit to the data.

Since all of these fit parameters have some physical basis and can be used as
extracted features, their reproducibility guides which ones may be useful for

phenomenology or classification. Table 12 presents the three most reproducible features
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from each group of munitions, along with their Cy (the values of all fit parameters and
their uncertainties are shown in Appendix 2 for all groups). The c fit parameter in the
modified drag model tends to be one of the most reproducible features for all groups,
reinforcing that it represents a physical aspect of detonations in general. Other common,

highly reproducible features include the b fit parameter from the shock model, b®", and

the a fit parameter from the drag 350 model, a®?#3%.

The characteristic radius fit parameter for the drag 350 model, a®9%*°

, sShows
very little variation for groups consisting of only 105mm TNT (Cy < 0.04). Slightly more
variation is introduced when 155mm TNT, Composition B, and groups of the different
weights and compositions are examined, yet the Cy consistently remains less than 0.2.
This is indicative of a highly reproducible feature for all groups, with the possibility for

classification because the reproducibility decreases slightly when different weights and

compounds are grouped together. Whether this feature correlates to features of the

Table 12: The most reproducible shockwave fit parameters and the corresponding Coefficients of Variation
are given for each group of munitions.

group | types feature | CV feature | CV feature | CV

1 155mm TNT erect ¢ mdrag 0.0523 cmexp 0.0626 | pexe 0.0687
2 155mm TNT prone cmexp 0.0239 | pexe 0.0444 | mdrag 0.0533
3 105mm TNT erect cmexp 0.0239 | pexe 0.0239 | pmexp 0.0284
4 105mm TNT prone qrag3s0 | 0.0263 | pexe 0.031 | omdrag 0.0392
5 155mm TNT ¢mdrag 0.0499 | omexp 0.055 | pexr 0.0624
6 105mm TNT qdrag3%0 | 0.036 cmdrag | 0.0396 | pexe 0.0576
7 all TNT cmdrag 0.0465 | pexe 0.0672 | omexp 0.0692
8 2x155mm Comp. B cmdrag 0.00754 | pexe 0.0145 | gexp 0.0428
9 all Comp. B ¢mdrag 0.0127 | pexe 0.0664 | fdrag3so | 0.0833
10 all TNT & Comp. B | mdrag 0.0494 | pexe 0.0756 | gdrag3so | 0.0961
11 all munitions ¢ mdrag 0.0542 | pexe 0.0889 | cmexp 0.0932
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munitions type will be shown in the Feature Correlation section but can be previewed by
examining the feature values and the group means in the upper plot of Figure 34. Itis

drag 350

clear that groups of 155mm TNT have a much larger a value than those of 105mm

TNT. Likewise, the Composition B groups have a value of a®®*° that tends to fall in
the middle. What this characteristic radius describes in the modified model is not known,
but it is identifiable as a reproducible characteristic of the munitions types.

The other common, reproducible feature from the fit functions is the exponent the
time was raised to in the shock model, b®". Theoretically, this fit parameter should have
a value of 0.4 but, as indicated in Figure 35, typical fit values were in the 0.64~0.8 range.
The Cy, for all groups is less than 0.1, indicating excellent reproducibility. This is not
unexpected, however, since according to the model, the value should be a constant that is

completely independent of munition characteristics. As with the c fit parameter, the
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Figure 34: The characteristic radius from the drag 350 fit function is shown for each event of the eleven
munitions groups (thin bars). The mean feature value is also shown for each group (wide bars) and the
value is indicated below the top plot. The bottom plot shows the coefficient of variation for the feature in

each group. The reproducibility of a"%% for munitions types indicates that it is representative of a
feature of the munitions, and perhaps will be useful in classification.
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deviation from the expected value is evidence of the flaws in the model due to ideal
detonation assumptions and using a mid-field model for data that extend into the far-field.
Values closer to those expected were obtained with the modified shock model (b™*®
ranged from 0.3~0.43). The Cy value did increase (to a small extent) for groups of
multiple types of munitions, indicating that although this feature is model dependent and

should be type-independent, it may in fact provide distinguishability.
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Figure 35: The time exponent fit parameter from the explosive fit function is shown for each event of the
eleven munitions groups (thin bars). The mean feature value is also shown for each group (wide bars) and
the value is indicated below the top plot. The bottom plot shows the coefficient of variation for the feature

in each group. This feature is very reproducible for all groups yet increases for multiple munitions groups,
indicating potential for classification.

Reproducibility of Temporal Shockwave Features

Despite the existence of only five time-dependent physical quantities describing
the shockwave, each of these quantities was calculated using the six fit functions with
two thousand time steps each, yielding an exceptionally large number (60,000) of Cy
values to examine. As with the fireball features, not all of the shockwave features were

examined; only those that showed the best reproducibility or are of interest are shown.
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Table 13 shows the three most reproducible features in each group (as indicated by the Cy
value) and the time at which these features occurred. Because the shockwave decays to
an acoustic wave in the far-field, the analysis of reproducible features was limited to the
near- and mid-fields; since there is no hard boundary between the mid- and far-fields and
the boundary region itself depends on munitions characteristics (detonation energy, initial
density, etc.), the near- and mid-fields were approximated as the time of detonation until
30 milliseconds; in this time the shock propagated an average of 5-15 meters.

By far the most reproducible feature in this early-time region is the Mach number
at average times from 10~15 milliseconds for all models. This is not surprising for two
reasons. The first is that the detonation velocity is similar for all munitions types
examined (6900-7800 m/s); it should be noted that in this early-time region, the speed of
sound is negligible and its ambient value does not affect the Mach number of the
Table 13: The most reproducible shockwave features in the near-and mid-fields (0 <t <30 msec) and the

corresponding Coefficients of Variation are given for each group of munitions. The time in milliseconds
where the Cy was a minimum for the feature is indicated.

# | types feature Ccv feature cVv feature cVv
155mm TNT erect | g mexp |t 107 0.0194 | |y mdrag | o4 0.0349 | Rexr | ’63 0.0417
=19. t=0. t=26.
2 | 155mm TNT prone | pdrag 4x10° exp 5x107 drag 7x10°
R |t:25.l R |t:18.3 M |t:ll.4
3 | 105mm TNT erect | p\gexe | e 1x10° M drag | . 0.001 M mexp | , 0.0013
t=11. t=15.7 t=12.1
4 | 105mm TNT prone | fdeg ) 2x10° | Raag30 | 1x10° | Rexp30 2x10°
t=24. t=18.6 t=23.1
5 | 155mm TNT M| mexp |0 0.029 | Rpexw lpas 0.0357 | |\ Mdrag o 0.0362
d
6 | 105mm TNT M &P |I:10.3 0.0023 | | drag |t:16.9 0.0025 plexp |t:10.3 0.005
d
7 |all TNT V] mexp |t s 0.031 | p mdrag ltos 0.0363 | e oo 0.0399
8 | 2x155mm CompB | pj mexp i 8x10™ plmexn |t 0.0019 | g drag ltos 0.0034
d
9 | allComp.B M mex 1 0.0057 | g Mmdrag litos 0.0111 plmexp |t 0.0127
10 | all TNT & CompB | |/ mexp | - 0.0264 | |\ mdrag | o5 0.034 M &P | .6 0.0392
t=15. t=9. t=7.
11 | all munitions M ™o | o3 0.0285 | |\ mdrag ls 0.0365 | ) drag oo 0.0615
t=15. t=9.4 t=9.
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shockwave to any appreciable extent — the shock velocity in this region is determined by
the initial velocity of the shock as it breaches the munition’s casing and then by the near-
and mid-field expansion models. Second, because all of the fit functions have excellent
agreement with the observed data, all of the physical quantities derived from the fits have
roughly the same variability. Thus, for the Mach number (and the other physical
quantities), the functional form of the fit matters little in this early-time region. For this
reason, only a single fit function is used to examine this region for the remainder of this
section. The modified drag model was chosen because it has very good reproducibility in
the near-and mid-fields, shows the best reproducibility in the far-field (although far field
Cvs were not examined, seeing the behavior of the shock in this region is useful), and has
a theoretical foundation.

The mean and standard deviation of the Mach number as a function of time, M(t),
for all TNT and Composition B is shown in Figure 36 for the first 15 seconds of the
early-time region. It is clear that even for the wide range of munitions types included
(two weights, two orientations, and two explosive compounds) the velocity of the shock
approaches a uniform value very quickly — within the first five milliseconds (with the Cy
decreasing by an order of magnitude over this range). By ten milliseconds, the Mach
number has nearly approached unity, indicating that the shockwave has almost entirely
transitioned to an acoustic wave. This is seen in Figure 37 where the pressure is plotted
in the early-time region and shows much the same reproducibility as the Mach number
profile. The pressure profile, p1(t), confirms that the shockwave transitions to an acoustic
wave very quickly (~10 msec) despite the several munitions types included. The only

place the munitions’ characteristics appear important is in the first 2-3 milliseconds of the
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expansion, indicated by the Cy ranging from 0.5 to greater than 2; another possibility is
that the physical quantities of the shock are highly variable immediately after detonation,
independent of munition characteristics.

The remaining physical quantity determined by the fit functions is the energy of
detonation, Ep(t); the efficiency of the detonation, f(t), is merely Ep(t) scaled by the

theoretically calculated energy of detonation, Ep, and thus the description of Ep(t) also
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Figure 36: The mean Mach number as a function of time (solid line) with the corresponding standard
deviation (shaded region) for the modified drag fit to the shockwave is shown in the upper plot for all TNT
and Composition B events The lower plot shows the coefficient of variation for each time step.
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Figure 37: The mean shock pressure as a function of time (solid line) with the corresponding standard
deviation (shaded region) for the modified drag fit to the shockwave is shown in the upper plot for all TNT
and Composition B events The lower plot shows the coefficient of variation for each time step.
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Figure 38: The mean detonation energy predicted at each time step (solid line) with the corresponding
standard deviation (shaded region) for the modified drag fit to the shockwave is shown in the upper plot for
all TNT and Composition B events The lower plot shows the coefficient of variation for each time step.

pertains to it. The mean and standard deviation of Ep(t) is shown in Figure 38 for all
TNT and Composition B events, but unlike the Mach number and pressure profiles, it
shows greater variability for upwards of 10 milliseconds. This is expected, because the
energy released depends directly on the composition and weight of the explosive.

