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Abstract

The electromagnetic pulse (EMP) resulting from the detonation of nuclear explosives is a
documented and studied phenomenon. What is less well known and understood is the simi-
lar yet considerably less powerful occurrence surrounding the detonation of high explosives.
The phenomenon was first noticed by Kolsky in 1954 during his investigation into stress
waves using explosive charges. This project was undertaken to identify any discernible
field or wave in the low frequency EM spectrum, focusing particularly on the magnetic
field. The work published by Soloviev in 2002 and Adushkin in 2004 served as guidelines
on test procedure and setup. Testing of this nature was not found in the literature to have
been previously conducted in South Africa and is multi-disciplinary, involving the fields of
detonics and signal processing.

The test procedure implemented proved valid as signals were detected and sufficient data
were gathered to perform basic pattern recognition and spectral frequency analysis. The
analysis allowed for comments to be made on the relationship between the signal and other
characteristics surrounding the event.

Inside the frequency band investigated there appeared to be two bands of activity in the
kHz range, which is consistent with previously published works. The repeatability of the
waveforms shape for identical blasts was good but with the limited sample size a proper
database could not be developed. Provisionally it can be said that such events do have
characteristic shapes. Testing revolved around small charges and was conducted in the near
field. This removed the possibility of commenting on orientation factors.

The tésting was a success in terms of recording magnetic field signals from the detonation

of high explosives.
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Glossary

Exothermic reaction: Reaction where energy is released, usually in the form of heat

Oxidation reaction: Traditionally described as a chemical reaction in which oxygen

combines with another element to form an oxide, or a reaction

in which one or more free electrons is released 15!

Homogeneous: Mixtures that contain one or more pure substances in a single
phase
Heterogeneous: Materials or mixtures that have one or more pure substances

in more than one phase

CHNO Explosives: Explosives whose chemical make up is a combination of Carbon,

Hydrogen, Nitrogen and Oxygen molecules in different ratios
Chemical kinetics: Study of the rates of chemical reactions

Shock wave: A discontinuity as part of the flow, that is an abrupt change in

a material’s characteristics, propagating through a medium
Deflagration: The burning of an explosive along its surface at a rapid rate

Gibbs phenomenon: States that calculations carried out on a truncated series will result

in oscillatory behavior on either side of a discontinuity
Windowing: In spectrum analysis it is the application of a function (window)

to a signal so that it reduces the signal gradually and terminates

smoothly instead of the abrupt removal of unwanted data
Autocorrelation: The correlation of a data set with itself

Endfire: Perpendicular to the normal of the aperture

Broadside: Inline with the normal of the aperture
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1 Introduction

Scientists are aware of the electromagnetic pulse (EMP) resulting from a high altitude
detonation of a nuclear bomb. This short burst of electro-magnetic energy travels ahead
of the blast at the speed of light. The EMP is responsible for disrupting electronics before
the shock wave arrives and can sometimes affect a larger area. What is less well known,
and at times disputed, is the observation that the detonation of high explosives generates
an electromagnetic field (EMF) that is detectable.

Kolsky '8 first detected such signals when investigating the propagation of stress waves
through solids with the aid of small explosives. Kolsky placed stub antennas behind perspex
screen to investigate certain aspects of this phenomenon, such as initiation method and
type of explosive. Later studies revealed that there are many factors affecting the EMF

generated by detonation. These include -

e Surrounding material (7]

e Addition of impurities[18l
e Packaging (!9

e Explosive typel!®l

e Initiation method 2°!

All of these factors are part of the explosive device itself and affect the signal strength and
shape. However there are other factors that affect the measurement of this phenomenon,
such as the electric seismic effect: the disturbance of a conductive layer beneath the sur-
face caused by a shock wave that generates an EMP and the dust cloud effect where the
dust generated by the explosive has charged particles which forms a dipole that can also
be detected. The phenomenon in general is not well understood. Certain aspects of the
phenomenon’s nature have been investigated and in some studies, developed an empirical

relationships based on these investigations.

This project focused on frequencies in the kHz range and aimed to investigate the pos-
sibility that the recorded waveform was repeatable in shape and nature, while also looking
at the effect of orientation with respect to the initiation cord. The waveform from a charge
at particular stand off distance (SOD) is similar but not identical to the waveform from
the same setup (mass and SOD) being fired directly after. This is because the factors

affecting the shape are too numerous to control. Even so, while testing may keep some




factors constant, the very nature of explosives is to vary in energy output within a certain
range.

The study was limited to magnetic fields only, one type of explosive and only the math-
ematical removal of certain aspects (blast waves). These limitations were a result of the
testing ground’s location and limited test time. The work provides a starting point from

which further studies can progress into a field that is at the moment still very unexplored.

The layout of this thesis is written up for readers in two fields. The nature of the work

covered is a combination of electrical and mechanical engineering.

Chapter 2 is the literature review which aims to provide the basic knowledge of explo-
sives to electrical engineers while introducing the simple ideas behind electromagnetism to
mechanical engineers. The last section in the literature review is a summary of important
information gleaned from articles published in this field. It contains the reasons for previ-
ous work, the test setup followed and the equipment used.

Chapters 3 and 4.1 following the review provide the reader with the test setup. These
chapters give information on the procedure followed and equipment used in both the pre-
liminary and primary testing stages. Schematics of the test setup and pictures of the
equipment aid with the visualization of how the tests were conducted.

Chapter 6 gives a more in-depth look into the techniques used in signal processing, provides
the reader with a mathematical background into the Fourier transform and discusses the
additional techniques used when analyzing signals.

After having explained which techniques will be used, chapter 7 details where and why
each method was employed. This chapter shows the progression from raw data to pro-
cessed signals and explains the reason behind each step.

Thereafter follow the results and observations, chapters 8 and 9 respectively, discussing
the different points of interest found during testing.

Chapter 10 is where conclusions and recommendations are given. These include ideas for
further testing and alterations that can be made to improve the test setup.

The appendices include all information gathered during this thesis as well as more in-depth

discussion on certain aspects of the analysis procedure.




2 Literature Review

2.1 Introduction

The literature review is structured in three parts. The first section provides an introduction
to explosives, the theory behind the detonation process and other topics concerning explo-
sives. The second section gives an introduction to electromagnetic fields and some basic
equations governing electric fields and charge distributions. The final section is the history
of studies undertaken concerning this phenomenon, including motivation, equipment used
and conclusions drawn. A final section is a summation of the findings made during the

literature review.

2.2 Explosives

2.2.1 Chemistry of Explosives

Explosives are defined as materials (chemical or nuclear) that can be initiated to undergo
very rapid, self-propagating decomposition. The result is the formation of a more stable
product and the liberation of heat. This excess heat usually creates a sudden pressure effect
through the action of heat on produced or adjacent gases. This type of reaction is called
an exothermic process and in chemical explosives the reaction is usually of the oxidation
type. Chemical explosives are split into two categories, heterogeneous and homogeneous.

To be self-propagating the material needs to contain all the parts for a reaction. The explo-
sive substance therefore requires oxidizer and fuel in a single molecule, which decomposes
during the reaction and reforms in its oxidized products. For the purposes of this review

explosives with the general chemical formula of CHNO are considered.
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Figure 2.1. Underoxidised RDX chain (!

The amount of oxygen present plays an important role in detonation. Fuel rich reactions
have more fuel present than is required for the reaction (TNT). If there is a higher pro-
portion of oxygen than is required for complete oxidation the explosive is termed fuel lean
(nitroglycerin). If the explosive is exactly balanced, with just enough oxygen to completely
oxidize, the explosive produces the maximum energy output. The excess/deficiency of fuel
can be quantified by calculating the oxygen balance (OB) or by merely knowing the chem-
ical formula of the material and the products of the reaction allow for the determination

of a rich/lean fuel explosive.

Some of the more common products formed by an explosion are Nitrogen (N3), water
(H20), carbon monoxide (CO) and carbon dioxide (CO;). Depending on the chemical
composition of the explosive other products can also be formed, aluminum oxide (Al203)
and sulfur dioxide (SO5) for example. To help determine which products will be formed
a set of rules were developed in World War 2. Three rule sets are given in table 2.1: the
original Kistiakowsky-Wilson (K-W) rules, applicable for moderately oxygen deficient ex-
plosives*®; the modified K-W rules that apply to explosives with a greater oxygen deficiency;
and lastly the Springall Roberts rules t.

*moderately oxygen deficient explosives have an OB % > -40
tThe Springall Roberts rule set is made up of the K-W rules and an additional two rules
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Table 2.1. Original, Modified and Springall Roberts versions of K-W rules[?!

Rule No. | Conditions Rule Set

1 Hydrogen atoms are converted to HoO

2 If any oxygen remains the hydrogen is | Original KW rules
oxidized to H2O

3 If any oxygen remains CO is oxidized
to CO,

4 All the nitrogen is converted to N2
Carbon atoms are converted to CO

2 If any oxygen remains the hydrogen is | Modified KW rules
oxidized to HoO

3 If any oxygen remains CO is oxidized
to CO,

4 All the nitrogen is converted to N;

5 3 of the CO formed is converted to C
and CO,

6 % of the original CO is converted to C | Springall Roberts
and HsO

These rule sets are called the simple hierarchy for CHNO explosives. They are used

only as a guide for determining the decompesition products formed.

Detonation is a burning or decompaosition reaction whose propagation speed is greater than
the speed of sound through the material[?. For detonation to occur the material must react
swiftly and produce gas and energy. Detonation happens much faster than deflagration, at
velocities ranging from 1 - 9000ms ™. The detonation process occurs after deflagration only
if the conditions are suitable. In deflagration the oxidation proceeds slowly and is usually
thermally initiated. In detonation the reaction propagates at a supersonic rate with respect
to the unreacted material and is initiated by a shock.

Growth from deflagration to detonation is partially dependent on the intensity of the shock
impact. Generally the higher the intensity the quicker the explosive reaches stable deto-
nation. Also when the material is burning in a confined space (casing or shell) the gas
produced by the decomposition causes an increase in pressure which in turn causes an in-
crease in burning rate. Secondary explosives can be detonated using a high velocity shock
wave. In a typical setup a primary explosive is detonated and produces a shock wave that
initiates the secondary explosive. The progression from initiation to detonation occurs over

a very short period of time. The process starts when the shock wave enters the explosive
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material and compresses the explosive, causing a temperature increase and starting the
chemical reaction. Simultaneously the wave imparts a shock and particle velocity to the
reacting explosive. Provided the shock wave has a sufficiently high pressure for a long

enough time, detonation will occur(2,

2.2.2 Plastic explosives

High explosives are divided into three groups: primary, secondary and tertiary. The distinc-
tions between the groups centers around their ease of detonation, the easiest to detonate
being primary and the hardest being tertiary. Secondary explosives do not easily change
from deflagration to detonation, they require larger shocks than primary explosives to ob-
tain ignition and electrostatic ignition is difficult.

PE - 4 is the type of military explosive used in South Africa and as a result the explosive
used during testing. PE-4 is made up of RDX powder and a plasticizer. The plasticizer is
made up of paraffin and Lithium stearate. It has a limited shelf life (approximately 1 year)
dependent on such factors as temperature and moisture. The explosive is not a primary
explosive unless oil has been leeched out. Also a change in the colour to brown or purple
indicates the RDX has undergone decomposition and that batch of PE-4 must be disposed
of. The velocity of detonation (VOD) of the PE-4 used in SA is approximately 7500ms ™!,
with some cases reporting a VOD of 7700ms~!. The variation and decrease in predicted
VOD is due to the oil content.

Table 2.2. Composition of
PE-4

Components | % ratio

RDX 87 - 89
Plasticizer 9-12

2.2.3 Detonation Theories

By 1890 it was well established that detonations were shock waves supported by the chem-
ical energy release.”d The Chapman-Jouguet (CJ) theory is based on gas dynamics and
thermodynamics and assumes a very fast chemical reaction. In contrast the Zel'dovitch,
von Neumann and Doring (ZND) theory introduces finite chemistry. Even with a lack
of detailed chemistry the CJ detonation predications are sufficiently accurate while ZND
accuracy is dependent on the accuracy of the chemical reaction schemes used. CJ theory
was first proposed in the early 1900s and is based on the conservation of mass, momentum
and energy. The theory was a one dimensional model, with an infinitely thin reaction zone

(ideal detonation), that assumes the equilibrium of all detonation products is reached in-
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stantaneously and that all explosive material is consumed during detonation. This theory
can be used to calculate properties such as velocity and pressure of detonations for non-
ideal or slow detonation processes.

In the early 1940s the ZND theory was proposed - which assumed the shock wave was
separated from the reaction zone. This theory was developed to study the chemical and
physical processes before and after the exothermic chemical reaction. The ZND theory

assumes the following:

¢ Flow is one dimensional
e The wave front is a jump discontinuity

The reaction zone length is zero

The product gases leaving the detonation front are in chemical and thermodynamic

equilibrium
e The chemical reaction is completed

The gas reaction products after leaving the front are further affected by the surround-

ing system or boundary conditions

and predicts similar velocities and pressures to those predicted by CJ theory. The drawback
is that ZND theory relies on the integration of detailed chemical kinetic schemes. In
addition to pressure and velocity this theory also can be used to calculate the detonation
limits, initiation energy, critical pipe diameter and the thickness of the reaction zone. The
accuracy of these values depends on the accuracy of the coefficients and reactions used in
the kinetic scheme.

A third detonation theory, developed by Lawrence Livermore National Laboratories, is
called detonation shock dynamics (DSD). Where previous detonation models have assumed
the detonation shock wave to propagate normal to itself at the CJ velocity, DSD assumes
the radius of curvature of the shock front is large when compared to the reaction zone
length that supports the detonation. DSD uses hydrodynamic flow theory to correct a
near planar detonation flow normal to the shock. The theory takes into account changes
due to shock curvature and other unsteady effects, and is used to make refined predictions
of the detonation process for desired applications. DSD theory combines a hydrodynamic
and thermo-chemical codes to fully model the physical and chemical processes of a high

explosive detonation.