If the assumptions of an ideal detonation were true, Ep(t) would be a constant.
Because energy continues to be released as the shockwave propagates (in the continued
burning of the afterburn fireball), however, the apparent initial release of energy
continues to increase. Ep(t) might better be thought of as the total energy released by a
time, t, even though its derivation relates all of this to an instantaneous energy released at
the time of detonation, t = 0. The result of this is that the shockwave is sustained at
higher pressures for longer than it normally would be (deduced because Ep is determined
directly from the shock’s overpressure). As the pressure of the shock approaches ambient
pressure, however, the increase in the apparent energy released becomes more uncertain;

this is because small deviations in shock pressure translate to increasingly large
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deviations in scaled distance, from which detonation energy is calculated. Thus, the only
values of Ep(t) that should be used as actual estimates of energy are those where the

shock is still in fact a shockwave, i.e. at times less than ~5 milliseconds.

Distinguishability of Combustion Classes and Simple Types

Having determined the most reproducible features of the fireball and shockwave,
the next step was to evaluate these features for their classification potential.
Distinguishing between combustion events of the same class (i.e. specific munitions
types from one another) is a complex problem that often requires robust techniques. The
simpler problem is distinguishing between classes of combustion events. Distinguishing
between explosive munition detonations, DTSS plumes, and muzzle flashes served as an
introduction because they contained similar features with largely different values. These
features and their separability (quantized by the Fisher Ratio) for each combination of

combustion classes are presented in Table 14.

Table 14: The Fisher Ratios for all features used in comparing detonations, DTSS plumes, and muzzle
flashes are shown for each combination of combustion event classes.

Feature | Group A# | Group A Class | Group # | Group B Class FR
AL\{:R 11 all munitions 12 DTSS 1.03
t:"R 11 all munitions 12 DTSS 41.06
tll\(IJIR 11 all munitions 12 DTSS 27.88
tsr\élR 11 all munitions 12 DTSS 0.16
A’I)VKIR 11 all munitions 16 all muzzle flashes | 1.29
tnN'R 11 all munitions 16 all muzzle flashes | 2.30
A’r)vklR 12 DTSS 16 all muzzle flashes | 10.08
tnN'R 12 DTSS 16 all muzzle flashes | 47.57
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Figure 39: The time required for the area to fall to the noise level (in the NIR) is plotted for all detonations
(o) DTSS plumes (A) and muzzle flashes (o). The upper plot shows the data points assuming normal
distributions (detonations are represented by the solid line, plumes by the dotted line, and muzzle flashes by
the dashed line). The lower plot represents the probability that a given time will be one of the three
combustion classes, based on the normal distributions. Those events whose group has a higher probability
are classified correctly (¢) and those whose group has a lower probability are classified incorrectly (x).

For each combination (detonation-plume, detonation-muzzle flash, and plume-

muzzle flash) the duration of the event, as quantized by the time required for the NIR

NIR
tn

emissive area to fall to the noise level, , provides the highest distinguishability. The
distributions of durations were assumed to be Gaussian and are shown in the upper plot
of Figure 39 for all three classes. Requiring the total probability (sum of the normalized
distributions) be unity, the events were classified simplistically by which probability was
the highest for its feature value. Correct (¢) and incorrect (x) classifications are shown in
the lower plot. DTSS plumes are clearly separated from muzzle flashes, and with few
exceptions munitions detonation and muzzle flash distributions have little overlap. In all
cases, however, the three combustion events are clearly distinguishable from each other,

even using this simplified classification scheme.

This is not so in the case of the peak emissive area in the NIR, AJ™, as can be
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seen in Figure 40. The distribution of areas from munitions detonations overlaps with
both the muzzle flashes’ and the DTSS plumes’. This is because of the high variability in
the detonations’ areas, contributed to by obscuration of the fireball. The variability in the
muzzle flashes and DTSS plumes are much lower, however, providing excellent
classification potential.

With the promise for distinguishing between classes of combustion events fairly
well evident — even with such a limited examination — the ability to distinguish highly
reproducible events of a single combustion class was then examined. Muzzle flashes
from several ammunition types were used because the features extracted from them

showed very little variability within an ammunition type. The Fisher Ratios for the total

emissive area, A", and the bright flash at the barrel, AL, in the NIR are shown for

each combination of ammunition types in Table 15. Clearly, the total emissive area is the
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Figure 40: The peak area (in the NIR) is plotted for all detonations (o) DTSS plumes (A) and muzzle
flashes (o). The upper plot shows the data points assuming normal distributions (detonations are
represented by the solid line, plumes by the dotted line, and muzzle flashes by the dashed line). The lower
plot represents the probability that a given area will be one of the three combustion classes, based on the
normal distributions. Those events whose group has the highest probability are classified correctly () and
those whose group has a lower probability are classified incorrectly (x).
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most differentiating feature. This is shown in Figure 41 where novel FMJ is largely
separated from conventional ammunition, and distinguishable from novel ammunition to
a lesser extent. The bright flash area is very similar for all ammunition types and proves
much less useful for classification.

The previous two sets of comparisons (distinguishing combustion events and
distinguishing ammunition types) were undertaken to gain confidence in the methods
used and to establish a baseline for how well differentiation could be achieved for events
of different classes (detonations, plumes, muzzle flashes) or simple types (ammunitions).
Both of these objectives were accomplished. Using the Fisher Ratio with assumed
normal distributions did characterize the ability to distinguish between different types and
classes — a high FR represents good separation and the best probability of correct
classification. Features with excellent distinguishability had FRs of ten or higher, but
FRs as low as two offer decent ability to classify. FRs lower than about two give
uncertain distinctions between classes and much more robust classification techniques are

a necessity for there to be any confidence in the results.

Table 15: The Fisher Ratios for all features used in comparing muzzle flashes are shown for each
combination of ammunition types.

Feature | Group A# | Group A Type | Group # | Group B Type | FR

ANR 13 conventional 14 novel 0.216
pk
NIR 13 conventional 14 novel 0.0182
at

ANR 13 conventional 15 FMJ 10.877
pk
NIR 13 conventional 15 FMJ 0.0024
at

ANR 14 novel 15 novel FMJ 3.975
pk
NLR 14 novel 15 novel FMJ 0.0073
al
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Figure 41: The peak area (in the NIR) is plotted for all conventional (o) novel (A) and novel FMJ (o)
muzzle flashes. The upper plot shows the data points assuming normal distributions (conventional are
represented by the solid line, novel by the dotted line, and novel FMJ by the dashed line). The lower plot
represents the probability that a given area will be one of the three muzzle flash types, based on the normal
distributions. Those events whose group has the highest probability are classified correctly (¢) and those
whose group has a lower probability are classified incorrectly (x).

Distinguishability of Explosive Munitions

This research then moved on to its primary distinguishability objective:
differentiating munitions types using features extracted from the fireball and shockwave.
Because of the thousands of comparisons (by band, model, group, and time) only a subset
of the results are presented here. The first features examined were those that had the
highest reproducibility, as determined by the coefficient of variation. These are shown in
Table 16 for comparisons of 155mm TNT, 105mm TNT and all TNT munitions to all
Composition B munitions. Additionally, 155mm TNT was compared to 105mm TNT to
see if weight could be differentiated. All other munitions groups were excluded, either
because there were too few events within the group (yielding too much uncertainty in the
result) or because the comparisons would have involved events that showed up in both

groups (such as 105mm TNT compared to all TNT).
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In general, the features that have the highest Cy values are poor at distinguishing
groups of munitions — indicated by the low FRs — especially for groups containing
munitions of the same weight (155mm TNT and all TNT compared to Composition B).

Distinguishing groups of differing weight (105mm TNT compared to 155mm TNT or

blue
et *

Composition B), however, shows some promise using the peak detonation area,
This is useful to know because it indicates that most of the reproducible features are not
specific to munitions types, but are characteristic of explosive detonations in general.
Thus, they can be used to develop an understanding of the general properties of
detonation fireballs and shockwaves. Those properties that show different abilities to

distinguish (largely different FRs) for weight or composition, while perhaps not useful to

classification, are useful for understanding correlation of munitions characteristics and

fireball or shockwave features. These include A’Y® and to a lesser extent ti for

et

Table 16: Fisher Ratios for highly reproducible fireball and shockwave features are shown for comparisons
of explosive type (TNT and Composition B) and weight (155mm and 105mm TNT).

Feature blue red NIR MWIR mdrag exp mdrag mexp
et 1:det tn tn a b M |t:1 M |t:1

Groups | all TNT (group 7) and Composition B (group 9)

FR 0.27 0.001 | 0.80 | 0.08 0.21 0.80 | 0.002 0.39

Groups | 105mm TNT (group 6) and Composition B (group 9)

FR 2.30 082 |125 |0.11 0.004 | 2.05 |0.18 1.17

Groups | 155mm TNT (group 7) and Composition B (group 9)

FR 0.0003 | 0.44 | 0.61 | 0.06 0.69 041 | 0.15 0.13

Groups | 155mm TNT (group 5) and 105mm TNT (group 6)

FR 4.76 2.89 | 0.001 | 0.004 | 1.19 0.62 | 0.132 0.85

92



determining weight; and t"* for determining composition. The extent of the correlation

between these features is further examined in the sections discussing correlation.

Because the reproducible features are not often useful for distinguishing
munitions groups, all features (with the time-dependent shockwave features limited to the
first 15 milliseconds after the detonation) were examined for distinguishability; while
features with low reproducibility would seem not to be useful for classification, if the
separation of their means is high enough then the extent of their irreproducibility may not
be significant. Those features with the highest Fisher Ratio for each comparison of
groups are shown in

Table 17. General observations are that it is easier to distinguish between groups
containing different weights (105mm TNT compared to 155mm TNT and Composition
B) than different explosive compositions (Composition B compared to all TNT and
155mm TNT), and that when both weight and composition are different the ability to
differentiate is the highest. This is all indicated by the highest Fisher Ratios for groups of
different weights, followed by composition.

In every case, the efficiency of detonation in nearly all of the models is the most
distinguishing feature. This is shown in Figure 42 for 105mm TNT compared to
Composition B at 14.8 milliseconds after detonation, using the modified drag model. The
distributions are highly separated and allow the groups to be easily identified.
Unfortunately, this feature cannot be used in classification because it requires scaling the
observed release of energy by the theoretical detonation energy, the latter of which
requires the explosive munition’s mass and composition to be known.

A feature related to the efficiency that does not require information about the
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munitions type is the observed detonation energy. Because no a priori information is
included in this feature, its ability to differentiate munitions types is decreased nearly two

orders of magnitude, as shown in Figure 43 for the same data. Thus requiring

Table 17: The highest Fisher Ratios for each comparison are shown. Only a single physical quantity of
each model is shown because they are all transformations of the same data. When multiple bands or
models had similar values, the one with the largest FR is given and indicated by *. For time-dependent
features, the time is given is milliseconds.

TNT & 105mm TNT & 155mm TNT & 155mm TNT &
Composition B Composition B Composition B 105mm TNT
feature FR feature FR feature FR feature FR
f mdrag e, * 2.94 f mdrag | % | 103 f mdrag | % | 6.7 f drag350 | % | 19.3
t=6.2 t=14.8 t=11.7 t=10.1
green 2.28 green 14.3 drag 1.92 exp350 9.55
tpk * tpk * pl |t=10.9 M |t=0.3
d bl d
¢mdrag 1.93 Ablue lor ™ 6.98 tglzeen * 1.79 Are o™ 6.58
d d
pdrag 15 M| mexP |t:12.7* 5.48 ttgreen 1.62 Eg rag |t212.4 5.28
drag 1.36 mdrag 491 exp 1.47 red 5.25
a pl |t=12.8 pl |t=9.9 et *
drag 1.14 exp350 4.13 red 1.3 drag350 3.62
R |t:0.2 1 |t:0.4 A |t:6.7 * a
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Figure 42: The efficiency of detonation at 14.8 msec (from the modified drag model) is plotted for all
105mm TNT (o) and Composition B (A) detonations. The upper plot shows the data points assuming
normal distributions, where 105mm TNT is represented by the solid line and Composition B by the dotted
line. The lower plot represents the probability that a given efficiency will be one munitions group or the
other, based on the normal distributions. Those events whose group has a higher probability are classified
correctly (») and those whose group has a lower probability are classified incorrectly (x). The FR is 103.
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Figure 43: The energy of detonation at 14.8 msec (from the modified drag model) is plotted for all 105mm
TNT (o) and Composition B (A) detonations. The upper plot shows the data points assuming normal
distributions, where 105mm TNT is represented by the solid line and Composition B by the dotted line.
The lower plot represents the probability that a given efficiency will be one munitions group or the other,
based on the normal distributions. Those events whose group has a higher probability are classified
correctly (¢) and those whose group has a lower probability are classified incorrectly (x). The FR is 1.8314.

knowledge of the munitions type in order to classify precludes the efficiency (as derived
from the observed detonation energy), to be used as a classification feature, it does
indicate dependence of the efficiency on munitions characteristics. This is explored

further in the correlation sections.

The time to the peak area, particularly in the green band, t3*", offers decent

ability to distinguish between munitions of different explosive compositions, particularly
if they are different weights. The feature distribution is shown for all TNT and
Composition B detonations in Figure 44. The features show decent separation, which
improves by nearly a factor of seven if only 105mm TNT and Composition B are plotted.
From this, it appears that TNT’s fireball area peaks several orders of magnitude later than
Composition B’s, but the number of events were limited and so whether this was a real

characteristic of the explosive composition or was caused by obscuration of the fireball
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during those events is unknown. If explosive composition does not vary and only weight
is examined, this feature has poor distinguishability. This is indicated by the fact that the
FR for comparison of 155mm and 105mm TNT is only 0.161 — the separation of the
means of their distributions is much smaller than their widths. Thus the time to the peak
fireball size does not appear to be a highly weight dependent property, but rather is
primarily dependent on explosive composition.

A feature that does appear to have a dependence on the mass of the explosive is

the peak detonation area, A™™. This feature shows good distinguishability in the RGB

et

(but the red band is slightly better than the others). The feature distributions for 155mm
and 105mm TNT detonations are shown in Figure 45, where it is clear that the
reproducibility of the feature is not high, yet the mean areas are separated enough that the
two weights of TNT can be distinguished. This feature’s ability to distinguish between

weights is not limited to a single explosive composition — the FRs from comparing

=
oo
T

distribution

probability

green band time to peak area, tg[{een [5]

Figure 44: The time to the peak fireball area (in the green band) is plotted for all TNT (o) and Composition
B (A) detonations. The upper plot shows the data points assuming normal distributions, where TNT is
represented by the solid line and Composition B by the dotted line. The lower plot represents the
probability that a given time will be one munitions group or the other, based on the normal distributions.
Those events whose group has a higher probability are classified correctly (¢) and those whose group has a
lower probability are classified incorrectly (x). The FR is 2.28.
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Figure 45: The detonation area (in the red band) is plotted for all 155mm TNT (o) and 105mm TNT (A)
detonations. The upper plot shows the data points assuming normal distributions, where 155mm TNT is
represented by the solid line and 105mm TNT by the dotted line. The lower plot represents the probability
that a given area will be one weight or the other, based on the normal distributions. Those events whose
group has a higher probability are classified correctly (¢) and those whose group has a lower probability are
classified incorrectly (x). The FR is 5.25.

105mm TNT to Composition B was 2.6. When similar weights are compared, however,
separation of the data is poor even with different explosive compositions. This is

evidenced by 155mm TNT and all TNT having FRs of 0.000322 and 0.293 when

red

compared to Composition B. It cannot be conclusively stated, however, that A} is a

weight dependent property. Rather, the most likely explanation is that it is an energy
dependent property where different masses represent different initial releases of energy.
Because of the variability of the detonation efficiency and the similarity of detonation

energies in Composition B and TNT, further work needs to be done to fully understand

red
et

the dependence of on munitions characteristics.

Because of the extremely large number of feature comparisons, not all of the

features were discussed. It can be seen from the values of the Fisher Ratios presented,
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however, that those features with high reproducibility are rarely the best for classification
— they tend to represent features of explosive detonations in general rather than specific
types of munitions. Many features that have a moderate distribution of their values,
however, perform well in differentiating the munitions groups because their means are
highly separated. For true classification work, the features provided in the table give a
starting point for more robust classification techniques. What was gathered here is an
understanding that there are certain features which are highly separable for different
groups of munitions, and that identifying which features are correlated to which

munitions characteristics (and each other) is feasible.

Correlation of Munitions Characteristics with Extracted Features

The correlation of munitions characteristics with shockwave and fireball features
provides a great deal of insight into understanding explosive detonations. Because of the
limited number of events of each type, all events were first used in determining
correlations. This provided a more statistically meaningful sampling and allowed trends
for detonations in general to be found. The results are shown in Table 18 for four
munitions characteristics, although five are actually represented because Ha and Hp show
the same correlations. Shockwave features appear much more highly correlated with the
munitions characteristics than the fireball features, although this may be representative of
the fact that the shockwave features were all derived from fits and thus have less
variability (uncertainties in individual data points do not show up). Because of this, the
ten shockwave features and the four fireball features with the highest coefficient of

determination are shown.
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Table 18: The coefficient of determination, r?, is shown for the features of the shockwave (highest 10) and
fireball (highest 4) that are most highly correlated with all of the munitions’ afterburn energy, detonation
energy, specific energy released in the afterburn, heat of detonation, and mass. H, and Hp were found to be
redundant and are shown together.

r*  |Ea rr  |Ep '’ |Ha&Hp rr|m
0.828| f drag3s0 lezoo 0.743] f drag350 let07 0.567 3/tgll('een 0.789| § mexp 2o
0.825| f exp350 hesos 0.736|  mexp ez 0.542| , {red 0.783| § drag350 lesos

50
0.737| foxr 0.724] foxp 0.497|  mrag 0.781] fexp
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|t:27.8 |t:11.9 |t:6.2 |t:15.3
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0.557| gexp3s0 0.479| pyorag 0.424| o0 0.466) pydrag
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| li=0.7 a li=200 a

0.518 3' r::j 0.402 3 tgiieen 0.414 f drag |t:12,9 0.33 S'tglzeen
0337 yfie 0267 4 0412 £, | 0292y pr
0.226 0.237 0.401| ,/ 0.232

3 t5|\(l)|R 3 tr,]VlWIR 3 red 3 trl]\/|W|R
0.2 NIR 0.214 d 0.269| . NIR 0.227| L[ mwir

y A[ y th X tn X th

Several of these features are plotted in order to examine the correlations more
closely. Because there are up to nine types of munitions included in the plots, each
munitions type was assigned a marker. These are indicated in Table 19 and are used to
show the distribution of feature values for each munitions type.

With the exception of a handful of outliers, the efficiency of the detonation (ratio
of experimentally calculated detonation energy to theoretical detonation energy), f, scales
well with the afterburn energy, Ea, and detonation energy, Ep, for all models (upper plots
of Figure 46). This implies that the value of the detonation energy determined by the

shockwave (from pressures and scaled distances) is not independent of the energy
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Table 19: The markers used to designate munitions type in Figure 46 through Figure 52 are shown below.
All types containing C-4 are designated with the same marker because these types were not independently
examined.
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released after detonation; i.e. the properties of the shockwave are not dependent only on
the initial detonation, but are also dependent on the continuing evolution of the afterburn
fireball. As more energy is released in the ongoing combustion, the pressure decays more
slowly than expected (efficiencies greater than one), and the calculated release of energy
at t =0 continues to increase. This is the equivalent energy that would have been
released in an instantaneous detonation to generate the shockwave that is now sustained
by release of energy in the fireball.