2.2.4 Shock Theory

Shock behavior and effects are only observed along one axis. Upon the application of force

to a material, the material will undergo a change in shape and/or volume. Stress resulting
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from the force applied causes further distortions to the material, in the form of strain.
Strain presents itself in three forms - simple shear, pure dilation and uniaxial stretching.
Material undergoing low stress suffers from a strain that is reversible, so that when the
stress is removed the material returns to its original shape and size. The range of stresses
for which this is true is called the elastic region. On the other end of the scale large stresses
applied to a material cause permanent strain; this region is called the plastic region. In
the elastic region at low stresses only sound waves exist, in the plastic region at high
stresses only shock waves can exist but in the elastic-plastic region both waves exist and
travel at different speeds. In the plastic region, solid material can behave like a fluid. The
shock pressures experienced by an explosive material may stress the material well beyond
the elastic limit, resulting in the permanent deformation of the material once the stress
has been released. As the shock wave passes through the material, motion is imparted
to particles in front of the wave by particles behind the front bumping into those ahead.
The transition is very sudden and is commonly referred to as a “jump” in state. These

statements led to the formation of the Rankine-Hugoniot Jump equations (RH):

po_ U-w b
Po o U—u1_191 (2'1)
pP-P = 190(u1—uo)(U—uo) (2.2)
Pyuy — F, 1
e1—eg = V0 ~(uf - uf) (23)

po(U —uo) 2

which describe the shock processt where p, U, u, 9, P and e represents the density, sur-
rounding velocity, material velocity, specific volume, pressure and energy. After taking the
conservation equations and a few simplifying assumptions into account the detonation can
be viewed as a shock wave passing through an explosive. The shock wave compresses and
heats up the material. This initiates the exothermic chemical reaction. While the shock
wave is driven through the material by the energy liberated, the gaseous products behind
the wave are expanding. As a result a rarefaction wave moves toward the shock front.
Theoretically the shock front, rarefaction front and chemical reaction are all in equilibrium
and as such all travel at the same speed, so the shock front does not change shape (since the
pressure does not change) with time and neither does the detonation velocity. In practice

however the reaction is not ideal and as a result the detonation velocity does decrease.

*the subscripts 0 and 1 denote before and after the shock front
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Hugonlot oF setonatlen procucts

Pressure

Fanot ol ulr esc e @ rplusive

Spacific Velume

Figure 2.2, A PY dingrain of dilferend slales for ao Expifﬁil:lu[g}

The hugeniotd of unreacted explosives shown in figuwe 2.2 iy made by cousidering the
BH equations in a specific plane. The plane identificd above is the £ — p plane, nsing
equation {2.2} and the [ — u tmgoniot while letting Fy = 0 and wg = ) an expression for
P = f(v) is obtained where € is the speed of sound. and s represents the entropy of the
oan;

P=CR(do— 9)[0o - s — #}? (2.4)

The curve shown in figure 2.2 represents the locus of all possible equilibrinm states for that
matcrial. Point A shows the initial state, point < is the fully shocked but as yet wressied
cxplosive called the Von Neumann spike and is the point that initiates delonalion, On such
a disgram the live joining the A and C is called a Raleigh line awd represents the jump
condition. The CJ state is marked by the point where the Raleigh line is tangenl to the
hugonict ol the detonalion products, poist B, The alope of the hogotol carye §s given as
£72/V2. There is a steeper slope lrom A to D, At point D 1he reaction zone and rarcfaction
wave would overtake the shock front, violating the condition that all these veloeities were
the same, At point E the rarefaction wave wvelocity is slower than the detonation Bond,
meaning the reaction wone would contivnally spread in Gume, again violating the equilibmom
constraints. The only place where the Haleigh line and the detonation products hugoniot
have the same slope is at the CJ state, The Taylor wave is the rarefaction wave thail brings

the gases from the CJ state back to ambient pressure. The shape of (he Thylor wave is

F Pl eneves dilfer o vrdinarey aenteopic adiabalic’s n thal the Lhe datler 5 8 single parameter

family of eurves while the hugoniot = a fanily ol curves wilh twe pavimeLens
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determined by factors such as the charge size, degree of confinement and the isentrope of
the detonation gases. In normal shock wave events rarefaction waves merge with shock
waves and reduce the wave amplitude and speed. This process is halted in detonation
as the reaction’s products help maintain the pressure behind the front and prevents the
rarefaction wave reaching it. A steady state detonation, shock wave with constant velocity,
is achieved while there is explosive material available; when all the material is consumed

there is no more chemical reaction to add energy to the wave.

2.2.5 Explosion timeline

To better understand the physical result of an explosion, understanding the different stages
of the blast and when they occur in time is very important. As previously stated that
detonation is seen as a shock wave moving through a charge with a certain velocity (VOD).
As the wave passes through the material expansion does occur at one end, the éﬁect however
is very small and can be considered negligible. The process is therefore described by
assuming the shock wave travels the entire length of the charge before expansion occurs.
The particles are released at a speed approximately given by the escape velocity

Uesc = i;—:—}Vd (2.5)
which is related to the VOD (Vj) of the material and the constant gamma () from the ideal
gas relationships. In reality the particles are slowed down by the air pressure encountered.
This expansion lasts until the products have reached a distance of 1 unit R, the charge
radius. After the 1st stage of expansion the blast wave forms and the explosive products
travel in conjunction with the blast wave for the fireball period. This stage lasts till said
products have traveled another 50 times the original radius. The equations provided by
Graham and Kinney[?!], which relate: the time of arrival of a blast wave (T,) to SOD (R)

,overpressure (p°), ambient pressure (P,) and the speed of sound (a;)

. 1/2
— | ar 2.6
1+ %—] (2.6)

are used once the shock wave is present. This integral is evaluated between the charge

R
T, =2

Az Jy,

radius . and R from the blast. The only variable that changes with respect to r is the
ratio of %::
808 [1+(&)?]

\/1"' (5:0m) \/1+(032 \/1 (%)

The ratio is based on the scaled distance variable (Z) as defined in Hopkinson’s scaling law,
which is related to charge mass (W) and R:

(2.7)

R
Z=15 (2.8)

10
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The result is a time versus distance curve as seen in figure 2.3. This is a conservative
portrayal of the progression of both the detonation products and blast wave speed. Two
separate portions are visible if figure 2.4, the constant velocity portion determined from

equation (2.5) and then the deceleration section inferred from equation (2.6).

11
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Fignre 2.5, Expansion of shock wave ftom 208 over 2m

R
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2.3 Electromagnetic Fields

2.3 Electromagnetic Fields

2.3.1 Introduction

Balanis!??! provides a simple and clear description of electromagnetic field theory: “a dis-
cipline concerned with the study of charges, at rest and in motion, that produce currents
and electric-magnetic fields”.

Prior to Maxwell’s dynamical electromagnetic field theory, so named because it deals with
the space or area surrounding the electric or magnetic bodies (field theory) and assumes
there to be matter in motion (dynamic theory), all theories relating to this topic were based
on statical electricity, on statical magnetism, on the mechanical action between conductors
carrying currents and on the induction of currents. In Maxwell’s theory on the electro-
magnetic field 23 he stated:“In these theories the force acting between the two bodies is
treated with reference only to the condition of the bodies and their relative position, and
without any express consideration of the surrounding medium”. Weber developed an al-
most complete theory of electromagnetic phenomena based on the attraction and repulsion
of certain particles. This theory however relied on the relative velocity between the parti-
cles and their distance apart. The theory’s dependence on velocity encouraged Maxwell to
propose his own theory. Maxwell’s proposal took a different path and suggested that the
observed effects are a result of the surround medium and the excited body’s interaction.
The manner in which electric and magnetic fields, charges and currents associated with
electromagnetic waves change and relate to one another can be described by the physical
laws by which they are governed?2l. The four principle equations describing these laws

are grouped together and form Maxwell’s equations. The differential form of Maxwell’s

equations:
VXxE-= —-%ita (2.9)
VxH=/+%—9;— (2.10)
VD = g (2.11)
V-#Z=0 (2.12)

are used to solve the majority of boundary value problems. Here E, # , H, #, 9 and
gey Tepresent electric field intensity, magnetic flux density, magnetic field density, current
density, electric flux density, electric charge density. The integral form of these equations
are used mainly to solve boundary value problems that have complete symmetry. For
these equations to be valid certain assumptions are made; the field vectors are single-
valued, bounded and continuous functions of position and time, and they exhibit continuous
derivatives.

These equations were developed by different prominent figures in the field; Faraday’s Law

13
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of induction (2.9), Ampere’s Circuital Law with Maxwell’s Correction (2.10), Gauss’s law
(2.11) and Gauss’s law for magnetism (2.12), but it was Maxwell who combined them and
used them to develop his field theory.

With these expressions it is possible to describe and relate charge(g), current(s), electric
field vector(E) and magnetic field vector(H) at any point in space at any time. This
method of describing forces and fields does not replace classical statical electricity but adds
further understanding to the field. When it was first proposed and described, many found
it tough to explain; it was not based on a purely mechanical model, like previous works,

but rather took the mechanical model and introduced a continuous field. Coulombs Law:

F = keddr;, (2.13)

ol

is a cornerstone of statical electricity and describes the force (F') experienced by a charge
at a distance (7)) apart from another charge (¢) with the aid of coulombs constant(k.).
After Maxwell, electric and magnetic phenomena have subsequently also been described
in terms of fields, for éxample the force between two electric charges is described as the

product of the magnitude of one of the charges and the field of the other;
F=¢gxE (2.14)

Maxwell’s theory was expanded upon by Lorentz, through discussions on moving systems.

2.3.2 Charge Distributions

An electric dipole is a very common type of charge distribution, shown in figure 2.5, seen
in dielectrics. It consists of two charges of the same magnitude but opposite signs. In
dielectrics this indicates the amount of electric energy it can store, similar to the potential
energy stored by a spring. A dielectric can be polarized by three different methods[?2,

dipole, ionic or electronic polarization.

Dipole polarization is the method involved when a material has randomly aligned per-
manent dipoles but when in the presence of and external field these dipoles align

themselves.

Ionic polarization occurs when the positive and negative ions of a material displace them-

selves when acted on by an electric field

Electronic polarization is the most common and occurs when an external field causes

orbiting electric cloud to displace itself relative to the nucleus center of an atom.

Equation (2.15) provides the potential difference (V) between a point infinitely far away

and an arbitrary point; a distance r from the center of a dipole, at an angle 6 from the

14
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Figure 2.6. Powerlines in sutmrban area

Burying cables underground redureas the effect of the mapnetic field at sreater distance,
though the field can be stronger than suspended cables at small distances. Buried cables

alzo prowluce a negligible external electric field.

—

Figure 2.7. Cellular phones with built in antennas, pic-
tured obtained oolinal¥

All electronics penerate a small field but most of the time the effects are not seen
bhecause of shielding, filtering or fields canceling each other eut. Cellphomes generate a
weak EMF(figure 2.7); this has raised health concerns considering the constant exposure
to the electric field. The conducting wires hetween egnipment usially have some form of
shielding; they can have a layer of aluminum or be twisted pairs to help cancel out the

fields. a variety of wires can be seen in figure 2.8,

16
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Pignre 2.5, A vector image of the electric field lines around
an electrostalic dipole ™, piclare obtained online

centerline of the dipole, with a charge separated by a distance r.. This equation holds only

for v3 «

- GTa
M= — g i 215
dmeqre SE ( )

2.3.3 Field OQcenrrences

Any charge has an eleciric field; a moving charge excites a magnetic field. The word excite
ir tsedd because even when emrrent is removed the EMF continues to propagate, Hence a
current is needed to excite a field but not sustain it 14,

The most widely heard of and talked about EMFs are 1hose surrenmding power lines. These
large conducting wives earry large voltages as pari. of electricity distribution networks. The
cables are usually suspended above ground [figure 2.6) unless o a densely populated region

i which case the cables ave hrvied.
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Figure 2.8, Different tvpes of cables nsed in electronics,
pichured ohtained online i3l

4.4.4 Detection Methods

humerons sensors have been developed (o messure EMFs. Legislation has been drawn up
with regards to the permisible levels of electromagnetic interference (EMT) generated by
electronic equipment. These laws, known as eleciromasgnelic complisnce (EMC), differ be-
lween counlries and applicailiots but due to the vast amount of international trade much of
the EM{ rules are internationally stendardized. The tuililary has & stricter set of rules due
to the nature of werfare. EMC also stipulates slandards for the shielding of such equipment.
against outside felids

Figure 2.9, Hand-held sensor, pielure Figure 2,100 EMI test lah, picture ol-
ohtained onling © tained anlipe

Meihods for EM delection range from small hand hetd sensors {(figure 2.9) 1o enlire
thoratories (fizure 2.10) dedicated to determining the EMY generasied by electronics. The

17
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small sensurs are used for site inspection and independent studies. Thifferent antennss are
used (o pick up different frequencies depending on their shape and size. Monopole or dipols
antennas {fgure 2.11} are rather common because they have a wide range of operation (low
to high frequency ) their ease of construction and predictability. Loop antennasifigure 2.12)
are good for very low frequencies and mapnetic fields.

Figure 2.11. Dipole antenna, picture ob- Figoare 2.12. Loop antenna, picture ob-
tained online tained online®

2.4 Electromagncetic Ficlds and Explosions

2.4.1 Dricef History of previous studics

The earliest recorded study into the EM fields generated by explosions was published by
Kolsky in 195409 While siudying the propagation of stress waves throngh solids he de-
teeted o small electrical disturbance, This prompted tnany other researchers to maore closely
examine the mechanism of generation for such a field, these include Cook24, Andersen®l,
Gorshunov 2 and Boronin1%%329], Boronie ™ and Adushkin7-25] alao explored the EM
fielcd characteristics. Takakura!™ used this phenomenon was also used to validate a theary
involving isolated bursts of solar radiation, dus to impulsive noises similar to those detected
a2 result of an eaplosinn. Although not fully explained & vague mechanism of generation
whas accepted and experiments to determine the source responsible for the EM field were
entulucted by Cook [24], Studies relating nof only to the mechanism of generation but also
to their effects have been produced. investigations condueted by Pechkovskiil'®! stated that
the magnetic field generated by the explosion canses a guenching of the detonation process
and Vel'min P"# investigated the passage of radio wave through the region of an explosion,
In the majority of previous studies the main sources of information were the oscilloseope
records; for this reason a study by Boronin 26 wwas conducted to take account of discrep-
ancies when interpreting the electrical field pulses observed. Boroninl® also undertonk

a concise liferature survey to analyze the different methodologies used and mechanisms
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proposed. In 2000 Bichenkov[®3 conducted a study related to explosive shock waves and
magnetic fields. The paper considered the shock wave compression of a magnetic field
by waves capable of trapping current and transferring it within the shock front. In 2002
Soloviev!®! provided further insight into the initial stages of the explosion were provided,
this work originally appeared contrary to previous publications but actually gave more
detail into the time history of the EMF generated. Soloviev3® more recently published
a paper on the effects of physiochemical properties of soils on the EM signals generated
by explosions. In 2006 Sorokin[®! modeled the shock wave excited by an explosion in the
ionosphere. The model was meant to correspond to exact solutions for strong shock waves,

extrapolate to small mach numbers and be in agreement with the experimental data.