The correlation between the theoretical afterburn energy and the efficiency
indicates that as the amount of energy released in the afterburn increases, the efficiency
decreases. Whether this is because the detonation energy is also increasing (due to
greater mass in the explosive) or the shockwave is sustained to a lesser extent (with
increasing energy release in the afterburn) can be examined by looking at the dependence
of the efficiency on mass and specific energies. According to Equation 41, the efficiency
is proportional to the observed release of energy and inversely proportional to the heat of
detonation and the initial mass. The observed release of energy is also dependent on the

heat of detonation and initial mass, as well as the specific energy of the afterburn.
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Figure 46: Detonation efficiency is plotted against the afterburn and detonation energies in the upper plots,
heat of detonation (which follows the same correlation as the specific afterburn energy) initial mass in the
lower plots. As all quantities increase, the efficiency decreases.

Theoretically, the energy released should be linearly dependent on these
quantities, but because detonations are non-ideal, the relationship between increasing any
of the dependencies and the observed energy released may not be linear. However, an
increase in mass or specific energy necessitates an increase in observed energy. By
holding mass constant (ignoring all but 155mm munitions in the lower left plot of the
figure) the efficiency is seen to decrease to a small degree with increasing heat of
detonation. When holding the heat of detonation constant, the efficiency decreases
significantly with increasing mass. The conclusion that can be drawn from this is that the

efficiency of the detonation is fairly independent of the specific energies of the explosive
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compound and depends primarily on the mass of the munition — either higher mass
munitions’ afterburns contribute less to the shockwave than those of lower mass, or the
overpressure generated by the higher mass detonation is not as great as the simple theory
of detonations predicts. The latter of these is reasonably explained in that larger masses
deviate from the assumptions used to a greater extent, i.e. masses are not point masses
and energy is released over a longer duration.

After the efficiency is examined, the correlation of shockwave and fireball
features with munitions characteristics decreases significantly (although efficiency was
never a highly correlated feature of the specific energies). The next highest feature
correlated with mass and energies is the Mach number, M, shortly after detonation; the

highest correlation with the specific energies is the cube root of the time to the peak

fireball area in the green band, i}/tg;m These are shown in Figure 47.

The correlation for each pair of features is low, but there are definite trends: Mach
number increases with increasing mass and afterburn energy. The Mach number shows a
decrease with detonation energy; the opposite should be true. This is due to the use of the
drag model at a time that is well beyond the mid-field. This makes the important point
that although the features show a high degree of correlation, they may not be meaningful
physically if examined outside of the field allowed by the assumptions used.

The other trend is for the time to the peak fireball area (shown in the green band
but accurate for all RGB bands) to decrease as the third power of the heat of detonation.
As higher energies are released in the detonation, it takes less time for the fireball to
peak. This is probably indicative of higher initial energies causing the explosive

compound to be consumed more quickly in the afterburn and peak early, then as the fuel
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Figure 47: The highest non-efficiency correlations are shown for each munition characteristic. The Mach
number tends to increase with mass and afterburn energy, although correlation is poor. The decrease in
Mach number with detonation energy is due to the use of the drag model outside of its intended field and is
not physically accurate. The time to the peak fireball area increases with the third power of the heat of
detonation, neglecting the outliers.

is used up the fireball will begin to decay. Evidence to support this is that as the heat of
detonation increases, the duration of the fireball (in all bands) decreases. More
observations of a larger number of munition weights and compositions are required to
verify this.

The remaining features all show a decreasing degree of correlation with munitions
characteristics. This is not to say that they aren’t correlated. Rather, the detonations have
a high degree of variability, contributed to by obscuration of the fireball by soot, dirt, and
smoke. Despite the irreproducibility in the data, certain trends are apparent: Mach
number, pressure, and peak detonation area all increase with increasing mass and

detonation energy; increased afterburn energy and specific energy results in greater
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fireball areas and less time to the peak fireball area; and detonation efficiency decreases
with increasing initial mass.

Since C-4 was not studied in this research, it was useful to remove the
groups to which it belonged when finding correlations. This allowed it to be determined
whether or not the general trends observed using all munitions were representative of
detonations in general or specific to TNT and Composition B (because Composition B
contains TNT). The coefficients of determination for the TNT and Composition B group

are shown in Table 20.

Table 20: The coefficient of determination, r?, is shown for the features of the shockwave (highest 10) and
fireball (highest 4) that are most highly correlated with all of the TNT and Composition B munitions’
afterburn energy, detonation energy, specific energy released in the afterburn, heat of detonation, and mass.
H, and Hp were found to be redundant and are shown together.
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The most correlated features in the TNT and Composition B group contain many
of the same features as those for all munitions, except that the correlation is much higher
for just TNT and Composition B. This is evident through examination of the features in
this group that were looked at previously for all munitions (Figure 48). Once again, the
efficiency is one of the most highly correlated features, but now some of the other
physical quantities (Mach number, pressure, and radius) show high correlation for times
immediately after detonation. This is indicative of commonality in the detonation of
TNT and Composition B that is not present in C-4. This is most likely due to the fact that
Composition B contains TNT, and it may be possible to differentiate such explosive
compositions from C-4 based on these features. Because C-4 was not examined in this

research, this objective remains to be completed in future work.
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Figure 48: The highest non-efficiency correlations are shown for each TNT and Composition B
characteristic. The Mach number tends to increase with mass and afterburn energy, although correlation is
poor. The decrease in Mach number with detonation energy is due to the use of the drag model outside of
its intended field and is not physically accurate. The time to the peak fireball area increases with the third
power of the heat of detonation, neglecting the outliers.
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Moving away from general correlations in explosive detonations, the correlations
in TNT were then examined. Because there were only two munitions types, the
correlation was based on those properties that were different between the two: Ea, Ep,
and m. Correlation of fireball and shockwave features with all of these munitions features
is redundant, and so all are grouped together. The specific energy released in the
afterburn and the heat of detonation were ignored because they did not change with
weight. Thus, it may be concluded that the features of the shockwave and fireball are
effectively correlated with mass. The values of the correlation are shown in Table 21.
Once again, the efficiency of the detonation is the most highly correlated feature, and for
the two masses of TNT, it shows nearly perfect agreement. Likewise, the physical
quantities (Mach number, pressure, and radius) shortly after detonation also show a high
degree of correlation with the mass. The fireball features show less correlation that the
shockwave features, but still have a definite trend: the features increase and the mass

increases. The efficiency as a function of mass is shown in Figure 49. Because there are

Table 21: The coefficient of determination, r?, is shown for the features of the shockwave (highest 10) and
fireball (highest 4) that are most highly correlated with all of the TNT munitions’ afterburn energy,
detonation energy, specific energy released in the afterburn, heat of detonation, and mass.
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only two values for mass, measure of the linear correlation between the features isn’t
very meaningful other than to show that there is a scaling relationship. Greater samplings
of feature values are required to determine the form of the trend.

In all groups, the correlation between the features and the munitions
characteristics indicates that mass and energy have a direct relationship with the
characteristics of the fireball and shockwave. The relationship is not surprising: fireball
size and shockwave pressure, velocity, and energy all increase with increasing munitions
mass and energy. Additionally, the efficiency of the explosive decreases with increased

mass. The principal correlations are summarized in Table 22.
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Figure 49: Efficiency is plotted against the two masses of TNT and the correlation is shown. Because there
were only two weights of TNT, this plot indicate separation of the data more than correlation. However,
the trend is apparent and can be used as a scaling rule of thumb.
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Table 22: The shockwave and fireball features that showed a moderate or greater degree of correlation with

munitions characteristics are shown. The typical range of r values are given, with all munitions
representing the lower end and TNT representing the upper. The trend indicates how the feature behaves
with increases in the munitions characteristic.

drag coefficient, b

mass, m

Feature Strongest Dependencies | Typical r? Trend
detonation area, Aget afterburn energy, Ex 0.3~0.766 increases cubically
RGB detonation energy, Ep
mass, m
peak area, Ap specific energies, Hy & Hp | 0.3~0.445 increases cubically
RGB
efficiency, f mass, m 0.7~0.99 decreases linearly
Mach number, M afterburn energy, Ex 0.482~0.815 | increases linearly
detonation energy, Ep
mass, m
overpressure, p; afterburn energy, Ex 0.4~0.784 increases linearly
detonation energy, Ep
mass, m
shock radius, R afterburn energy, Ea 0.56~0.784 | increases linearly
detonation energy, Ep
mass, m
time to decay 50%, ts specific energies, Hy & Hp | 0.222~0.634 | increases cubically
RGB, NIR
time to detonation, tye mass, m 0.67~0.77 increases cubically
RGB
time to peak, ty specific energies, Hy & Hp | 0.4~0.668 decreases cubically
RGB
maximum radius, qdrag detonation energy, Ep 0.156~0.459 | decreases linearly
mass, m
characteristics radius, gdrag3s0 | detonation energy, Ep 0.1~0.62 increases linearly
mass, m
detonation energy, Ep 0.129~0.467 | decreases linearly

Correlation of Fireball Features with Shockwave Features

Having found features of the shockwave and fireball that were highly correlated

with munitions characteristics (and the trends associated with them), the correlation

between the fireball and shockwave features themselves were examined. There were

thousands of comparisons, hundreds of which showed high correlation (r?> > 0.7). Many

of these were redundant (all RGB bands of a single fireball feature showed similar

correlation with many features of the shockwave at evaluations of the same time and with
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several models). To reduce the redundancy of the data, only the most highly correlated
shockwave feature in each group is shown in

Table 23 for each fireball feature (in one RGB band). Likewise, because linear,
quadratic, and cubic correlation was determined for many of the fireball features, only the

power that had the largest coefficient of determination is given.

Table 23: For each fireball feature, the most correlated shockwave feature from each group (all munitions,

TNT and Composition B, and TNT) is shown. The time at which temporal features were evaluated is
indicated in milliseconds.

2

2

Fireball Shockwave r Shockwave r Shockwave | r
(all munitions) (TNT & CompB) (TNT)
A(t)fed * Egexp leos 0.773 [pexP350 leaas 0.645 [pexP350 leas 0.653
MWIR drag 0.724 drag 0.74 drag 350 0.918
A ED |t=61.8 ED li=61.8 a
MWIR drag 0.758 drag 0.766 drag 350 0.864
Apk ED |i=81.8 ED l=e1.8 a
MWIR f exp350 0.195 mexp 0.299 drag350 0.899
0 lt=113.6 P h=1136 a
tsl\gWIR R mdrag leoa 0.773 Rmdrag leos 0.802 § mexp leoz 0.5
3 tr:mwm f drag lesie 0.373 f drag les 0.385 qrag3s0 0.975
3/ ANIR RMmexp leos 0.522 RMmexp et 0.282 f drag leats 0.599
A:;('R § mdrag e 0.881 RMmexp e 0.606 R drag350 levs 0.714
mexp 0.259 mexp 0.277 mdrag 0.536
y t1’\(‘)IR ED li=s3.0 ED |t=32 f li=e.6
mexp 0.261 mexp 0.331 mdrag 0.629
3 tsl\(‘)lR ED |t=38.1 ED |t=32 f |t=7.4
mexp 0.309 mexp 0.278 mdrag 0.393
tr’]\‘ R Ep  leass Ep  lesss f =7
AbLue f exp3s0 leos 0.709 Rmexp leos 0.449 [pexP350 0.68
o 0. =0.
R r:? ;rag350 li=6.7 0.741 f mareo =718 0.689 fmee li=32.1 0.825
ra d 350
3 Ablue E; 9 hetr7 0.529 plm 20 | 16 0.567 pexp3s 0.566
3/tzLue ¢mdrag 0.634 plmdrag leota 0.699 [pexP350 0.538
ex 0.549 drag 350 0.46 d 0.745
y tdgerteen EDp li=18.3 ED 9 li=0.4 f e li=125
3fgred [pexp350 0.501 %P 0.05 lexp350 200 0.493
50

* evaluated at the time indicated in the shockwave feature
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The fireball and shockwave features show a much higher degree of correlation
with each other than with the munitions characteristics. This makes sense because the
high degree of variability in the features causes a decrease in the overall correlation with
the unchanging munitions characteristics. When comparing fireball and shockwave
features, the variability is removed to some extent; for example, a larger fireball in the
NIR is generally indicative of a more efficient detonation. This is significant because
although there are large variations in the shockwave and fireballs produced from similar
explosives, the variability is consistent in features of both. This is shown in Figure 50 for
some of the more highly correlated features using all munitions events.

There is little diversity in the shockwave features that are most highly correlated
with the fireball features. The detonation energy as a function of time is the most
common shockwave feature for all munitions and the group of TNT and Composition B,
typically at early to mid times after detonation (when the shockwave is in the early part of
the far-field). The radius of the shock at early times (less than 2 milliseconds) and the
efficiency in the mid-field are also highly correlated with features of the fireball, but for
all groups of munitions. These three features are represented in Figure 50, along with the
shock 350 model’s b fit parameter for all munitions detonations.

Much of what is shown in the figure is straightforward: at a given time, the larger
the radius of the shock, the longer it takes for the fireball to decay to 50% of its
maximum area (upper right plot). Both of these features are indicative of a higher energy
detonation, where the energy in the shock contributes to velocity (thus greater radius) and
energy in the fireball contributes to a longer duration. The same phenomenon is observed

when comparing the energy of the shock with the fireball area (lower left plot). The
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trend isn’t nearly as clear, but higher energy does correlate with a larger fireball.

When C-4 is excluded from the comparisons, the correlation is not largely
affected. Some of the fireball features are more highly correlated with other shockwave
features or are correlated at different times, but overall the exclusion of C-4 has little
impact, which is in contrast to the effect of removing C-4 from comparisons of features
with munitions characteristics. This indicates that although C-4 has some properties that
affect the fireball and shock features differently than TNT and Composition B do, the

relationship between the fireball and shockwave is fairly independent of whether C-4 is
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Figure 50: Selected comparisons of fireball and shockwave features are shown for detonations of all
munitions. In general, the fireball and shockwave features have a greater degree of correlation with each
other than with munitions characteristics, as indicated by the higher coefficients of determination. The
trends in the data are also fairly evident.
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included. Several of these feature comparisons are shown in Figure 51 for TNT and
Composition B events, with the trends previously discussed remaining unaltered.

In contrast to excluding C-4, it is evident that shockwave and fireball features
have the strongest correlation when only TNT is examined. For these comparisons, the
detonation energy as a function of time does not appear as one of the most correlated
features. This does not imply that the correlation of the detonation energy with the
fireball features decreased — it is still one of the most highly correlated features — but it

was often replaced by the drag 350 model’s a fit parameter or the efficiency as the most

highly correlated feature. For a®®*°, this is largely due to the poor overlap in the
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Figure 51: Selected comparisons of fireball and shockwave features are shown for detonations of TNT and
Composition B munitions. The degree of correlation is not significantly affected by excluding C-4,
indicating that the relationship between the fireball and shockwave is explosive composition independent.
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acquisition of events by the MWIR and RGB instruments, which resulted in only three
events being able to be compared. This can be seen in Figure 52, along with other highly
correlated features. There is a definite trend, but more data points are required to make
any conclusions regarding correlation between features in the MWIR and shockwave
features.

Looking at the efficiencies, 155mm TNT is clustered at low efficiencies with high
peak detonation areas (in contrast to 105mm being clustered at high efficiencies and low
detonation areas, in the lower left plot). This is further evidence that these two features

relate to the initial mass of the explosive. While this is necessarily true for all correlated

4 24
= by +
= +
g 7 | 5 +
% 38 //_, 3 i //
T f.r’ E_ /E/D/x
5 36 - 4 5 i
[0} - = e
= ;o T 15 "
Tz 3.4 ~ w Lo
Sl 4 = &
'35 H ¥ = 0.97547 T 2 =071370
1 1 1 ! 1 '] L L
0OBs 07 075 08 085 09 0 5 10 15
time to noise (cube root), [1rn““Mlem [5”3] peak area, T{'R [mz]
15 . . . 0.35 -
T o @ #
i | e g Pl
T 10 \\\ o 0.9k
e ~ -fa I &
[ak)
= 3 . T +
§ 4 : w0 \ﬂ, g . & xﬂ"'+
2e= + o o4 +
= b = 0.15 T
B 2 = 052521 = ? = (I 55263 L
I:I 1 1 1 I:I'] 1 1 1 1 L
1 1.2 1.4 1.6 1.8 0 1 2 3 4 o
peak detonation area (cube roat), [Ac;;djm [m2"=] area, ArE’dIt:SS [m?]

Figure 52: Selected comparisons of fireball and shockwave features are shown for TNT detonations only.

The correlation between the features is the highest when only a single explosive composition is used and
there are very clear trends.
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fireball and shockwave features (because the features are dependent on the originating
explosive material) it is especially clear in this case that the correlation is more than a
result of variability in the detonations. The peak detonation area being large when
efficiency is small is not independent of munitions weight; both area and efficiency
depend on the mass of the explosive. This is in contrast to the peak area in the NIR’s
correlation to the drag 350 model’s radius at 1.8 milliseconds (upper right plot).

Although both features depend on the munitions characteristics, the munitions types show
a range of values and the relationship of the features is largely due to variations in the

detonation.

Summary

Fireball area profiles and extracted features show a great deal of variation, even
for detonations of the same weight, orientation, and explosive composition. Despite this,
a number of moderately reproducible features are present. These are primarily at times
within the first ten milliseconds after detonation and include the detonation area and time
to the peak detonation area in the RGB bands. Even though reproducibility isn’t high, it
decreases further as different types of munitions are examined together, indicating that
there is separation that may be exploited for classification.

The shockwave fits and features behave in the opposite manner: reproducibility is
lowest at early times and increases as the shock propagates. This is true of all the
shockwave fit functions (from which the shockwave features were derived). The basic
drag and shock models are fairly accurate initially, and although precise, are inaccurate in

their late time predications. The modified drag and shock models are the best
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representations of the true propagation of the shockwave at all times. They accurately
predict the far-field transition to an acoustic wave that is similar for all munitions
detonations, making features extracted at late times poor for classification.

Distinguishability was first attempted on broad classes of combustion events that
were markedly different (munitions detonations, DTSS plumes, and muzzle flashes)
followed by simple events of different types within a class (muzzle flashes). While the
method used is not a robust classification technique, it does demonstrate the ability to
distinguish type based on separability in the feature values. This is more complex for
munitions groups, yet proves highly effective when using the detonation efficiency.
Although not as discriminating, detonation area, initial Mach number, and the time to the
peak detonation area are useful for separating weight; distinguishing between explosive
compositions shows promise using the peak fireball area and mid-field shockwave
pressure.