2.4.2 Mechanism of EM Generation

In 1990 the mechanism proposed by Boronin!!® was as follows: in the initial moments of
time deformation and failure of the metal shell occur. Gaseous and solid explosion products
flow out through the cracks, with the gaseous products leading. The electro-kinetic effect
and explosion product friction causes charges to build up. Opposite charges are acquired by
both the explosion products and the shell fragments. Asymmetrical flight of the explosion
products creates an effective dipole. The dipole effect grows as the gaseous and solid
particles separate. The gaseous particles lose speed faster as they have less momentum,
and thus the solid particles gradually overtake them. A sign change occurs when the solid
particles overtake the gaseous particles. Solid matter surrounding the explosive charge is
also propelled by the blast wave and is eventually overtakes the explosion products. It was
suggested that the solid material overtakes the gas particles and then the solid particles.
Figure 2.13 is from Boronin’s paper and shows the electric field intensity of explosions from

cylindrical shaped charges.

The 2nd sign change is explained by way of momentum. As the solid material passes
the gaseous products they could potentially pick up their charge, and when the gaseous
particles in turn overtake the solid particles, being slowed by their heavier mass, another
sign change would occur. There is a competing process however, and that is the relax-
ation of charges in the conducting region. As the fragments move through the heated air
(result of the shock wave), which is highly conductive, they loose their charge causing a
reduction in the dipole moment. This theory has not been investigated further and to date
the mechanism of generation is still unknown but does amalgamate many previous theories

and account for many of the signals characteristics.
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Figure 2.13. Oscillographic records of the field intensity at distances 4.5m (a}
and B,57m (b-d) 1

Table 2.3. List of [actors to be taken into
acoount when looking at EM of explosives

Factors affecting the signals generated

3 " < |
Surrounding material 17l

Addition of impurities|18l

Explosive material 1%

Dietonation method 20
Packaging!]

These studies conducted highlighted kev issues to be faced in such experiments. The
aceurate weasurement of certain phenomena accompanying the hlast is a primary concern.
The moment of detonation needs to be accurately recorded, s0 as t0 help clarify the signals’
source. The sensor rould pick up the signal from the detonation cord before the hlast,
catising a pre-triggering. Ldentifying the hlast wave is also important as any motion of the
antenna inside a feld (the earth’s magnetic field) causes a signal to appear. Placement of
the antenna is an important point sinee its Jocation determines which aspect of the EM
field it picks up, again if the antenna i placed along the axie of detonarion eord the signal

ohtained might be different.
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2.4.3 Testing Methods

The generic testing method adopted by studies relating directly to the EM field generated
explosions was to place antenna in the path of the blast wave to register the EM field. The
antenna was attached to an oscilloscope which records the signal generated. The first test
conducted by Kolsky 1€l placed a sheet of Perspex between the explosive and a piece of wire
(the wire acting as a stub antenna). The difference in test setups was minimal, for example
when Boronin (23] wanted to determine the effect of an external field the explosion had to
take place inside a Faraday cage. Some tests have been conducted where explosives have
been detonated in the air, on the surface of the ground, Takakura(?¥ conducted his tests on
grounded tables and Soloviev®®! even tested buried charges. These tests have commented
on the effect of different detonation methods as well; by using fuse caps, detonating wire

and heated fuses as methods of initiation.

2.4.4 Equipment used

Early recording was conducted with a cathode ray oscilloscope and rudimentary stub an-
tenna (with no directional properties). Later, more specialized antennas were used, includ-
ing the small horned antennas used by Takakura, 9] dielectric receiver rods employed by
Vel'min®! and bi conical receiving antenna used by Boronin!?6l. The oscilloscopes also
developed from cathode rays to digital oscilloscopes. Pressure transducers are at times co-
located with the antennas to identify the shock waves time of arrival. To synchronize the
recording equipment and the blast event photocells have been used to detect the initiating
flash.

2.5 Summary

The explosive being used during testing is well known and its characteristics have been
documented. The detonation and shock wave theories contributed to the equations used
in the blast wave analysis section(7.2.1). To accurately understand, model and predict any
outcome in the field of Electromagnetism requires a solid foundation in its mathematical
concepts. However certain methods used in this field of study can be used in the investi-
gation (see chapter 6). The majority of studies conducted on this subject matter occurred
between 1960 and 1970 with the topic being revisited again in early 2000. The latter work
of Adushkin['?l and Soloviev34 is of most interest and has provided guidelines for the test

equipment and procedure that was followed.
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3 Experimental Testing Procedure

3.1 Introduction

This chapter is divided into two main sections, preliminary and primary testing. Each
section provides the objectives behind the series of tests and the procedure followed. Lastly

a concluding section is provided to discuss the limitations experienced during testing.

3.2 Preliminary testing

3.2.1 Objectives

A set of preliminary tests were conducted to determine the most appropriate testing pro-
cedure and to determine what equipment would be required. These tests were conducted
at the blast chamber of Blast Impact and Survivability Research Unit (BISRU) and at the
military base in Langebaan. The testing at BISRU was performed to gain experience with
the equipment and provided necessary insight into the types of signals that arise. The
Langebaan testing was the first opportunity to test non-electric detonation and refine the

test procedure.

3.2.2 Procedure

Detonations conducted at BISRU were initiated electronically*. The blast lab shown in
figure 3.1 is comprised of a blast chamber and a control room. The colored boxes inside the
blast chamber represent different pieces of equipment that are fixed inside the chamber.
The control room is where the firing box is housed and piping underground (the dotted
lines between rooms) runs between rooms enabling the detonator wires (and other cables)
to be fed through.

*While this was noted in the literature review to be undesirable it was seen as acceptable in the prelim-

inary stages
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Bt e o oo

Hindiw
Figure 3.1, Schematic of the BISRU blust lab

The piping eartied the eoaxial cables for the recording equipment, the cord carryving
the detonation signal and any other forin of electronic wiring needed in the blast chaanber.
This situation was again not ideal as the many wires allow for indueed signals to travel
along their length and interfere with the recorded signal.

The tests were conducted with the lights off in an effort to reduce outside electronic in-
terference. Imitially a single inductive loop was placed approximately 1 - 1.5m away from
a charge. The antenna was aligned with the norimal of its aperture perpendicular to the

detonation wires and in some cases at a 45"angle to determine orientation effect, see figure

4.2

Ahter:a

Iritraticn
copd s
HI"Q: { Pl | I.“LI'I

|
|
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Ezplosiwe chergs

Figure 3.2, Schematic of ihe prelimi-
nary testing setup

Figure 3.3 shows how in the next romnd of testing g smaller inductive loop was incloded.
This loop was made of copper and placed directly around the explosive, with the charge
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Figure 3.3, Copper loop antenna around ex-

plasive on siyrabeem pillar

Iving approximately 10cm away from its cirenmference,

T another set of tests a curvent clamy was meluded to identify the effect of the detona-
tion wires. The final testing at BISRU involved a whip antenna, sce figure 4.5, to identify
if another type of antenna could be used to detect the signals. The antennas were placed
in various SODa thronghont testing but the orientation was for the moat part maintained.
The final preliminary test series was performed at Langebaan This was the lrst oppor-
tunity for a mechanical detonation as wall as being an environment with a relatively low
EM noisc floor. In addition to the loop mentioned carlier @ commercind antenna was used,
the R&S HE300 antenna with the HF module, The explosive was detonated with safety
fuse cut to a length resulting in approximately a 30= delay, The antennas were originally
placed as depicted in Gpure 3.4 between 2.5 and 3w away, with their gperture nommals at
right angles to onc another, and kter moved to within 1.4m of the charge, A photo of
the loop antenna at the Langebaan test range is provided in fgare 3.5, which indicates the
surromdings to be rocky with a consistent level of ground vegetation.
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3 . =
Initiatian Antennas

cords
nachatign

“u

P A 1

Explozive charge

d.3

3.3.1 Objectives

For primary fesiing snd an analytical data set. the data had to eome fron mechanical
detonation and have a winimal amonunt of external interferences. The testing pround was

isolated to the extent that external fields were identifiable and could therefore be aceonnted

fom.

Figure 5.4, Schematic of Langebaan test setup

Figure 1.5. Loop antenna at the
Langebanan test range after o blast

Primary testing
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3.3 Primary testing

31.3.2 Procedure

For the testing of EMFE generated by ligh explosives, it was required that the blast event
be initiated mechanicallv. Three antennas were used to nccommaedaie for its radiation pat-
tern, shown il figure 3.6 and discussed o sectiom 5.5, and examine any oriendation elfects.

Ench sutenna was placed near the charge and rigdly fixed (meaning that it did not wove

Aiennag

A

Figure 36 Three dunensional radistion pattern based on

equation [5.4)

ider the prossure from the shock wove). Tests were conducied over a range of charge
masses and with varying stand off distances lor Lthe antennas. Since surrounding material
also plays a part in the recorded sigual®®, any loose =oil or particles that can be picked
up by the blast wave will affect the output; therefore after each test the aren was reset as

before to maintain similar test conditions and any alterations were noted,

I i

: aneaanag 7 Ofigingt & Adusted
Zmaitastaom
oord .

nechandan I ===

L . ———— kid |

| ! |

Explesive chargs

T |

Figure 3.7. Schemacle of Paarderfoniein rest bavoul




3.4 Limitations

The antennas were arranged as depieted (figure 3.7). with the charge being placed on
top of the plastic pillar. A photo of the Paarderfontein setup s gven in figure 3.8, this
shows the liues drawn i the soil to help line v the antenna aod shows the tvpical surmronneds
to he sandy and sparsely vegetated. For each charge of explosive the antennas were set
at five different 30Ds, For each SO and mass two shots were blasted to provide data
an the repeatahbility of the signals. The charges were shaped into balis. the diameters of
which were meastured for each shot, These charpes were then paced on top of plastic tubes
of fixed height, held np with a metal stand. The geographieal position of the testing was
recorded to acconnt for lecal peographical effects. Distance weasuretnents were taken from

the charge to the base of the antenna, as well as to the center of each aperture,

Tlwnre 3.8, 'Lest setup o Le doy of testing at Paacder-

foritein

Dhiring testing tlhie orange loop was adjusted fo help receive signals. The loop was e-
crientated. it's aperture at an obligue sngle to facing the blast diveetly, this 15 the adjusted

antens position seen in fgure 3.7,

3.4 Linitalions

Potential for mman error is present in the form of the charges being rolled by hand as well
as The depth of penetration of the detonator ot the explosive,

The degree to which the envivonment was solsted raised concern sinee the effective tomoval
of sutside signals iz only possible in & enclosed rooin.

The lack of experience with this kind of testing technique exposes the chanes of vnforeseen
diffienlties.
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4.1 Introduction

The equipanent chapter follows the same stricture as the previous chapter. Tt i3 Jdivided
into prelitinary and primary testing and describes the equipment asailable during testing
and when each ltem was used. A concluding section on the limitations s also provided to

athilress certain issues encountered wit the equiprment.

4.2 Prcliminary testing

Four sets of preliminary tests weve condueted at BISRU labs, 'FPhe testz were set up in a
similar tashion with the differences coming in the addition or retmoval of equipment, This
was becanse of the availability of equipment and in an effort to deternine which equipment,
was hest suited for testing,

The first vound of tests at BISRL were recorded with a high speed cseillascope fromn Tek-
tronix, the TN 2000 series shown in [Qguce 4.1, and the signals were received by a custom

made loop antenna, shown in igure 4.3 and discussed in detail n section 5.

Figure 4.1, Tekirmnix oscilloscope, ple-

ture ohtained online"t

A 20g chirge mass was placed on a styvafoam pillar 150cm away from a meral plate,
The loop was placed bhetween the charge and the chamber wall. Alongside the loop was a,
light semsor, figure 4.2, that was used as a trigger. FThe sensor vesponded to o certain optical
frequency and when the required intensity was resched the sensov generated a pulse. The
antenta has 20 turns atd was bailt by (SEET, the oscilloscope was able to record 2500

points and a sampling frequency of LMHz,




4.2 Preliminary testing

Figure 4.2. Light sensar Figure 4.3. Loop antenna

For the 2nd test a emall copper loop seen in figure 4.4 was placed around the charge. A
copper wire Was shaped into a ring and compected to wires that were left open and ready
to be connected to banana clips at a later stage.

Figure 4.4. Copper loap nsed in very close proxime-

ity to the change

In comjunction with the oscilloscope a data card was also set to record the event. The
card was an Adlink PCT - 9812, a 4 channel 12 bit analog input card, capable of recording
at speeds up to 20 MHz (simultanecus sampling) and possessing a -5 to +5 voltage range.
The data card was used to contirm the signals seen on the normal oscilloscopes and offered
a longer record length than the oscilloscopes.




4.2 Preliminary testing

Figure 4.5, Whip antenna developed
by EET

In fthe drd fest a current clasap was imcluded and in the dth series a specially made
whip antenna was used, The whip anterma in figure 4.5 was buik by EET in conjunction
with the loop antennas. The oscilloscope was not available, leaving only the data card to
record the event.

The last round of preliminary testing was conducted at Langebaan military baze, Three
different antennas were faken and used in the testing: o B&S commercial loop (figure 4.6,

the custem loop antenna used at BISRU and the small copper loops.