Finally, by examining correlations amongst the fireball, shockwave, and
munitions features, a number of trends were found. Higher mass and specific energy in
the explosive causes the shockwave pressure and velocity to increase, while increasing
mass causes a decrease in detonation efficiency. Many of the correlations between
fireball and shockwave features are related directly to the aforementioned munitions
features on which they depend. Trends that do not depend on munition characteristics to
any appreciable extent, however, are those that relate variability in the fireball to
variability in the shockwave. Correlated features just as often indicate that when one
feature value changes, the other changes in a consistent manner, independent of

munitions type.
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V. Conclusions and Recommendations

Chapter Overview
The predictions based on the simple theory of an ideal detonation are remarkably
different than the effects generated by a real-world munitions detonation. Even under the
best of circumstances, military and improvised explosives are highly irreproducible.
Factor in situational effects like atmosphere, terrain, target, etc. and the task of
identifying an explosive munition based on its fireball or shockwave characteristics
seems insurmountable. However, this is not necessarily the case; the problem is difficult
because detonations of high explosives are highly irreproducible, but there are a number
of features that show promise. By identifying and studying these features, insight into
what seems a complex phenomenon is reduced to the realm of academia. A complete
understanding of the physics behind detonations is far from achieved, but by asking the
right question, progress has been made.
This work asked and attempted to answer three questions regarding detonations:
1. Which features are reproducible for munitions of the same type, yet
different for munitions of dissimilar types?
2. Which features of the shockwave and fireball are highly correlated with
characteristics of the explosive material?
3. How are features of the shockwave related to features of the afterburn
fireball?
The following sections summarize previous and ongoing efforts, what has been

learned in this endeavor, and what is left to be explored.
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Previous Work

The ability to identify combustion events from remotely sensed emissions is
limited. Classes of events — such as detonations, missile plumes, or muzzle flashes — can
be distinguished with a high degree of confidence because they are phenomenologically
very different. Distinguishing between types within the same class, however, is much
more challenging and requires an understanding of phenomenology to ascertain which
features are unique to particular characteristics of the type. There is good understanding
of shockwaves resulting from high explosive detonations — accurate models were
developed nearly forty years ago and are still in use. While this provides a number of
features for use in identifying munitions types, shockwaves are difficult to monitor
remotely. Hence, it is the fireball resulting from a high explosive detonation that has the
best potential for observation and classification.

Unfortunately, fireball phenomenology has been little studied and less
understood. Hydrodynamic models of fireballs have been developed [32], but there are
no corresponding models of the emissions. The Air Force began investigating
classification of munitions detonations in the early 1990s, with the result being a limited
understanding of fireball emissions in the infrared [33][34][35]. Ongoing work by Kevin
Gross at the Air Force Institute of Technology has characterized cased munitions
detonation fireballs as Planckian, gray-body radiators with a number of CO, spectral
emissions [36]. Major Andy Dills and Kevin Gross have investigated using spectral and
imagery features based on these emissions for robustly classifying munitions detonations
[14][37]. This research expands the current understanding of detonation events and

contributes to the classification of munitions detonations.
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Conclusions
A number of conclusions can be made regarding the characteristics and features
of afterburn fireballs and shockwaves resulting from explosive munitions detonations.
These are summarized below:
1. Classification using the current visible imagery techniques is best
accomplished very shortly after detonation (1-10 milliseconds).
2. Mass may be best differentiated using the visible detonation area, initial
Mach number, or time to the peak detonation area.
3. Composition may be best differentiated using the time to the peak fireball
area in the visible or drag model fit parameters.
4. Fireball and shockwave features show a high degree of correlation,
independent of variability in the detonation.
5. Classical drag and shock models may be accurately extended into the far-
field by adding a constant velocity (ambient speed of sound) term.
Detonations of a specific type of munition under similar conditions have highly
variable results. This is evidenced in the area profiles having nearly the same amount of
variability within a single type as for entire groups of munitions — the individual types’
characteristics may have a direct relationship to the effects they produce, but the
variability in these effects is greater than the differences in these effects between types.
Despite this, there are certain aspects of the fireball imagery that are reproducible and do
show promise for classification. These are primarily in the first ten milliseconds and
involve the features of the detonation emissions, such as total area (Cy < 0.2) or time to

peak (Cy < 0.25), as opposed to features of the afterburn fireball (Cy > 0.5).
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In contrast to the fireball, the shockwave characteristics are highly reproducible
and become more reproducible as time progresses (Cy < 0.05 after 10 milliseconds). This
is true even for groups containing many munitions weights, orientations and
compositions because the shockwave decays very quickly to an acoustic wave that lacks
identifiable characteristics of the detonation that caused it. While this late-time
shockwave has excellent reproducibility, it is nearly useless for developing a
phenomenology because it cannot be correlated with any particular characteristics of its
originating munition. Thus, like features extracted from the fireball, it is the early-time
behavior that provides the most direct link to munitions features.

The fact that the most reproducible and distinguishable features of the shockwave
and the fireball occur at early times is not surprising. Shortly after detonation, reaction
byproducts begin to mix with the atmosphere in seemingly chaotic ways — governed by
turbulence, temperature gradients, and other irreproducible processes. These atmospheric
effects are the most likely (although not the only) cause of variability in the mid-to late-
time behavior of the fireball and shockwave. Acquiring detonation features shortly after
detonation (1-10 milliseconds) — while the features are still fairly consistent for a type of
munition — offers the best promise for classification.

Because of the limited number of detonations of each type of munition, it is
premature to say which of the extracted features are ideal for classification. It can be
said, however, that a number of features show a good deal of promise. Depending on the
extent of a priori information available, features can be chosen that show good separation
for different weights of explosives, such as detonation area (FR < 7), initial Mach number

or pressure (FR < 10), or time to the peak detonation area (FR <3). TNT and
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Composition B may be distinguished using the time to the peak fireball area in the visible

(FR < 2), or several of the fit parameters: b®® (FR ~ 1.5),a* (FR ~ 1.36), and a™®
(FR ~ 1.1). These features showed a definite correlation with characteristics of the
explosive munition, and it is continuing to identify these correlations that will guide
which features should be chosen. Furthermore, knowing which features of the fireball
and shockwave are correlated to each other guides which feature should not be used
together (because correlated features are both representative of the same munitions
characteristic, thus providing redundant information).

In general, detonations didn’t show a high degree of correlation between
munitions characteristics and features of the fireball and shockwave (with the exception
of efficiency). Itis likely that this was because of the variability in the detonations
themselves and the uncertainties in the measurements as opposed to lack of correlation,
evidenced by the trends clearly seen in the data (r* < 0.6). Furthermore, correlation
improved as C-4 was excluded, although most of the same trends were present (r* < 0.7).
This increase in correlation was indicative that the C-4 detonations had properties that
were noticeably different, and it may be possible to explore these for use in
distinguishing between explosives containing TNT (such as Composition B) and C-4.
When only TNT was examined, correlation improved even more. This was largely due to
the fact that there were only two samples of munitions features in this group (the two
weights of TNT) which provided less information on feature correlation than it did on
separability.

Many of the correlations found amongst features of the fireball, shockwave, and

munitions were what would be expected from theory: Detonation velocity and shock
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pressure increased with the total energy released (linear r> ~ 0.5-0.8), detonation areas
and duration increased with detonation and afterburn energies (cubic r? ~ 0.3-0.8), and
the characteristic radius of the shockwave increased with detonation energy and mass
(linear r? ~ 0.1-0.6). Less obvious correlations were also found: Time to the peak fireball
area decreased with increasing heat of detonation (cubic r* ~ 0.4-0.7), and detonation
efficiency decreased with increasing mass (linear r? ~ 0.7-0.99). The first of these
signifies that as more energy is released in the initial detonation, the reactants are
consumed at a greater rate and the combustion process causes the area to peak more
quickly. Hypotheses for this include higher temperatures inducing faster rates of reaction
or a greater fraction of the energy (reactant material) being consumed in the detonation as
opposed to the fireball. This does not affect the fireball’s duration; however, in general
the fireball burns longer when detonation energies are higher, even if it does peak more
quickly.

The latter is indicative that as the mass increases, the detonation becomes less
ideal — the assumptions of a point mass and instantaneous detonation become less
accurate — and that a non-ideality not covered in the theory is that larger masses do not
detonate as efficiently. This results in a lower overpressure shock than would be
expected, and in turn the calculated efficiency is lower. Two possible explanations for
this are the expulsion of uncombusted reactants due to explosive forces, or energy being
released on a longer timescale (due to the extended dimension of the mass).
Alternatively, the efficiency could decrease with mass because larger masses generate
greater energies, which drives the shockwave away from the munitions more quickly. If

the afterburn energy is sustaining the shockwave, it will do so to a lesser extent in higher
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mass detonations because the shockwave’ proximity to the fireball will decrease more
quickly. More observations of a greater number of events are required to verify these,
however.

When compared with each other, the fireball and shockwave features generally
had greater correlation than either did with munitions characteristics (r* ~ 0.5-0.9). This
is most likely due to the fact that all of the fireball and shockwave features are dependent
on the same munitions characteristics, and so the fireball and shockwave should be nearly
as correlated with each other as they are with the munitions characteristics on which they
depend. Correlation is further improved, however, because variability is removed. As
the fireball and shockwave differ from detonation to detonation, they vary in the same
manner — a less efficient (or lower energy) detonation will consequently have a lower
energy shockwave and fireball, for example — and so the features themselves are
correlated independent of variations in the detonation.

Additionally, correlation between the extracted features extends beyond the early-
times that were important for reproducibility of fireball features and distinguishability of
shockwave features. Even though fireballs are highly irreproducible and lose many of
their identifying characteristics in mid to late times, and shockwaves all tend towards
fairly indistinguishable acoustic waves in the same timescale, the rate at which these
transitions occur and their feature values shows definite trends: as mid-time pressure
increases the cube root of the time to the peak fireball area in the NIR decreases, as near-
field shock radius increases the size and duration of the fireball in the MWIR increases,
etc. While inadequate for classification, these trends provide insight into the relationship

between fireball and shockwave dynamics.
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While not the focus of this research, modeling the shockwave’s position as a
function of time beyond the mid-field was accomplished by adding a constant velocity
term to the drag and shock models of the shock’s velocity. The value of this term was the
ambient speed of sound because the velocity of the shockwave asymptotically approaches
the speed of sound rather than zero at long times. Although the classical models were
derived for the near and mid-fields, the modification used here gave excellent agreement
with experimental observations (r* > 0.997 in the near- and mid-fields, less than 10%

error in the far-field).

Recommendations for Future Work

Although sixty-five detonation events were examined, they were divided across
nine arrangements of munitions. Combined with the fact that approximately half of the
detonations were not recorded in the MWIR and RGB (and that with a handful of
exceptions those that were recorded did not overlap), this yielded an incredibly sparse
sampling of values for the majority of the features used. While comparisons were made
and conclusions were drawn, they should be treated with care. A much larger sampling
of feature values is required before any of the trends, scaling rules, or distinguishing
features are accepted as an accurate assessment of detonation phenomena.

Furthermore, the only comparisons made were between features of the fireball,
shockwave, and munitions. While this provided information on munitions dependencies
and allowed trends to be seen — which is useful to the classification problem — it did not
provide information on spectral dependencies of detonation fireballs, i.e. how the

fireball’s appearance in one band related to the appearance in other bands. It would be
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particularly interesting, and useful to developing a phenomenology of fireball emissions,
to see how the sizes, peak times, and durations were correlated amongst the RGB, NIR,
and MWIR bands.

The functions used to model the propagation of the shockwave as a function of
time — both the originals and modifications of the originals— accurately fit the observed
data in the near and mid-fields. Because the fit data include far-field data as well,
however, the functions from the literature did not perform as well as the modified
functions presented here, presumably because the literature’s functions were based solely
on near-and mid-field approximations. The excellent agreement between the modified
forms and all of the data — near-, mid-, and orders of magnitude of far-fields — indicate
that the physical assumptions used as the foundation for these modifications are valid,
and that the models may be used to predict shockwave propagation in all fields. To
validate this, however, shockwave positions as a function of time should be acquired with
much greater accuracy at much higher sampling to determine exactly how well the
various models agree in all fields, or, alternatively, which models give the best agreement
in which fields. This is feasible with existing data sets and simply requires a more in-
depth study.

A wider variety of correlation functions should also be employed. Correlation
between the munitions and shockwave features was only calculated assuming a linear
relationship, and correlation of these features with the fireball was based on linearity with
the fireball features and their second and third roots. Since physical behavior is rarely
governed simply by linear, quadratic, and cubic relationships, other correlations should

be examined. These may reveal a high degree of correlation.
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Of the features for which the reproducibility, distinguishability, and correlation
were calculated for, only a small fraction of them were examined, and even fewer were
studied in detail. There is a lot that can be learned about the phenomenology of
detonations — especially the scaling of fireball and shockwave characteristics with
munitions characteristics — by taking a closer look at the physicality of the features and
their correlations. This would require choosing specific features to examine and
developing a theoretical understanding using a more statistically meaningful sampling of
values. The work presented here is the first step, since it guides which features show
promise, but a much more in-depth analysis is necessary.

Once further analysis of promising features from this research is exhausted,
additional features can be extracted from the imagery. These include identifying the
magnitude of the smaller peak in the RGB area profile and its time of occurrence, the
total integrated area of portions of the profile (such as the primary and secondary peaks),
or investigating the use of the other area profiles presented. There are a multitude of
additional features in the data, many of which may prove to be more useful than those
examined here. These should be explored for their correlation to munitions
characteristics.

Finally, for this work to be of practical use, the features that show promise for
classification should be analyzed in a more rigorous way. The method employed here
was simplistic: it assumed normally distributed feature values and only compared two
munitions groups using a single extracted feature. Classification techniques that have
been previously developed should be applied so that feature distinguishability for

explosive detonations does not remain at an academic level but becomes feasible.
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To summarize, the following remains to be completed:
1. additional tests with a larger sampling of feature values
2. compare features across multiple bands to determine spectral dependences
3. verify shockwave fit functions with more accurate measurements
4. test additional functional forms of the correlation between features
5. develop theoretical foundation for correlations seen in the data
6. identify and analyze additional features

7. employ more rigorous classification techniques to promising features

Summary

All characteristics of the shockwave and fireball are directly related to the
characteristics of the originating explosive munition. These characteristics, while highly
variable based on variations in the detonation (Cy > 0.5 typical), show the same degree of
variability; i.e. fireball features scale with shockwave features independent of munition
type (r* ~ 0.5-0.9). Furthermore, despite the range of feature values obtained even for
munitions of the same type, many of the features show a high degree of separation
between types (FR > 2). This is primarily at early times — within the first ten
milliseconds — before the shockwave decays to an indistinguishable acoustic wave and
the fireball is affected by atmospheric effects which obscure its originating
distinctiveness. Systems used to obtain information for the classification of munitions
detonations should be engineered so that they can acquire these early-time features.

Most of the observed phenomenology was not surprising. As the mass or specific

energy of the explosive munition increased (and thus energy released), the resulting
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shockwave had higher pressure and velocity (r* ~ 0.4-0.8); the afterburn fireball was
larger and had a longer duration (r? ~ 0.2-0.7). These relations were fairly consistent
across all bands. Not so obvious were that as the heat of detonation increased, the time to
the peak fireball area decreased (r? ~ 0.4-0.65); as mass increased the efficiency of
energy transferred to the shockwave decreased (r* ~ 0.7-0.99). Phenomenological
models of fireball emissions were not developed, but definite trends in fireball features
with munitions and shockwave characteristics were observed. These trends should be
noted so that correlated features are not used together in classification, yet are connected
in development of the underlying physics.

This research effort, while not identifying definitive classification features or
developing predictive, physics based phenomenological models (although the
modifications to the basic shockwave propagation models do show utility), has identified
a number of features with decent reproducibility and high separation. Trends were
evident and, with care, may be used to approximate how changing munitions
characteristics will affect the resulting fireball and shockwave. All of these show
promise and, in addition to contributing to current understanding, will point the way

towards a deeper understanding of detonation physics in future research.
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Appendix 1: Instrument Settings
This section contains selected instrument settings for the Bronze Scorpio, Dual

Thrust Smokey SAM, and Muzzle Flash field tests.

Bronze Scorpio: Cincinnati Electronics IRRIS 256 IR Imager

Detector InSh

Band 3-5 um
Frame-rate 40 Hz

Pixel dimension 30 um

Focal length 50 mm
Distance 1076 m
Resolution 256 x 256
Dynamic Range 12-bit

IFOV 0.6 mrad
FFOV 8.80 x 8.80 deg

165.28 X 165.28 m

Bronze Scorpio: Phantom Camera

Detector SR-CMOS

Band RGB (proprietary bandpass)
Pixel dimension 22 um

Focal length 400 mm

Distance 1076 m

Dynamic Range 24-bit (8-bit in 3 channels)
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IFOV 55 prad

Table 24: The Phantom camera’s resolution, full field of view, integration time, and framerate are given for
each detonation event in the Bronze Scorpio tests.

Event | Resolution | FFOV FFOV Integration Time | Frame-rate
(deg) (m) (Hs) (Hz)

1 512 x 384 1.61x1.21 |30.30x22.73 | 121 7500
3 512 x 384 1.61x1.21 |30.30x22.73 | 121 7500
5 512 x 384 1.61x1.21 |30.30x22.73 | 121 7500
7 512 x 384 1.61x1.21 |30.30x22.73 | 121 7500
9 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
11 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
13 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
15 512 x 384 1.61x1.21 |30.30x22.73 |90 10000
17 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
19 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
21 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
23 512 x 384 1.61x1.21 | 30.30x22.73 |90 10000
27 800 x 600 252x1.89 |47.34x3551 | 192 4800
29 800 x 600 252x1.89 |47.34x3551 | 192 4800
33 800 x 600 252x1.89 |47.34x3551 | 192 4800
35 800 x 600 252x1.89 |47.34x3551 | 192 4800
39 800 x 600 252x1.89 |47.34x3551 | 192 4800
42 800 x 600 252x1.89 |47.34x3551 | 192 4800
43 800 x 600 252x1.89 |47.34x3551 | 192 4800
46 800 x 600 252x1.89 |47.34x3551 | 192 4800
47 800 x 600 252x1.89 |47.34x35.51 | 192 4800
52 320 x 240 1.00x0.76 | 18.94x14.20 | 36 24200
53 640 x 480 202x151 |37.88x28.41 | 36 7270
54 800 x 600 252x1.89 |47.34x3551 |36 4800
56 320 x 240 1.00x0.76 | 18.94x14.20 | 36 24200
57 320 x 240 1.00x0.76 | 18.94x14.20 | 36 24200
59 320 x 240 1.00x0.76 | 18.94x14.20 | 36 24200
61 256 x 256 0.81x0.81 | 15.15x15.15 | 32 26900
65 256 x 256 0.81x0.81 |15.15x15.15 | 13 26900

Bronze Scorpio: Indigo Alpha NIR Imager

Detector InGaAs
Band 900-1700 nm
Frame-rate ~30 Hz

Pixel dimension 30 um
Distance 1076 m
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Resolution 320 x 256
Dynamic Range 12-bit

Table 25: The Indigo imager’s instantaneous field of view, focal length, and full field of view are given for
each detonation event in the Bronze Scorpio tests.

Event | IFOV | Focal Length | FFOV FFOV
(mrad) | (mm) (deg) (m)

1-24 0.1 300 1.83x1.47 | 34.43 x27.55

25-26 | 0.12 250 220x1.76 | 41.32x33.05

27-65 | 0.15 200 2.75x2.20 | 51.65x41.32

Dual Thrust Smokey SAM: Indigo Alpha NIR Imager

Detector InGaAs

Band 900-1700 nm

Frame-rate ~18 Hz

Integration Time 100 ps

F/# 1.8

Pixel dimension 30 um

Focal Length 75 mm

Distance 42.38 m

Resolution 320 x 256

Dynamic Range 12-bit

IFOV 0.4 mrad

FFOV 7.33 x 5.87 deg
5.42x4.34m

Muzzle Flash: Indigo Alpha NIR Imager (perpendicular view)
Detector InGaAs

Band 900-1700 nm
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Frame-rate 11~18 Hz

Integration Time 33 ms

Fi# 8

Pixel dimension 30 um

Focal Length 75 mm
Distance 181 cm
Resolution 320 x 256
Dynamic Range 12-bit

IFOV 0.4 mrad
FFOV 7.33 x 5.87 deg

23.17x18.53 cm
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Appendix 2: Fit Parameters
The mean and standard deviation of the fit parameters and their uncertainties are
shown for each group of munitions and each model. The types of munitions in each

group are shown in Table 26.