Figure 4.6. R&SHEIMN  with  optional
RESHE#OHE R madule for 9 kHz to 20 MHz

The commercial anfenna was part of an active directional antenna set purchased from
Rhaodes and Schwarz. The ascillisscope recording the data was the Agilient 300 series (fiuure

4.71, puwercd by a stand-alone power system, The oscilloscope was protected] from the blast
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4.3 Primary lesliog

Iy a metal box snd the trigger was again the light sensor,

il‘ ] B SRR .7
= soWEiE Y
aaa "0

i

Figure 4.7. Oscilloscope used af langebaan fest
range

1.3 Primary lesting

For the tests condycled at Paarderfonteln only one tvpe of antenna was used, the loop
antenna designed and baill Iy EET, The oscilloscopes supplied st Pasrderfontein were the
same tektronix oscilloscopes initially nsed at BISRU and the sume lighi sensor was also
igedl. The lighi sensor was originally connected to the trigger but light conditions were not
conducive to its Use, amd it was subsecpiently replaced by a light sensor set to a different
wavelength. The replacernent light sensor seen in figure 4.5 was also built and develuped
by EET. After a few tesi shots it was deierinined that the light smenating from the shock
tube was pre-trigeering the oscilloseope. A sheet of metal atd sand bags were placed on

top af the tube to cover its Hash,

Fiwure 4.8, The eplacement light trigger




4.4 Limitations

4.4 Limitations

The antennas had limited range of operation and were identically constructed reducing the
frequency range that could be investigated.

The oscilloscope could only have a maximum of 2500 samples - this limited the sampling
speed since the duration of the event was unknown. Increasing the sampling speed decreased
the record’s time length.

A sampling frequency of 2.5MHz was used setting the nyquist frequency at 1.25MHz to
allow for as large a band as possible, this was prior to confirming the antenna’s frequency
band. This sampling frequency gave a record length of 1ms.

The oscilloscopes were capable of being run off a built-in power supply, but due to the
expected duration of testing a generator was run to provide power, adding to the ambient
noise floor.

While no equipment was present to search exclusively for signals possibly generated by the
electro-seismic effect it has been stated that such signals are usually in a lower frequency
spectrum, between 0.5 and 10Hz!%7]. A small section however has been produced to discuss
the possibility of this effect coming into play during testing, see section B.

The effect of the dust cloud on the signals was ignored as it was seen to be outside the

scope of this project .
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4.4 Limitations
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5 Loop antenna

5.1  Introduaction

The loop antennas, figures 5.1 - 5.3, require detailed mention since they was a key compo-
nent of the testing. The antennas were bailt by EET and were used from the outset of 1his
project. Originally the antenna was used in a dilferent project for simnilar purposes amd
then used in the preliminary testing, Thereafter two more antennas wera commissioned for
primary testing®. They were of simple constinetion a plastic ring covered the turns of the
loop, which was conneeted to circeitry inside a metal box attached to the hettom of the

locsg.

Figure 3.0 Channel 1 Figonre 5.2, Channel 2 Figure 5.3, Channel 3

lowp losips loop

5.2 Physical description

The loop antenna was made [rom a plasiic ring and had wooden support beams. Wire
was threaded threngh the ring to make np 20 birns which was then connected to circuitry
honised in a metal box, The wooden beams provided suppeort and rigidity (o keep the ring’s
shape aud hold it upright noder a blast wave. The boop had a diameter of 065 and was
attached to the beams wilth plastic ties. The metal bhox sat dircetly below the loop and
contained a veriboard constrection of the cirenit shown in figure 5.7, Two 9V batteries

powered the anlennas and these too were inside the hox,

“The sewpd: of this project did wet include antenna design - as a ecsolt antenne characterization was

delayiod until after tezting




5.3 Mathematical analysis

5.3 Mathematical analysis

The antennas were designed and required to work at low frequencies. The characterizing of
antennas at low frequencies is not carried out on a regular basis and requires a specialized
testing facility, so a mathematical approach was adopted.

The antenna can be viewed as an electrically small antenna. This in turn can be approx-
imated by an infinitesimal magnetic dipole with an axis perpendicular to the plane of the
loop. Electrically small antennas are those whose overall length (27X circumference) is usu-
ally less than 1/10 of a wavelength. The expected range of frequencies in this experiment
were to be between the mid-range Hz and low kHz['7). Using the equation

=3 (5.1)

the range of wavelengths () was calculated by taking the lowest and the highest expected
frequency. The lower limit was set as 100Hz and the upper limit set at 100kHz. This
provided a range of wavelengths between 3km and 3000km.
Antennas have near and far fields of activity and the region are defined by the relationship
between A and SOD (r). If

27r

5 <! (5.2)

data is collected in the near field and conversely of the value is greater than 1 the tests
would be in the far field. The lower wavelength value was used to identify the region testing
was conducted in as the near field as well as confirm the earlier assumption of an electrically
small antenna.

The antennas gain pattern was investigated to determine the best configuration for testing.
In the near field the difference between the magnetic and electric field is not definitive and
most antennas have their gain patterns specified in the far field. In determining the far
field gain pattern Balanis['?! first obtains the average power density (in Watts/m?)

1
Way = 5 Re(E x H") (5.3)

by taking the real part of the cross product of the electric and magnetic fields respectively.

This is then uses it to work out the radiation intensity (in Watts/steradian)
2 r? 2
U =r*Woy = 5_|Ea(r,6,3) (5.4)

which turns out to be solely dependent on a component of the electric field (Eg), the
intrinsic impedance () and the SOD.

A simulation carried out by a student for a similar shaped and sized antenna performed
with © FEKO predicted the radiation pattern for the loop. The results of the simulation are

seen in figure 5.4, where the normal of the loops aperture faces up and the colour differences
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5.3 Mathematical analysis

Antaana

A

Figure 5.4. Throe dimensional radiation pattern hased on

cquation (5.4}, for an clectrically small anfenna

illusirate the intensity variations, This pattern is true for & certain frequency where the
overall cireumference length multiplicd by the number of turns is less than the wavelength.
Ag the frequency increases the wavelenpih decreases {equation (5.1)) and this mereases the
effective length of the aotenna, The change in length effcets the effective circumference
which results in a change of shape for the radiation paitern. As the circumnference passes
the wavelength there is the formation of multi-lobes as seen in Ggore 5.5.

Figure 5.5. Awmplitude pattern for
a civcular loop wilth constanl cureeitd

distribution'¥, for size comparable to

wavelength

These patterns are for far field classification but provide a better picture as (o how the

3T



5.4 Loop autenna as 2 field probe

antenna functicns. Analvsis of the antenna showed that the best orientation for receiving
signals was elther perpendicular {broadside) or in the plane of the loop (endfire) depending
on the electrical length given in A of fhe anlerma al a specific frequency. The two contigu-
rations are both sensitive to different types of filed lincs. Broadside would detect madially

directed lines while endhire detects lines cirenlating the vadiator.

Lo view of test sefwp

4 Cadfire corhguration

. — i ol site st

F

|
Initiation cord and charge
Fipwre 5.8, Mustiration of boee antenng were setup [of recelving
signials

Three antennas were used, the first faced the blast with the aperture, the thind faced the
Blast side on and the remaining antenna was adjusted in orientation during the experiment

for better signal detection. The setup is illustrated in figure 5.6,

5.4 Loop antenna as a field prohe

When taking measurements that are recored by an oscilloscope, the loop antenna provides

an apen terminal voltage Vit), as a function of tlne, which s proportionasl to the rate of

change of the magnetic field {normal component) % as secn by the loop, For a loop with

N turns and ares A,

17
Vi{t) ~ N x 4 x ‘d—t (5.5}

If B were sinizoidal with and angular frequency w

B(t) = Bysin(wt) {5.6)

then
% = whycos{wt} {5.7)
Vit) = N AwBeas{wt]} {(5.8)

Equation (5.8) shows that the valtage scen at the terminals is therefore proportional tao
amgrular frequency and the magnetic field, demonstrating how the recorded signals relate
to the magnetic field being investigated,
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.5 Clircuit analysis

5.5 Circuit analysis

The circuit used in this project as built by EET, after specifying a high gain wide hand
low frequency antenna. The request was for an antennms to operate in the kHz range,
from arounid ten vp to the hundreds, while offering as murh gain as possible. The details
of constretion and testing were left in the hands of the designer. Investigation into this
cirenit sheawed it to be Hawed and resulted in digital manipulation of signals so as to correct

for the error.

+ 1 Vot PP battery input  10ud +9 Yol tn crest
'.j'_:_;!_,l;'"g' .
'III]I# == ..rilllF g

<- igimilarty for the neqative supply ralld

(£

I 2k

Wity
.mm,m-?mm ‘
ol |
2 "',I |
| 5y

' 20 CN1
- -"/_- r"._."".‘. |
e nF =
th
22 Dhm
NF 3%k

,LJ

Figurc 5.7. Cirenit diagram of the bandpass amplifier aitached 1o the loop anleats

The cirenit diagram shown in figure 5.7 represents the cirenit inside the metal box at
the base of the antenna, The OPA2T is configured as & differential amplifier sef up with
an offset voltage trim controlled by the 50k potentiometer. The circuit can be separated
into tweo stages, amplification and filtering. The amplification was o provess of the OPART
lony noise high precision operational amplifier. I hias an open loop gain of approximately
SO0000 {1184B). The closed loop gain
A0

Ry
was worksd oot by dividing the feedback resistor by the input resistor and twrned ot to
be 13000 (85dB}, which is within the amplifier’s capability. Tor the gain to be effective &

G {5.9]

as calenlated above shonld be 10 times less than the oper loop gain. The specificd open
loop gain of 118dE is valid up until 10Hz. which is roughly the 3dB point, after whick it
has the characteristic roll off of 20dB /decade as seen in fgure 5.8, This grapl was plotted
in MATLAR after taking information from the data sheets.
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8.5 Circuit analysis

Bode plat of OPEY irsguency raspense
B0 , TR N i i e ———

100 F

Ci3in (dB)

A

=raguancy 1Hz)

Figure 3.8, Bode plot of OPAZY

The output of the cpamp is connected to a drd order RO high pass filter whose cut off

frequetey s defined as
1

fe=gmE ™

This equation showed the cut ofl frequency for the 3rd order Blier to be some constant

3 (5.10)

f2 times the cut off frequency of a 1st order system, A normal 1st order sysfem with the
resistor and capacitor values used in this cirems vields a cut off fregquency of 482 3Hx,
through simulation (figure 5.9} the estimated —348 point for the 3rd order svstem was
found to he 2.84kHz. The high pain asked of the opamp resulted in an ellective low pass
filter which followed the opamps run off portion. the high pass filters cut off point also
narrowed fhe bandwidth of the cirenit,

The total response was modeled with ©MICROCAD simulator, the student version
aned = showo in fgure 510

Muodel predictions were important in understanding the effect that each component
adds to the circuit but for the actual response a physical test was cartied out. The loop
wis disconnected from the main civenil and the end of wite connecled to a sipnal geperator.
The input signal from the signal generator was st s lowest value, between 100 and 120mV,
bt elipping was st pregent af the ;upot of the opamp,. A voltage divider consistimg of
18 and 1 K4} vesistor provided a further L000-fold reduction in amplitude, A sine wave
was then fed into the aystem and swept through the different frequencies to determine its
response in terms of both magnitude and phase. The measurements taken during eirenit
testing are shown m figure 511 and 5.12.

The two parts, phase and magnitude, form o single transfer function for the circuis.
The complex function represent the changes applied to the incoming signal, see Appendix

A, Binee not all frequencies were tested the missing valiues were interpolated using a cubie
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H.4 Circuit analysis

nE-— =L

iy

Figure 5.8, lligh pass filter response of circuit

interpolator function. The results of the interpolation {figures 5.13 and 5.14) were then

averaged to ereate o genersl response function of the circuit.

To sce the true waveinrm over the desired band the influences of the circuit {phase
and maguitude distortion} had to be removed. This was achieved by inverting the transfer
funection and applying it to the Fourter transfortned wives i the frequency domain, The
function howeser wag net applied over the cntire frequency spectrum as only a portion of
the spoctrum was tested and provided walid data in creating the function. The inverse
function was applied between 300 Hz and 500 kHz, This removed the effect the cirenitry

had on the waveform’s shape and magnitude.
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5.0 Circnil analysis
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5.5 Circuit analysis

Rt e

14

g

H
o

[

L
8 &

L
g2

—200

(3A.n

= Channed 1 test o

ata

—— Channsl 2 ted data | |

10 iy

Frequancy

Figure 512, Measurod phase vesponse of the circuif

“onn

IENN |

TG0

“Ancr

Channel 1 Intarpolatlon
i === Channal 2 imerpolation

16 1
Frequency

.m"

Tignve 5.13. Interpolated zain respouse of the eireult

43
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6 Signal processing and Spectrum

analysis

6.1 Introduction

When thinking of a spectrum the fivet idea that usually comes to mind is that of light and
the rainkew. This image is easily the most recognizable display for showing the different
wavelengths of light. There are many kinds of apectra and each Is analyzed for different
purposes. These apgdications range from cardiograms, providing information on & patients
health to a radiation spectrum revealing scientific insights nto an object’s internal structure

aned makeup.

Figure 6.1, Prism with a beam of light split inte different wavelengths, piclues

abtained online14

The spectrum analysis employed for this project is mainly used by electrical enginesrs

and deals with the conversion of a signal between the thme and frequency donain.




6.2 Fourier analysis

6.2 Fourier analysis

Fourier analysis B8] is a very important tool in spectral analysis - some of its central ideas
and those most pertinent to this study revolve around: time vs frequency domain, the
representation of waveforms in terms of complex exponentials and magnitude and phase
spectra. The method of Fourier analysis came from work carried out by Fourier on heat
transfer, and by Laplace with his work in mathematical probability 3940, The analysis is
based on the idea of a set of mutually orthogonal vectors. For example let U and V be

vectors of equal length then

U-V=0 (6.1)
means
n
Z UV = 0 (6'2)
i=1

where u; and v; are the components of the vectors U and V. With these and similar vectors
a vector space S = uj,u2,us... can be created which has an orthogonal basis. When the
idea of orthogonality is extended to a set of functions S = fi(t), f2(t), f3(t)... it can then
be said that the members of S form an orthogonal set over the interval a < ¢ < b if

b
/ fa@®)fm()dt=0 when n#m (6.3)
a
Further defining the natural frequency as
27
Wo = b—a (6.4)
it can be proved that

S = .., e 3ot gmidwot g—jwot | ewot giZwot giBwol eimwot (6.5)

forms such an orthogonal set . The discrete Fourier transform is the tool used in computers

when performing Fourier analysis. The discrete transform pair is defined by Morrison 38

as
1 N-1
- j2renk/N _
fr % kz=0 Fpél (0<k<N-1) (6.6)
N-1 ]
Fn) = Y fue?™/N  (0<n<N-1) (6.7)
k=0

where k and N are the sample numbers in the time and frequency domain respectively.
These equations are called the synthesis and analysis equations respectively. The synthesis
equation allows us to express the discrete function fi as a linear combination of a set of
continuous complex exponentials. When implemented by a computer the most common
algorithm used is the Fast Fourier Transform (FFT), developed by Cooley and Turkey 381,
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6.3 Window functions

This algorithm is a very fast method and reduces the number of operations considerably;
a direct transform of N points takes N? calculations while a FFT takes 1nLOG,(n). The
increase in speed is only effective when the sample size of the signal is a power of 2 ( 1024,
2048, etc...). The complex coefficients of (6.7) are usually expressed separately in phase and
magnitude to obtain a clearer picture. If the waveform is in volts across a resistor (R) or
amperes through a resistor it can then be used to determine the theoretical instantaneous

power dissipated from using

2
where fp(t) is the voltage or
P=|f(t)’R (6.9)

where fp(t) is the current periodic waveform. The absolute signs are not necessary for real
waveforms but these equations hold for complex signals too. Assuming a 1€ resistor makes
the two equations equal, meaning the power in a signal may be determined by taking the
square of a signals modulus.

For a pulse or non-periodic signal it is more correct, however, to talk about the energy
content of the signal, since every physically realizable signal of finite length has a finite

energy content (E) as worked out from

E- /_ :p(t)dt= /_ : o) %dt = - /_ Z|F(w)|2dw (6.10)

This equation assumes the resistor to be 1€ and the signal v(t) to have a Fourier transform
F(w). The energy worked out is referred to as the 1-Ohm energy content of a signal®8.
The FFT gives an approximation of the Fourier transform that can be made as accurate as
required. Padding is the increasing of the signal length which has the effect of decreasing

the sample spacing in the frequency domain.

6.3 Window functions

Taking a sample of a larger signal usually results in discontinuities at the samples beginning
and end. This can be clearly seen in the example shown in figure 6.3 which the truncated
version of the signal in figure 6.2. These abrupt ends cause errors in the spectral represen-
tation of tech signal. The truncation is equivalent to multiplying by a rectangle window

function.
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8.3 Window funections
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Figuee £.2 Fignre 6.3

A window function is zoro valued outside of & certain interval and when applied to
a signal pives Lhe result a zero value outside of the same interval. When performing a
transform a “window™ is inherently present. The problemn is the window is not ddeal for all
pilrposes. Applving a window funetion which has smooth ends reduces the errors in the

frequency domain. The characteristics of various such functions arc deseribed in table 6.1,

Tabile 6.1. Characterislics of sinooihing windows14

Smoothing window | -WB -l Aax side | Side  lobe
Aain Main lobe lovel | roll off
lohe lobe {dB/decads]
width width

Rectangular{nonc) | (.83 121 -13 H)

Hanning 1.44 2 -32 60

Hamming 1.3 1581 -43 20

Blackinan-Harris 1.62 2.7 =71 20

Exact Blackmau 1.61 2.25 -B7 20

Blarkman 1.64 2.4 58 Lill]

Flat top 244 3.50 =14 20

Thers gre standard options for (hese windows as well ag the option of developing a
spocific window for the tazk al hand. Two well known and often used windows inelude the
“Hanning” and “Hamtming” windows. They are similar in stricture since they are haged
on similar equations, The Hanning window is more uscful for analvzing transients whoso
length is greater than that of the window as it has a sinoother decay rate and is less likely
to have discontinuities at the ends!™, The difference in three typical window function is
geen in figure 6.4 whore a rectaugular . Blackman-Harrie and Hanning window are plotted

om the same grapl.
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6.3 Window furnictions
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Figure 4. Different types of window [unelinns, ss genersred by MATLAB. owver
2500 points

Choosing a window is made simpler when examining their chiaracteristic response, figure
6.5, which illustrates the Fourier transform {for positive froquencies) of a general window
fonction. the window function redoces the spectral leakage, The width of the wain lobe
limits the frequency resolution of the windowed signal, meaning the ability to ldentify
closely spaced frequencies improves as the lobe width narrews, The chotee of which fanction
to apply is o decision based un the trade off between the main lobe width and side lobe

levels,

To illustrate this a single 50 Hx sine wave is shown in figure 6.6 and the FFT of this
wave is seen along side it in figure 6.7, The FFT was implemented by taking & direct. point
transformation. The I'FT of a step wave is shown in [gure 6.9 next to the original wave

input (fgure 6.8).
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Gt Wiindow Mrnctions
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6.3 Window Tinctions

The FEFT of both of these signals shows the apace hetween points and how a piecewise
linear curve is Aited 1o them. Zero padding the time domain signal is achieved by adding
zeros to the end of the signal, alter applying the window function, in an effort to ineresse its
length while ensuring that no discontinuity is introdueed. Ineressing the mumber of points
available to be transformed is beneficial as an FFT transforms N points to N points without
inereasing the frequency range. So the more points in the time Jomain the more samples
available m the specified frequency range, The reaulls of padding the signal are shown Gor
both the sine wave and (he step wave in figures 6.10 and 611, Instead of the iregular
and wnsmooth result, boith FETR reveal a more finely sampled picture of the [requency

speclrul.

4n b 10 Mo 60 4N w0 Rz (g
Fraquatcy (hzh Fraquency (hz

Figure 6.10. FFT of the sine wame with zero Figuare GO0 L FFL of the step wave with zero
padding padding

The applicaticn of the window function noticeably reduces the side lobe levels in the
sine wave transformarion (see figure 6.12). These techuiques, window function and padding

were sed when aoalyeing the recorided signals,
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G.4 Pattorn rocogiilion

] a0 el 300 400 S0 B0 o
Fraguanscy [he)

Figure (.12, FFT of the sine waye with zero padding and
a window applicd

The output of the FF1 had to be adjusted (by an amplitude scaling factor) to acconnt

for all the adjustments made Lo the Taw data (windowing and zero-padding).

6.4 Pattern recognition

MATLAB provides a basic functiom called xeorr {cross correlation), which ean be used to

estimate the normalised eross correlation between two signals, defined as

_ E{(mn+m = ¥j|:y; = Tﬂ} — L {(mn - f)':y;.—m 3 1}}}
Ol 7 Fy

2% (6.11)

where
g, = E{{xr—2)*1  similarly for y (6.12)

and E is the expected value operator, @ and y are two stationery processes and m a delay.
Thia eslimaies the cross correlation between two sipnals by holding one signal stationary
aned slowly overlapping the other and at each step deterinines how similar they are at that

point. When applicd to discrete signals the calenlation is

Cn;y{'l'ﬂ-] — Z{ [{II{'E')__;T] l:-ry{i' = T:”'.\'I = y}] == {ﬁ.]ﬂ]
V2w — B2 (el —m) — §)
whers ¢ is the time index and o 1s the delay, Equation (6.13) resembles convolution except

the denominator which is nsed to normelize the result between -1 and 1. If the walue of O,

is 1 the two signals are identical and -1 means they are identical but one is inverted,
In order 1o rank 1he degree of correlation presented by two signals the calenlated correlation

was comverled inlo A percentage and split inlo deciles belween 10 and 100, To appreciate
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6.4 Pattern recognition

the meaning of a certain % correlation figures 6.13 - 6.17 are presented. They show different
signals at their peak lag position(i.e where Cz,(m) is at its maximum), see section 7.3.5 on
how the lag affects the correlation value, and their respective correlation percentages.
Another method of characterization calls for stretching the signal horizontally and com-
paring them. In this study, however, only vertical manipulation was employed to normalize

the functions.
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7 Analysis Procedure

7.1 Introduction

This chapter describes the steps taken during analysis. It is structured to reflect the order
in which analysis was carried out and explains the reasohing behind each step. The first
section discusses the explosion’s blast wave and particle expulsion. The next section is a
description of the digital signal processing that took place, going into details about the the

filter, and corrective transfer function.

7.2 Blast waves and shocks

7.2.1 Explosion timeline

Using the VOD mentioned in the literature as well as equation (2.5) a timeline for the
explosion was modeled to demonstrate the position of the shockwave and particles as a
function of time. It also helped clarify which process was being viewed (molecular break-

down, reconstitution, particle expansion, etc)

Table 7.1. Table of measured diameters for each charge

mass
Mass (kg) | Diameters (mm) | Average ¢ (mm)
0.02 30, 35 32.5
0.04 40, 40, 40 40
0.06 45, 45, 45, 40 43.75
0.08 50, 50, 50, 45 48.75
0.1 50, 55, 53, 54, 50 52.125

Using the average diameters given in table 7.1 the expansion phase time for different
SOD and masses was calculated along with the distance traveled in that time. These values

were used to construct table 7.2.




7.2 Blast waves and shocks

Table 7.2. Particle traveled distance and times

Mass (kg) | SOD (m) | Radius (m) | Time(us)
0.02 2 0.2059 297.1
0.02 8 0.1413 2174
0.04 2 0.2594 373.1
0.04 . 8 0.2594 373
0.06 2 0.2969 424.3
0.06 8 0.2970 424.3
0.08 2 0.3268 467.8
0.08 8 0.3268 467.8
0.1 2 0.3521 503.4
0.1 8 0.3520 503.4

It was initially to be used to determine the time cut off point in the analysis of charac-
teristics involving the primary peaks in the signal. This was to ensure the peaks looked at
could be related to certain stages of the blast and dismiss other events (such as particles
making contact with the antenna or passing through the loop). In all cases except for the
2m and 20g shot the distance traveled during the fireball phase was less than the SOD.
The peaks in the 1st setup did occur before the fireball phase had ended, see table G.1.

Using discretion the cut off time for all shots was set to 0.3 ms.

7.2.2 Shock wave arrival time

The possibility of signals picked up by antennas near blasts being attributable to the blast
wave moving the antennas is not unreasonable. An antenna moving inside a magnetic field,
such as the earth’s magnetic field, will result in a signal generated on the oscilloscope. To
ensure that this was not the case an algorithm was written to determine the estimated
time of arrival for blast waves from different charge masses and SOD. Equations (2.7) and
(2.8) were then substituted into equation (2.6). The resultant integral was approximated

through numerical quadrature. The quadrature formula used was based on Simpson’s rule

b
[ #@)dn 3 (@) + 41(@) + f(aa)] (7.1)

and used to implement a composite numerical quadrature algorithm - the results of this

integration are seen in the table 7.3.
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7.3 Processing

Tuble 7.5, Thble showing the estimated arrival time for blast waves at defined SODs for 8 set

charge mass

Charge Mass (kg) | SOD (m) | Time {S}J‘L_Qhafge_h_’[ass (kg) | SOD {m) | Time {s)
0.02 2 00034 a1 2 0.0023
0.02 4 0.0090 01 4 0.0074
0.02 fi 0.0148 0.1 6 0.0130
.02 ] (0286 .1 g 0.0187

Only values for the smallest and largest masses were tabulated, and this shows that in

the extremes (100g at 2m away) the arrival time is 2.3ms. All records from the testing had

a time span of §,.%9ms from the detection of the light from the blast. Any signals analvsed

therefore oecnrred before the blast wave had time to reach the ardenns. Therefore removing

the possikility that the antennas moving in the earth’s magnetic field was the cause of the

sipnals.

7.3 Processing

The raw data was in the form of a comma separated value (esv) file and analyzed in

MATLAD. In total four dada sets were saved, theee from the antennag and ove being the

light semsor, The oscilloscope was confipured to have a certaln amount of pre-trigger data

and the sigual was captured once the lght sensor crossed the threshold set hefore firing.

An overlay of a scaled light signal is seen on top of s corresponding waveform.

o
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Fipure T.1. Scaled light shot overdayved on a raw signal, edicating the

Ench shet had two columus, cne for the time and the other with the voltage readings
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7.3 I'rocessing

from the oscilloscope, Inside MATLAB the raw signals were interrogated to determine
various characteristics. Before any actual analysis the raw data was treated, see fpure 7.2,
with the digitally created inverse transfer function to reduce the cireiit’s effect and then
a filker was applied to band limit the signal and reduce the wnise content, At stage 2 of
this process the signal was said to be “compensated” and at the stage 3 the signal was
“compengated and band-limited”.

1
Raw signal | —

Inverse filter
(300Hz - S00kHz)

Secondary filter 3
(00hz-80kHz)

J

Figure 7.2, Block disgraw lor digital Lrealmenl of dala

The maguitude effect of the digital processing is presented in figures 7.3 - 7.5, Figure
7.3 shows how the magnitude of low kHes frequencices is boosted by the circuitry. Figure
7.4 shows the mapnitude of the frequency response of the mverse filter. Figure 7.5 shows
the combined frequency response of the cirenitry and digital processing. The cormbined
response is a bandpass filter with a flat respouse from 300Hz to 80kHe.
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Figure 7.3. Froquency response of the amplifier and filter cirendtry
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7.3 Processing
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Tad Processing

The final end to end result shows that over the speeificd band width the signals were
trnltiplied by 1, ensuring they were not alterad o shape or mapgnitude during the digital
processing. When taking the signal back inte the time domain a band-lisnited signal shows
oscillations based on the baaedwidth of the filter. The oscillations usually occur at a fro-

fuency equal to the eenter fregueney of the band,

The fregueney speetrnm was analyzed through an FFT. A pattom recognition funetion
was uged in the time domain to inspeet signals from identical blasts ss well as check for
traits in other situations, Using equation (6.18) from signal processing the signal energy®
released by cach blast was calenlated and examined to determine if any relationship was

present.