Table 26: Munitions groups
Munitions types Group

155mm TNT erect |1
155mm TNT prone
105mm TNT erect
105mm TNT prone
155mm TNT
105mm TNT

all TNT

2x155mm Comp. B
all Comp. B

all TNT & Comp. B
all munitions

O 0| N| O O | W DN

=
o

[EEN
[EEN

Drag Model

The mean fit parameters and uncertainties are shown for the drag model,
R(t)=a-(1-e™"), in Table 27.

Table 27: Drag model fit parameters and uncertainties.

Group a o, b o,

1 28.249 +7.529 | 3.028 =£0.705 | 29.723 +18.581 | 5.601 +5.260
2 27.990 +£7.600 | 3.276 =£0.905 | 30.126 +18.428 | 5.934 +5.109
3 28.291 £7.459 | 3.290 +0.761 | 28.463 =*18.865 | 5.607 +5.232
4 32.452 +10.728 | 4690 +3.172 | 25.605 +20.460 | 5.357 +5.377
5 28.694 £6.586 | 3.222 +0.793 | 28.112 #16.060 | 5.264 +4.494
6 30.786 £9.292 | 4.354 2792 | 25.773 +17.209 | 5.222 +4.512
7 30.900 *7.344 | 3.923 +£2.230 | 24.449 +13.528 | 4550 +3.591
8 29.816 £8.601 | 3.862 +2.342 | 26.926 +16.300 | 4.868 +3.621
9 25.905 +10.665 | 3.391 +2.598 | 37.160 +23.437 | 6.404 +4.163
10 27.343 £9.407 | 3.347 +2.200 | 33.041 +20.965 | 5590 #3.771
11 26.707 +9.326 | 3.258 £2.103 | 35.045 +22.081 | 6.307 +4.867

132



Modified Drag Model

The mean fit parameters and uncertainties are shown for the modified drag model,

R(t)=a-(1-e™)+c-t, in Table 28.

Table 28: Modified drag model fit parameters and uncertainties.

Group

a

(o

a

b

Oy

3.01 +0.54

0.19

+0.11

487.12

+274.81

98.12

+50.16

375.33

+19.63

6.48

+3.08

291 +0.52

0.16

+0.09

518.18

+258.26

96.57

+57.34

380.53

+21.33

5.98

+3.44

2.53 +0.45

0.20

+0.15

5.4E7

+1.3E8

115.96

+75.96

374.98

+22.51

7.50

+5.55

2.52 +0.46

0.20

+0.12

487.85

+278.64

140.80

+123.91

374.65

+21.38

6.74

+3.45

2.95 +0.48

0.19

+0.10

472.91

+233.96

99.29

+48.79

377.73

+18.84

6.670

+3.36

2.37 +0.41

0.25

+0.13

4.1E7

+1.2E8

156.46

+103.77

378.05

+21.32

8.80

+4.47

2.68 +0.57

0.23

+0.12

2.5E7

+9.1E7

127.94

+90.078

374.01

+17.38

7.83

+4.14

2.49 +0.64

0.24

+0.14

2.5E7

+9.1E7

141.94

+109.09

377.88

+18.75

8.48

+4.87

©| O N| O O | W[ N -

2.34 +0.48

0.23

+0.14

2.5E7

+9.1E7

150.40

+107.71

386.17

+19.70

9.38

+4.31

[N
o

2.57 +0.59

0.22

+0.13

1.8E7

+7.7E7

131.48

+97.32

380.99

+18.81

8.52

+4.23

[EEN
[EE

2.66 +0.63

0.22

+0.13

1.6E7

+7.3E7

143.73

+118.17

383.78

+20.79

8.61

+4.52

Drag350 Model

The mean fit parameters and uncertainties are shown for the drag350 model,

R(t)=a-(1-e"")+c,-t, Table 29.

Table 29: Drag350 model fit parameters and uncertainties.

Group

a

(o

a

b

Oy

3.760

+0.462

0.112

+0.033

262.142

+91.996

41.584

+22.277

3.798

+0.412

0.125

+0.062

262.797

+99.093

41.041

+22.544

3.249

+0.400

0.094

+0.038

297.134

+73.493

44,797

+24.222

3.264

+0.378

0.126

+0.060

246.605

+99.576

44911

+24.896

3.809

+0.434

0.127

+0.053

245.109

+90.129

38.820

+19.608

3.248

+0.487

0.134

+0.069

255.375

+98.192

43.690

+20.503

3.482

+0.547

0.123

+0.058

246.506

+84.041

39.870

+18.003

3.385

+0.491

0.114

+0.060

254.749

+80.525

38.819

+18.607

O O N| O O | W] N

3.309

+0.415

0.117

+0.058

267.815

+81.825

40.429

+19.526

[ay
o

3.461

+0.481

0.114

+0.052

257.954

+76.896

38.576

+17.788

[EEN
[EEN

3.589

+0.604

0.125

+0.067

262.228

+74.670

44.315

+30.514
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Explosive Model

The mean fit parameters and uncertainties are shown for the explosive model,
R(t) =a-t", in Table 30.

Table 30: Explosive model fit parameters and uncertainties.
Group a o b o

172574 +28.925 | 10.570 +1.344 | 0.706 +0.049 | 0.018 +0.004
173.567 +31.121 | 11.037 #2.194 | 0.706 +0.049 | 0.018 +0.004
174.051 +26.569 | 10.311 +2.481 | 0.718 +0.044 | 0.017 +0.005
190.195 +39.726 | 13.040 +5.944 | 0.742 +0.065 | 0.020 +0.007
176.998 +27.422 | 11.007 +1.903 | 0.712 +0.044 | 0.018 +0.003
186.984 +35.503 | 12.637 +5.383 | 0.738 +0.057 | 0.019 +0.006
185.246 +29.060 | 11.706 +4.341 | 0.731 +0.049 | 0.018 +0.005
182.464 +30.554 | 11.030 +4.863 | 0.729 +0.050 | 0.017 +0.006
171.328 +37.062 | 10.370 +5.410 | 0.713 +0.061 | 0.016 +0.007
174.422 +32.701 | 10.327 +4.580 | 0.715 +0.054 | 0.016 +0.006
170.148 +34.860 | 10.628 +4.511 | 0.704 +0.063 | 0.017 +0.007

Ol 00| N| O O | W| N

[N
o

[EEN
[EEN

Modified Explosive Model

The mean fit parameters and uncertainties are shown for the modified explosive
model, R(t)=a-t’ +c-t, in Table 31.

Table 31: Modified explosive model fit parameters and uncertainties.

Group a o, b o, o o
13.97 +4.97 |6.46 +5.12|0.30 +0.05|0.08 +0.05|316.97 +19.83|26.12 +15.56
13.03 +2.46 |4.89 +3.98|0.29 +0.04|0.06 +0.04[323.75 +13.98|21.05 +13.90
12.49 +1.63 |4.18 +3.25|0.30 +0.03|0.06 +0.05|316.14 +17.16|18.14 +13.05
11.40 +4.50 |5.75 +#3.95|0.28 +0.08|0.11 +0.09|327.77 +25.52|24.91 +13.83
14.07 +4.41 |6.64 +5.06|0.30 +0.05|0.08 +0.04[319.34 +17.58|26.34 +15.83
12.45 +4.31 |6.20 +4.20|0.30 +0.08|0.10 +0.08|322.43 +24.67|25.62 +14.47
13.33 +4.58 |6.64 +4.43|0.30 +0.06|0.10 +0.07|318.42 +22.03|26.64 +14.60
15.96 +10.98|6.02 +4.02|0.32 +0.09|0.08 +0.07|309.60 +38.63|23.53 +13.30
21.25 +16.83|7.23 +4.72|0.35 +0.11)|0.08 +0.07 |292.60 +59.42|26.76 +13.78
19.44 +14.67|7.26 +4.70/0.34 +0.10/0.08 +0.06|298.00 +51.43|27.18 +14.05
18.68 +14.08|6.82 +4.66]0.33 +0.10/0.08 +0.06|302.24 +50.43|26.66 +13.94

[EEN

O| O N| OO | WN
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o
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Explosive350 Model
The mean fit parameters and uncertainties are shown for the explosive350 model,
R(t)=a-t"+c,-t, Table 32.

Table 32: Explosive350 model fit parameters and uncertainties.
Group a Il b o,

a

7236 +1.303 | 0.631 +0.274 | 0.184 +0.039 | 0.023 +0.011
8.021 +2.392 | 0.653 +0.492 | 0.204 +0.067 | 0.019 +0.010
6.048 +1.901 | 0.488 +0.216 | 0.167 +0.047 | 0.022 +0.013
6.684 +1.627 | 0.785 +0.619 | 0.202 +0.052 | 0.032 +0.024
7.795 #2168 | 0.719 +0.439 | 0.199 +0.057 | 0.023 +0.010
6.796 +2.797 | 0.833 +0.629 | 0.198 +0.074 | 0.031 +0.020
6.823 +2.220 | 0.775 +0.511 | 0.188 +0.060 | 0.029 +0.016
7.016 +2.435 | 0.753 +0.513 | 0.198 +0.068 | 0.027 +0.016
7975 +3.075 | 0.844 =+0.517 | 0.222 +0.071 | 0.027 +0.017
7.667 +2.682 | 0.799 +0.460 | 0.208 +0.065 | 0.026 +0.015
7975 2,732 | 0.783 +0.449 | 0.209 +0.062 | 0.025 +0.014

O 00| N| O O | W| N

[y
o

[EEN
[EEN
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of the shockwave were assessed for distinguishing weights and types: Efficiency decreased with mass (FR > 19); early-time Mach number and
overpressure were primarily dependent on energy release (FR ~ 1.5-10); fireball area increased cubically with specific energies (r> ~ 0.3-0.76)
but its time of occurrence decreased cubically (r* ~ 0.4-0.67). The relationship between fireball and shockwave features was fairly independent
of variability (r> ~ 0.5-0.9), indicating that both fireball and shockwave features scale similarly with variability in detonations.
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