7.3.1 DIovorse fuuclion

The frequency transfer function resmlting froin the cireuitry is shown in figures 5.13 and
H.14. This function was inverted and applicd to the recorded sivnals. The correction was
tade between 30Hz and 500kHz, This deereased the magnitude in the low kHz range and
haosted both low fequency and high frequency content, Cubic interpolation was performed
over i epecificd tange of frequencies, where the data was noreliable the interpolation was no
longer valid and the results wore seen as an extrapolation. Inverting the result introduced
erromects talls highlighted in figure 7.6. The tails did oot affect the processing as on the
center portion of 1he fluer was used,

Another component was the phase correction {(figure 7.7), which has an effect in the time
domain. This changed the overall shape of the signal, which affected all the correlaiions
tnaking this correction imperative to the study, Viewing the signal beneath the noise Hoor
is diffienll Lt & general shape 1s present and is diffevent from an uofiltered raw signal, an
cxample of an unfilbered riow shot is seen in fisure 8100 Appendixz H has all the raw data

shots,

"Thiz energy is the energy that was captured by the andenna and onoly repressnts A portion of Lhe fodal
EM enwrwy teleased by Lhe explodion
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7.3 Processing

Fiwure T.6. Alagniswde response of the inverse funciian
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Figure 7.7. Phlase response of the iverse mnction
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7.3 Mrocesaing

7.3.2 Filter

An inverse transfor function was applicd in the frequency dowain and then the signal was
transformed back inlo the time domain nsing an ioverse fast Fowrier {ransform {IFFT), The
generation of the inverse function was discussed in section 5.5, Since these test conditions
were not exactly the same as those in proviens studics there was no predelermined upper
cut-off freqpueney (fup). The inilial f,, was determined by locking at the pre-trigger data
prosent in all 1he shots, an example of this data is in figure 7.5, An FFT was performed
on just the pre-trigger data, this helped lo identify the level of the noise spectrum and
possilile inferfering signals unrelated to the explosion. Figure 7.9 shows the maymitude of
the FFT of the pre-trigger data shown in figure 7.8

510 Pre=trigger data of shot 16
2.6 . T v T T
i i i
15}
1 i
| |
T asf |
&
= of
—0.5 |
-1
1B}l
_2 i 1 il 1 |
-1.2 -1 -oH —0nE 4 -0z I
Time won
Figure 7.8, Pre-lrigger signal
=
do
=
=
=
]
o s : :
1o’ 10’ 10°
Frequency

Figure 7.9. FFT of the Pre-trigger signal
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7.3 'rocessing

There was a consistent spike seen between 250kHz which was aftributed to a nearby
beacon which scemed to be transmitting. Overlaying this FFT on the raw signal FFT it
cat be seen that certain high frequency content was a resmlt of the surroundings and not,

the event,

Charnel T shot 27 FFT querlay
e — e - A i St

B L 5
| Skyral FFT
| Pra-sipry F

0o

%

Q00aG -

ragritucie ol sianal ()

o
=
(=1
£

LooE-

. i il
L=k 1o 10’ -
Fraquency |Hz)

o,

1n 1d

Figure 7.10. chls27 signal il and pre-iripper data it

Using this knowledge the f,, was set just below most of the high frequency noise at
200kHz. Applyving the band limiting filter resulted in s vast boprovement in the ability
to sce an underlying signal bat some shots still showed a large amount of high frequency
content. Personal judgment and trial and arror resulted in the f, being set at 80 kHz. The
lower cut-off frequency was a result of the citenits lmitations, During eircuit testing it
was found that below 300H: the aceuracy of measurements was questionalile due to the
menasuring technigques nsed. The filter was then band limited between 300H: and %0kHz.
This allowed for suitable identification of an cvent and provided a sizable band of frequencics
to investigate. The final function applied to all the data was & combination of the filter and
inverse frequency. This magnitude portion of this [unction is seen in figare 7.11. Taking
the band-limited fileer into the time domain shews the eleenit response to an impulse input

and provides a baseline signal with which to commpare the recorded data.
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7.3 'rocessing
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7.3 Processing

7.3.3 Time domain analysis

The pressure wave from an explosion is sometimes analysed for pulse width, rise and fall
time. This kind of analysis was attempted in this project on the electromagnetic readings.
There was a problem with the implementation as the algorithm could not handle the
high oscillations in the signal. The oscillations caused calculation errors as they gave false
readings in terms of waveform shape, full details are given in Appendix G, and was not used
in final analysis. The correct approach when dealing with signals with such a great deal
of oscillations is to look at their envelope. Instead of focusing on the smaller oscillations
drawing a curve that encapsulates the wave form allows for a more realistic and accurate
determination of its characteristics. This method was not employed for the project as it

lay outside of the project’s scope.

7.3.4 FFT

A discrete Fourier transform was applied to the data to determine the frequencies of interest.
The actual technique used was the discrete Fourier transform implemented through a FFT
algorithm.

The standard FFT was insufficient to make any judgments because it did not provide a
fine enough resolution. To overcome this problem a window function was applied to reduce
spectral leakage and the signal was zero padded. The Hamming window applied had a wider
main lobe but considerably smaller side lobes. See figure 6.11 and 6.9 for a illustration on

the effects of these processing techniques.

7.3.5 Pattern recognition

The correlation function was applied after filtering to determine the presence of a pattern.
The purpose of checking for a correlation after filtering is that prior to filtering the corre-
lation value is non-representative because of the noise present. Band limiting provides a

smoother and more appropriate view of the event.
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7.3 ’roccssing
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Figures 7.12 and 7.13 show band-limited signasls before and after the lag adjustment

and figure 7.14 shows how the correlation coefficiont varies with g position.
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Figwe 714, Carrelation coefficients for different positions
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Since both sisnals were 2500 paints it lenpth the fofal mamber of slide positions i
doubled. The pracess mvolves sliding one signal over another e end o end, Figures
7.15, 7.16 and 7.17 show two randoms signals at the start, during and at the end of the

exoms correlation. The magenta colored signal ig slid [rom the right to the left.
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T3 Processing
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7.3 Processing

This analysis was performed on mechanically similar shots - that is for shots where the
same mass and SOD was used. It was also used to compare the pattern from the same

event across different channels.
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8 Results

8.1 Introduction

The results chapter comprises of two sections, Preliminary and Primary data. The pri-
mary data is then further subdivede into: circuit compensation (describing the effect of the
digital signal processing), visual inspection (a discussion on the visual traits of particular
signals and how they relate to the testing), characteristic frequencies (describing the fre-
quencies containing the majority of the calculated energy), Energy dissipated (illustrates
the relationships between the calculated energy and the SOD from the charge) and finally

waveform shape (the results of the pattern recognition).

8.2 Preliminary data

The preliminary data were not used to make any comments on the actual waveform char-
acteristics. The data were used to highlight any testing issues as well as provide a testing
ground for the analysis procedure. All waveforms captured by the loop and recorded by
the oscilloscope are the compensated signals with the complete set of preliminary data is

in Appendix C.

8.2.1 February - BISRU

As mentioned in section 4.2 the first round of testing was recorded with an oscilloscope
and was conducted in conjunction with another test being conducted at BISRU labs and
utilized electrical detonation. The first graph (figure 8.1) shows the raw signal. The
secondary pulses were put down to either reflections from the chamber walls, the wave
interacting with some other metal content inside the blast room or the shock wave moving
the loop. This series of data was band-limited to 100kHz after compensation. The signals
were digitally treated then taken back into the time domain. The first millisecond was then
selected and transformed back into the frequency domain producing the FFT seen in figure
8.3.

The filter also more clearly demonstrated that the events recorded were starting before
the light was detected as the pulse starts before the 0s point. The fact that teh signal starts
before the explosion was assumed to be a result of electrical detonation.This was best seen

in shot 8, figures 8.2 and 8.3, but the trend was found in all shots recorded that day.
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8.2 PPreliminary dita

8.2.2 DMarch - BISRU

The gecoud ronnd of testing was capable of recording for o longer perien] hecanse of the PCI
card being used. The ADC was nsed i coujumetion with the oscilloscope. These recordings

had the same peak activity belwes 200 and 230kITz and is illustrated in figure 8.4,
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=
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e T T T | 7 T
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Frequency (He) Al
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=
in

Fizure 8.4, Loop shol 1 PCI

For o different series of tests in the same meouth o current. clamp was attached 1o the
detonation wires, This enabled the establishment of a more sccurate relatiomslip between
the detonation method and signals recoived. Figures 8.5 and 8.6 show shed two as detected
by the loop, as well as the comparison hetween the current clamp and loop siguals. This
indicates 1he rimging seen by the loop corrcsponds in time with the signals seen by the

cirrend. clamp oo the detonation wires. This helps aveount for the secondary pulses seen

i previons and subsenguent testa,
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8.2 Preluninary data

W2,

September - Langebaan

The only testing carried out prior Lo 1he Paarderfontein series withous clectrical dedonation

was conducted at Langebaan military base. Figure 8.7 and 8.8 represents the typical signals

received al Langebaan, with the exception of a fesw shots, illustrated o fgure 5.9,
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B.3 Prinuary Data
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Figure 8.9. Compensated and baod-limired signal 14, Loop antenna

Mosl of the shots were deemed as having not picked up aipnals as they all showed high
frequency content with no differentiation before or after the blast, Those shots thal did
have a discernible evenl confirmed thal something could be received from a mechanical

detonation.

8.3 Primary Data

The data collected at Paaderfontein made up the primary data set. Although all shots
wete investigated particular shots arc presented to betler convey the main points in cach

section, All shots from the analysis are presented in Appendix I1L

8.3.1 Effect of Circuit compensation

The inverse function not only afferted the mapnitude of certain freguencies but also the
phase. This meant Lhat the general time domain shape of the signal was altered. The
funetion {sce figure 7.6) also increased the high frequency noise, which buricd what was
perceived to be the signal of interest. The ellect of the cireuit compensation and band
limiting is seen when comparing the raw gignal {fpmre 2.10) to the compensated signal
(figure 8.12) to the compensated and band-limited signal in (figore 8.14). All the signals
are accompanied by their FFT representations {(fipure 811, figure 2.1 and figure 2.15)
ordercd aceordingly

The application of the {ider reduced the ambient noise to aceeptable levels and in some

h



&.3 Primary Data

instances was so effective it showed signals buried under & great deal of noise. In shot 33
of chianne] 1, figures £.16 and 8.17 the filter helped remcove & significant amount of high
frequency content after 2y

The filter also allowed the ovent to be seen clearly- in soue cases the start or end could not
b aceurately identified bat after applying the filter these points bocame maore sppuacent,
Shot 40 originally appearcd to have lictle infovrnation, figure 818, but when filtered the
slight. vize in volts and barely vizsible pactern change 1s visibile just afler detorgiion, Thiz

level of clarity was important Inr delermining 1he energy dissipated by the event,
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.03 Primary Data
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B4 Primary Dota
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4.3 Primary Data
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.3 Primary Data
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S0 Prienary Dhata

8.3.2  Visual lnspeclion

In figure 3.8 the throe antennas are shown in thelr test setup. Channel one is the green
loop, two is the orange (which was later re-orientated) and finally channel 3 is the purple
loop. In general signals™ appearcd to be of low magnitude, with a great deal of noize on
top of & low Frequency distirbance. The impulse response of o filter is deterinined from
the IFFT of the filter function. The henefit of seeing the filter in the time domain (figure
£.20) iz that the general cffects of the filter can be viewed and compared to the recorded

signals.

%0 IFFT of filter function
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Figure §.20. LFF1 of filter, x-axis 15 in seconds

There was negligible similarity to the mopulse response of the filter, indicating that the
event heing recorded could not be accurately modeled as an immpulse function. 4 sample
of the Gl data set ave presenbed in the Bllowing figores. Figuwes .21 and 822 are some of
the first shots recorded at Paarderfontein. After detonation at time 0 a peak or trough is

present that tapers off over time,

* 411 signal viewerd were compensated and hand-limited
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&.3 P'riwnary Data
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Hewvever nol all signals wore as easily deseribed. In channe] 1, shot 17 seems to slart.
before the blast (figure 8.23), 1% seema to only have picked up ambient nolse {Agure 3.24)
and 25 only registers an event at (.6ms (fgire 8,251, These are only a fow of the differences
spolled when merely inspecting 1he signal by eye, the full serics of shota can be found in

Appendix H.
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= T K T
il 4
- o
> 4
- 5 7
1 .
-7 B ! i
-7 0 2 4 ) 3 10
Time (3) w et

Fivure 8.25. Channel | shot 23

In channel 2 1 signal was only picked up atter shot 12 (figure 8.26). when the adjustment

to the antennas orientation was made, diseussed in section 3.3 All the shots prior to shot

13 (figure 8.27} looked identical to figure 8.26.
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Figure %.27. Channel 2 shot 13

After looking at the anotnalous shota in channel 1 it was expected that for the same
shots the other channcls might have registered something similar irends. This was not
always the case ag illustrated from shet 17 [figure 8.28) but again shot 25 {figure 8.29} Lad
a significant delay.
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Figure 828, Chantel 2 shod 17
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Fipure 8.28. Channel 2 shot 25

It is interesting to note that channel 1 and channel 3 picked up almost the same signal

pattern in a significant nmwber of shots, This 38 highlighted in sectlon 8.3.6 bat a good

example of this can be seen when comparing figures 8.30 and 8.31.
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2.3 I'rimary Data

R%.4.3 Characteristic frequencies

A cowparison of the signals in the frequency domain led to the conchusion that within the
hand being viewoed the frequencies of inferest were in the kHz range, these cam be seen in
H.205 and L3 for example. The peaks with the maximum power were singled out and

(Hotted in figurc 8,32,

T Fraak freguency for each blast
B : T % W % F e FF LRF 1
_ g E ; !
: [
- . = i
1] :.. :B ’ i
AR i =+ B
o Channel 1 > :
,‘.l-\.:-l- b, Channed & - . .
2 &  Channel 5 : ;
B e : > |
g :
L -
3_ v ..... -
| b= [+
2 L L3 SRt | RS ¢ R
e "R SR N
+bb E'b o !
W. DDEb_ L .
I:'5 5 L I e &0 A5 A0
Shot numtrer

Figurc #.32. Plot of all the pesk freq for each channel and shot.

The statistical mformation of this plot has been tabulated to show the average freguency

and the deviation for each channel

Table .1, Data on peak frequencies

[_ Original Adjusied
: Channel | Average Freg | Stand Dey || Channel | Average Treq | Stand Dov
1 43.5 kHz 36 kHz 1 46.3 kHz 5 kHz
2 12.5 kH» 23 kHz 2 23.8 kHz 24 kHz
a 27.6 kHz A kKH= 4k 32.6 kHz 30 kHz

Th variatinn in results for each chamnel is not wholly accounted for but discussed in
the ohservations, Chapter 9. Lable 8.1 is scparated into two groups. The 1st geonpr was
evaluated wsing all the data points while the 2nd group had any “crroneous” ' points removed
hefora defermining the standard deviation and average valics, The crrouneous points that
were removed from the calenlation were in fact the O-valued peaks.

In some cases the frequency containing the largest ameemt of power waa at OHz, This is
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characterisiic of s step imput when transformed {see section 6.3). The dominant shape of

the signal received by the antenna may have appeared as a step wave,

8.3.4 Energy relationship
&8.3.5 50D vs Energy

It was observed that as the SOD increases the power received by the antenns decreases.
The relatiouship was assumed o follow a power function oorve of the form ;1-;- from the
prwer density relationship or the ;:Iq' relationship feom the Hopkingoms sealing law, whers
is the distance from the source. The following curves were fitted to the data and evaluated

bavted on how well they approximated the data.

e
=g {#.1}
and the olher
)
EEi 8.2
¥= 3 (8.2}

In previous work the equation fitted to the power loss over SOD was of the form log{y) =
—a # log{x) + b, The difference between this and those curves ficted is merely the degree
of freedom allowed in the fitting. In Adushkin's article on sarface explosious!!” the author
had two constants, a and b whereas (he ourves being firted in this thesis had only one.
The curves titted to the 6z and 100g dats points in both channels 1 and 3 are presented
in figures 8.33 - 8,40, o illustrate how close each curve fitted the data. The full callection

of curves fitted are presented in Appendix F.
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8.3 Primary Data

The colleetion of these curves were plotted between 2m and 4m 1o altow for a better
view of the efbow of the curves. By preseniing just a small portion of the curves {heir

relationship with cach other was more closely analyzed.

i U of o5t 4 408 v = i, Chanral 1 i Cusun o busl 1] bor y - w7, Chen-al 3
j ) i j i 1 e
oy
14F —
=
i
E na
=il -
3 ’I:U ?'Ii ’Iﬁ ,I.l 1 \I, A4 B -s:ﬂ El
= )
Figure 8.41. Fitrted curves for channel 1 Frenare 8.42. Pitted curves for channel 3

Figurcs 8.41 and 8,42 are the squared velationship curves fur both channel 1 and 3. Data
from the 20g shots were not fitted because there wos insufficient usable data poines, The
resilts for curve fitting for channcl 2 are not prescuted as they too were deemed unusable

fur also having wo few dala poinls.

i’ Curews o bl 1A 100 p = 2, SFacma | a Surwmn of Desd 1L or 3= S, i emne 3

_IHIIr
pEzid

qou

Figure 8.43. Fitted curves to channel | Figure 8.44. Fitted curves fo channel 3

Figures £.43 and 8.44 are {he cubic relationship curves for oth channel 1 and 30 To
properly view the differences helween the varnying masses the 100g shot was removed and

the graph was forused on a 30D between 2 and 4 meters,
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aq0 Cunes of bast it or y - and, Channg 1
2 L

Table 8.2. Coeficients and 72 and s

5 for channel 1, 3 = %
Mass & | re S0
20 | 362007 | 0.67 | 3.83c-015
A | 3e00T | 0,59 | 268016
60| 3.20-007 | 0.76 | 2.72e-015
h : i | &0 | 3.2e-007 | 034 | 5.3c-015
= 100 | 1.7e-006 | 0.49 | 2.91e-013

Figurc 845, Zoom in on 2 - 4m, less 100z

curve

aw? Cumvwsedlos T Ry = s, Channal 1

Tuble 8.3, Coethicients and 2 and sse

12 2 _5: For chaannel 1, ¥ = %

w; e Mass a r? EeTe

B 20 | T.5e-007 | 0.73 | 3.11le-015

R ... B 0 | 630007 | 0.06 | 3.3e-016

s 60 | 6.6e-007 | 0.8 | 2.23e-015

:P__au e wasg 80 | 620007 | 0.13 | 7.05e-013
= 100 | 3.6c-006 | U52 | 2.74e-013

Figurc X406, Zoom in an 2 - 4m, less 1{0g

clrye

Table 8.3 and 8.2 show the cocfficients used in generating the curves as well as their fit
characteristics for both the scuared and cubie relationship. The figures along side {8.4% and
8.46) are the best fitting curves for masses hetween 20g and 80g. The r sguared {coefficient
ol determination) value should be near 1 for & wory good fit and 0 for bad, mverscly the
S5E (sum square of errors) showld be near zero when a good fit is present. The very low

SSE value should be attributed to the low actual values of the curve. In effect they should

all e regarded without their exprnential ends,
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536 Woavelornin shupe

A comparison was made between mechanically identical shots from the same antenna to

identify if any waveform patterns were present. For everv confipuration, SO and charge

mass, two shots were fired allowing for only a single comparison for every setup. Taking

iu to account all mis-fires other errors during testing. there were 16 comaparisons available,

This comparizon was done for each chauued and then a comparison between channels was
carried out. The bar graphs, figures 8.47 and 8.48, show the total wymber of shots in each

10% band of correlation. Channels 1 and 2 were the primary source of data since channel

2 had less data points to work with as the antenne waa re-orientated darmg testing for »

better siganl detection.
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Figure 8.47. Bar graph showing numbe of gimi-
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Figure %.48. Bar praph showing number of simi-
larly correlated shats

Lastly the individual shots from each antenna were compared with their counterpart in

atnother antenna. Figure 549 shows how similar channel 1 and chanmel 3 were,
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9 Observations

9.1 Visual inspection

Inspecting the signals by eye and comparing the waveform shapes to notes made during
testing, some factors can be accounted for. For example, in channel 2 it was very clear
that changing the direction in which the antenna faced affected the detection of signals.
In shot 24 the metal stand upon which the tubing was placed became so damaged that it
was discarded. From shot 25 (the delayed signal) sand was used to prop up the tubing.
At the same time an adjustment to the equipment used in recording seemed to have little
effect. For the large blasts and at greater SOD an additional coaxial cable had to be used

on channel 3 but this made no significant impact on the signal recorded.

9.2 Characteristic frequency

The individual channels picked up different frequencies more regularly than its counterparts.
Channel 1 had a tendency to see signals in the 70 - 80kHz range, while channel 3 stayed
lower in the 10 - 30kHz range. This is illustrated by comparing figures H.235 and H.301.
Channel 2 had too little usable points for any judgment to be made on what kind of
frequency it was picking up. The difference in the range of frequencies could be put down
to antenna orientation, refer to section 5.3 for a discussion on antenna characteristics. The
limited bandwidth studied in this project also impairs the ability to say that the isolated
frequencies are the only indicators of and explosion of this type but rather confirm previous
studies in that such frequencies could be found in the kHz range.

9.3 Energy relationship

No definitive curve was obtained that could accurately follow the data points. The cubic
relationship produced the best fitting coefficients which was not unexpected since a higher
order polynomial often has better curve fitting properties. The 60g and 100g curves were
the best fitting in both channels with data points being closets to the curve. The energy
calculated for mechanically similar shots at times had a wide spread and this is very clear
in the spread of the 80g shots in both channels, Appendix F. The variance in energy output

could be attributed to the noise levels or variance in explosive energy.




9.4 Waveform shape

9.4 Waveform shape

For this project a correlation above 50% was deemed “good”, correlation criteria were not
mentioned in open literature before.

Channel 2 data was not used in the correlation since it had a small usable data set. Channel
1 had only half of its comparisons at 50% or more while channel 3 had only three. Notabley
the majority of channel 3 comparisons were in the 40% band. The correlation between
mechanically similar shots was therefore deemed to be “unsatisfactory”. These statistics
appear not to favour the idea that mechanically similar shots produce similar waveforms.
However the data from channel 1, with approximately half of the shots being well correlated,
is encouraging and with more accurate equipment and /or testing procedures a larger degree
of similarity may present itself. The designation of unsatisfactory is a comment on the data
set and does not necessarily reflect the expected results for similarly conducted tests at a

later stage.

9.5 Orientation

The placement of the antenna made a significant impact only in terms of its own gain
pattern. This is seen in channel 2, where the antenna was placed with neither its aperture
being side on nor endfire to the blast. This resulted no signal detection until it was re-
oriented with the aperture facing the charge head on. This was an antenna characteristic
and not a feature of the event. Channel 2 and Channel 1 had the same antenna setup but
were at different angles with respect to the the initiation cord - unfortunately there was
insufficient data to make any conclusive statements concerning this factor. The correlation
between Channel 1 and 3 was very good with only three out of 33 shots being under 50%
similar. It appears that the location in the azimuthal plane has little effect on polarization
of the signals. Also since the proximity to the source was much less than the wave length

observations on the directional properties was not possible.
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10 Conclusions and

Recommendations

To control the many aspects affecting the results of signals generated by blast waves is a
difficult task. But in order to better understand and explain the event it is required that

each factor be studied individually. This leads to the following recommendations:

Antenna and circuitry
The antennas used were effective over a small bandwidth and were not specifically designed
for this study, while the circuit was custom made. A complete redesign however is needed
for the circuit to ensure a flat high gain frequency response over a large band. The loops
were used because of their ease of constrﬁction and previous experience with them. The
use of a purpose built antenna covering a wide band and with a large amount of gain as it
seems the signals generated were small, would increase the effectiveness of the study.
Surrounding material
A clean environment would remove the dust cloud effect and help isolate the explosive
particle effect. The surrounding area should not have any particles or material that would
move under the blast wave action.
Seismic effect
The electric seismic effect was removed as an aspect of consideration but to minimize the
effect the best approach would be to suspend the charge. The height above the ground
would delay the blast wave interacting with the sub surface water table as the impedance
offered by the different material (air and soil) would help slow the blast wave.
Record length
The record length of these tests was not sufficient to record the full event, this is most
evident in shot 6 and 7. Recording for a longer time would give a more complete picture
and ensure significant data is missed. The ideal length would be when the signal has
returned to the starting level and has ceased fluctuating.
Sampling speed
The sampling speed sets the cut-off frequency to which the data can be analyzed. This
is the nyquist frequency and it is half the sampling frequency. For this project only data
up to 1.25 MHz could be reliably analyzed assuming all other aspects were accounted for.
Increasing this limit means a higher range of frequencies can be investigated (MHz) which

literature states could contain additional information.




Charge shape

The balls of PE-4 were rolled by hand and although their diameters were fairly consistent,
this introduced a human factor. Having moulded charges removes this, allowing for a closer
relationship between size and effect to be established.

Antenna type

Identifying which field is more prominent, E or H, is important and determining this means
testing various antenna types and again covering a wider range of frequencies. Establishing
which type of field holds the most energy also sheds light onto the mechanism of generation.
Directional monitoring

Replacing antenna that pick up the general surroundings with a directional antenna would
allow for the identification of a source of the signals received. That is should there be
ringing pieces directional antenna could pick this up as one station would get a signal and
then another as the piece is moving.

Ezxplosive material

Different types of explosive have been noted to produce different signals. Testing the
different compositions of explosives and their relationships to each other chemically could

also shed light into the generation mechanism.

Once a clearer picture of the basic event is obtained future studies should introduce real
world factors. Placing obstacles in the path of the shock wave, between the charge and the
antenna, would show the effects of foreign material on the signal. Subsurface testing would

also be interesting as it would more accurately simulate the detonation of land mines.
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A Transfer functions

A fransfer Buetion 5 nsed to desceibe the change undetgone by o signal when passing
through a system, in this case a circuit. Assume an input vollage, Vi, ix a lunction of

frequeticy (w) atd time (¢) written in phasor notation as

Vi = A;'—‘!jw {ﬁl]
and the output voltage is
Vo = A eflettsi (A2
Vew
5]
&
Vi

Figure A.1. phasor diagram of
tramater finetion effect

The transfer function can then be viewed as the vector

hlw) = %Hjﬂ F=0 (A3
= A—r.:e_jﬂ f<t (A4

applicd to the Vi, to obtain the Voewhose magnitude is

Hiwlj = % (A5

anc with an directional componeont of

AH(w) 8 {A.6)
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B Electric seismic effect

The exeet toeation of the test site was records] nsing GPS. These co-ordinates wers 25 24
028 8 and 28 22 524 E. An image of this location was obtained from ©Google Earth and

15 presented in figure Bl

p—y

ppinanoen |

Lokt ek
Lol

Eyd alt 1731 &B km

Figure B.1. Coosle earil hish hnage of South Adrics.

The electric seismic offect is the result of P oor 8 swaves traveling in throngh the surtace
of the carth and when coming inlo contact with a comdnetive laver conses a shock wave
polarization. this generates a field that can possibly be detected by sensitive equipment.
Below is & map of the ground smier levels as on record with the department of water affairs
and forestry,

Using this map and the satilite image an cstimate was made basel on the Createst spesd
possible for shock waves im the carth, calewlalions were meade lor the time required for s P
wave to potentially hit a body of water and thereby create the EMFE .

A P wave ean travel between 5 and Thms™! through the carths surfece, depending on s
ke up. Given our location a conservative guess can be made, stating the smilsr table
to be appraximately 10m below the surface. Between the time of delonation and 1he fime
taken for a P owave to hit the conduetive layer is Ldmes. This is longer than the record

lemgth itself so we can dismiss this effect on owr recordings.
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Figare Ba20 Water level map obtained from Dept. Water affairs and forestry
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C Preliminary Data

The data collected during preliminary testing is presented here in full. The conclusions and
insights gained during this test phase have been discussed and mentioned in the body but

only a piece of the work was given as evidence. The full collection of data is now shown.

C.1 February

This was the first set of test conducted in this project. The data was collected using the
now familiar TDS oscilloscope during the testing of another project. The antenna was

placed inside the blast chamber to one side so as to not interfere with the main test.
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C.2 JMarch

121 morbes 1

Series one differs since not only was data collerted on a osvilloscope but a PCT card was
usedl at the same time. The cand was capable of much louger records and provided a back

up and as well as more wide vision of the event.
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Figure C.36 iz a combination of the original and filtered signal and adjacent to that is
the FFT of the filtered versinn’s frat 0.2ms.

The data from the PCT card 13 presented in figures C38 - C.44

The figures below were obtained with the PCT recording two channels simultanecusly,
taking data from the Hoop and the small copper ring at the same time.
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(.2.2 series 2

This series was run in the same fashion as the 1st except for the inclusion a current clamp

on the detonation wires. The clampe were vsed to properly identify the effect of the electric

detonation method.
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Figures .54 and .35 shows how the detonation wires theimselves seem to couple with

the Hoop,
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.2 Wlareh

C.2.3 scries 3

This seriea used a whip antenna to determine if an clectric field could be detecled. Becaise

of its nature the whip was inherently Tiased Lo a hicher frogquency.
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C.3 Langebaan

The mechanical detonation carried out at the military base was nitiated by safety fuse.

The charge was placed on the promnd and approximately a 30s delay was implemented

using the safety fuse. There were 3 antennas used to receive signals, the EET hoop, the

simall copper hoops and the Rhodes Schwars.
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The small copper loops were only used in 3 shots, the results have been presented below
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In conclusion the RS commercial antenna data are presented,
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D Blast wave tables

The entire table of expansion times for the fireball period, initial particle expansion, over

various SOD and charge masses. This is based on equation (2.5).

Table D.1. Particle traveled distance and times

Mass (Kg) | SOD (m) | Radius (m) | Time(uS)
0.02 2 0.2059 297.1
0.02 4 0.2059 297.1
0.02 6 0.1413 217.5
0.02 8 0.1413 2174
0.04 2 0.2594 373.1
0.04 4 0.1780 272.7
0.04 6 0.2594 373.1
0.04 8 0.2594 373
0.06 2 0.2969 4243
0.06 4 0.2038 309.5
0.06 6 0.2969 424.2
0.06 8 0.2970 424.3
0.08 2 0.3268 467.8
0.08 4 0.3268 467.8
0.08 6 0.2243 3415
0.08 8 0.3268 467.8
0.1 2 0.3521 503.4
0.1 4 0.3521 503.4
0.1 6 0.3520 503.3
0.1 8 0.3520 503.4

Table D.1 contains the data from the time line code written in MATLAB. The last
column shows the time at which the shock wave starts to overtake the escape particles and
the radius at which that occurs. Table D.2 shows the arrival time of the shock wave itself
to the location of the antenna. This data was also obtained from a simulation MATLAB

and is based on equation (2.6).




Table D.2. Arrival time of shcok wave to an-

tenna location

SOD (m) | Mass (kg) | Arrival Time(s)
0.02 2 0.003418
0.02 4 0.008984
0.02 6 0.01475
0.02 8 0.02059
0.04 2 0.002955
0.04 4 0.008374
0.04 6 0.01407
0.04 8 0.01987
0.06 2 0.002665
0.06 4 0.007969
0.06 6 0.01362
0.06 8 0.01938
0.08 2 0.002453
0.08 4 0.00766
0.08 6 0.01327
0.08 8 0.019
0.1 2 0.002287
0.1 4 0.007406
0.1 6 0.01298
0.1 8 0.01869

Graphically this data is presented in the following graphs:
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Y Key frequencies

hen identifying the frequencies contiwiming the most power the FET of each signal was
in through an algorithm which found the frequency with the greatest | w etlergy -cnnreut.
he original results of this algorithin are in figure E.1.
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Figure E.1. 120 kHz filier

After the 40 kHz filter was applied the plot for all the channels were more elosely spaced.
he average value for channe) | through 3 was 3.123 kHe, 1.095 kHgz and 4.34 kHz respec-
vely, Their standard deviation was determined to be 4.44 kHz, 2.121 kHz and 5.7 kHa.
owever when the eero valusd fregquency points were removed, shown In figure E 3 the
ew averages for channel 1 - 3 were 3.557 kHz, 2.12 kHz and 4.77 kHz respectively with a

eviation of 458 kHz, 2 58 kHz and 5.8 kHz.
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Table E.1. Times for different peaks,
channel 1

channel 1 | channel 2 | channel 3

2180 0 11090
11840 0 0
2030 0 1680
470 0 2270
0 0 0
58000 0 1930
5430 0 1400
1140 6080 0
1530 6240 1510
0 0 2890

75610 19460 19460
78700 23210 78560

11360 0 19780
78550 1620 78630
2540 0 19450
78590 1190 78550
8930 21800 8930
78520 2950 0

3300 2960 33470
58500 54880 55190
78540 0 19760
78460 0 19450
78580 78600 78480
78460 0 17740
78460 0 78820
7500 0 17310
78540 0 0

78690 73320 73370
20150 42490 20090
64510 61810 64480
78600 14580 14500
78560 0 17790
78550 0 75690
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Table E.2. channel 1

Table E.3. channel 2

Table E.4. channel 3

Shot number | Frequency Shot number | Frequency Shot number | Frequency
6 2180 13 6080 6 11090
7 11840 14 6240 8 1680
8 2030 16 19460 9 2270
9 470 17 23210 11 1930

11 58000 19 1620 12 1400
12 5430 21 1190 14 1510
13 1140 22 21800 15 2890
14 1530 23 2950 16 19460
16 75610 24 2960 17 78560
17 78700 25 54880 18 19780
18 11360 33 73320 19 78630
19 78550 35 42490 20 19450
20 2540 36 61810 21 78550
21 78590 38 14580 22 8930
22 8930 24 33470
23 78520 25 55190
24 3300 26 19760
25 58500 27 19450
26 78540 28 78480
27 78460 29 17740
28 78580 30 78820
29 78460 31 17310
30 78460 33 73370
31 7500 35 20090
32 78540 36 64480
33 78690 38 14500
35 20150 39 17790
36 64510 40 75690
38 78600

39 78560

40 78550
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F Energy Relationships

F.1 E vs SOD

Following the literature, it was assumed that the relationship between the E out and the
charge mass was linear. Two forms of linear curves were tested to determine the best fit.
Each line has a 72 value - the coefficient of multiple determination is a statistic measures
how successful the fit is in explaining the variation of the data. Another measure of the
curves’ valididity is the sse - the sum of squares due to error. This statistic measures the
deviation of the responses from the fitted values of the responses. The equations used to
fit the lines were of the form y = ax and y = az + b. The latter had lines that were very

close together but at the same time showed trends that went against predictions.

F.1.1 Channel 1

Channel 1 coeflicients are listed below, the a values need to multiplied by 10~5 for a and
sse by 10712. The reason for this low value is a reflection of the low magnitude in the data

points.

Table F.1. Coefficients and 72 and sse for channel Table F.2. Coefficients and 72 and sse for channel

Ly=3zx Ly=%
Mass a r? sse Mass a rs sse
20 3.6e-007 0.67 3.83e-015 20 7.5e-007 0.73 3.11e-015
40 3e-007 0.89 8.68¢-016 40 6.3e-007 0.96 3.3e-016
60 3.2e-007 0.76 2.72e-015 60 6.6e-007 0.8 2.23e-015
80 3.2e-007 0.34 5.3e-015 80 6.2e-007 0.13 7.05e-015
100 1.7e-006 0.49 2.91e-013 100 3.6e-006 0.52 2.74e-013

The following figures show the actual curves fitted to various points.
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F.1 E vs 50D

Fusege i

Enzrgw yl

sk Frinngy wu Muic curm, ferm w() T Evvergy va Wiz v, fam w5

T . 1 T [ ————
¥ Jalapon K B Lumpurl

e 2] Ll L ¢ N 01 e 1

A % . 3 Cumd ol taed 1 |

L i '
i " L] n 1 + 5 G T -
Fooim 30 jin
Figure F.7. Caopstaol maus of S0 Fipure F.8. Constant mmss of &g
. Friryy v Muses v firm ala™s i Entmy vs IWose G, famm al|k
aT T T T T = st - : ;
LTI LeAT feln iy
- haten < Laga: bl - —— Carg ol D b
a =F
‘- :
H- e

H *

H 4

[ ’

1
a0 (m;

Frgure F.9. Constant mass of 100 Figure F.10. Comsteol mmsss of 100

B0 [my

151



F.1 E ws 50D

F.1.2 {Chanmnel 2

Channel 2 coefficients are listed Delow. the a values need to multiplied by 107 5for a and

sse by 10712,
Table F.3. Cocficients and »? and ase for channel  Dable T4, Coeficienls and 2 and sse for channel
2y=% %y=%
M ass A b ) hlnss a e BEE
) I 3.6e-(9 097 A GTe-(N A& 200 f. 2e-(HH) -1.2 4.12e-018
40 9. 3e-005 il 1.16e-117 403 Qe (M7 067 9. TRe-018
(it 34007 (h8d T.62e-017 &0 1.5e-(HG IR A1Te-00T
bl Do 0T -1.31 1.01e015 214 3.60-007 -1.2 1.6Re-1}15
100 2 8e-006 t43 f.Ade=13 1{H) 4 Be-(H)G (r45 6.1Te-013
‘Lhe following figures show the actial curves fitled Lo varons poines.
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F.1 F vs 80D
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F.1 E vs 507
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F.1 E vs 80T}

¥.1.3 Chammel 3

Chanmel 3 coeflicients are listed helow, the a values need to multiplied by 1076 for a in

table 1 and 1075 in table 2 and sse by 10713

Table F.5. Coefficients and r? and ssc for chanmel

Table F.6, Coefficients and r? and ssc far channel

Ly=% 2 y=1=
Mass a e sae Wass a re a5
20 15007 0.89 L.ABRe01A ] A e-07 087 4, 75017 .
Bl 1 2w 007 .92 103016 40 2.50-007 .98 297017
[HI] 2.00-008 ! 0.8 037017 Fil 2e-007 0.9z 6.Fe-017
bl 2e-007 -0.00% Jode-(15 A0 3 He-007 -0.26 4. 53e-(115
100 G.de-007 0.5 1.2e-014 100 [.3c-006 0.79 1.03e-1114 |

The following fipurea show the actual erves ltted to vavious points.
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The combination of the curves for the squared relationship is shown in lgures F.31 -

F.34 .

The combination of the ewrves for the cubic Telalionship is shown in fgures T35 and

F.ar.
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F.1 E vs 800D

e Lrear gy v Wbies aimem, form s - 1 -angy wk R en Tt
. 1 . : .

nt ———————————— -

S i

CFL poe.
——— Cirerl harl

=
L

, KhTr . * . . . '

3 2 ] I ] a5 ] nin ! Ue D ) 2a F) ab b b )
EDQC (m) 00 {mi)
Figure .23, Constant mass of 40g Fignre F.24. Constant muss of diy

R 1 gy wk Wb < en D xS ] Enargy =5 M2 2z cure. lum ai’|

As ' ' & v an 1 M ) i @ Oimparn
ot bct: e 1 o b I,
L3

il

Sy

o " i i . ; : ; ;
-

2 b3 L] £ o s 2 3 4 2 L] r L]
ST [m1 06 i
Figure F.25. Constant rass of 60g Figure F.26. Constant mass of 60g
i Energy oo Rass ol e lane wid s E-ofgy w5 Reasn cuns. Formm ais™
. » j ¥ Coo-onw i .' j " s conk
——— Zin il bant ] — v o Al

EUE - T

n At SIS L L
~ &

|1
BOD

Fiyure T.27. Constant muss of 80z Figure F.28. Constant mass of 8ig

2
E00 [t




F.1 E ve SO0
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F.1 E vs SO0
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G Main spike activity

After filtering the high frequency conteni there was o clearcr picture of the event, and
nsing the timeling discussed in section 7.2.1 focus was direcied at the 2nd - 3rd stage of
the explosion, escaping particles and shock wave [ormalion, 5o in Lhe Orst 0.3ms peaks or
dips that wounld indicare the generation of a dipole were examined. The arrival {ime of this
peak as well as its width, timme to reach 1/2 of its maximum, was cvaluated and compared

to SO and mass variahoes,

i Examp e of mazsuraments la<en
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: E
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v
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Tima !=) o’

Figure G.1. Sample signal with poinls used wo make ealeulations

The rise time and pulse width were meesurcd based on the peak value. Point A was
defined as the peak, B and © were set as half the value of & on either gide. The time
hetween B and C was defined as the pulse widih and the the time betwern B and A was
defined as the rise time. The [all 1ime was nol evaltialed as on oceasion the peak had not
completed its eyele Ty the cot off time set. Dhae to clipping shot 15 was discredited from
this section of analyeis. It seems that any trend present was hard to detect. the width
of the pulse and the peak values as well as the rise time itself held very little trend. The

telationship &t best can be said to be linear but further comments are not. possible.




.1 Wavefonn poaks

(.1 Wavelorm peaks

As with the pressure analysis on sipuals from blast waves the signals were examined tor

arrival time, rise time and overall width of the largest initial peak. The expectation was:

o Arrival time should be delased with an fncrease v mass and S00) sinece the larger
charge takes longer to tally detonate and at a further S0D the effect would register

later

s fise time would show a dependence on mass asswmning the amount of charge atfects

the dipole formation

o Peak value should also be dependent on mass sinee more explogive conld mean more

dipoles formed

& [Pufac width may ahow a dependence on SOD, it the further away the antenna is could
resmlt in picking up dipolas that have formped later. A dependence on mass is expeacted

shmilarly to the reasoning in Meak vafue

The vize lmme and pidse widil was highly dependent on number of samples in the time
domain, The algorithm Luoked for a cerlain value associated with the peak time. It {hen
seanned [or the sample closes! to that number aud may at times have exaggeraled both the
witdih and rise time of the pulses, examples of this are shown in Agures G2 and G.30 Al
of these graphs are derived from channel 3 as it had the greatest number of signals with

identifiable content.
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G.l Waveform peaks
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.1 Wavefurin poeaks
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Figure G.6. Mass ve Time

.1.1 Arrival time

For a constant mass of 100g (figure G.4) a weak trend of decreasing time of arrival as SCOD
increascs can be scen. This is not true for the same clanmel and wsing 80p mass (fgure
.5,
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Figure G.4. SOD vs Time Figure G.5. 50D v= Time

The values over a conslant SOD of 6m (figiwe G.6) seem to contradict the idea of »
deliy in arthval time ws nsss Incresses since the points show less time tuken with a larper

1EEE.

G.1.2 Rise time

The rise time is expected to be more dependent on mass than 50D, Al constant 50D
graphs, for example fipures G.7 and 5.8, have a slight trend alwwing o decrease o time

except for the 2mifipure G.9) staph,
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G.1 Waveform peaks
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The graphs with constant mass and varying SOD {ligores G.10 amd G.11) show ne

definitive trend




{7.1 Wavelorm peaks
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(z.1.3 Peak values

‘I'he signals alse presented a negative peak al fimes so the shaolute values were taken to

lake Lhese into accoumt, As previously mentioned the expectation is for a dependency on
mass to appear. The constand SOD2 of 2m ({ipure (2.12) and 6m (figure G.13) showed &

data st that was more constant over the range of tasses.
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Figurce 5,135, hlass vs Absolute voltage

The graphs [or constant masses all showed no discernible trend and were similar to the

fillg (flgure (1.14) view shown below,
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7.1.4 Pulie width

The dependence om mass iz not definil ive since 1he 210 and 6m graphs show differeni. trends,

the firs! increasing {faure G.15) and the later decreasing (figure G.16).
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Figure (7,16, Mass vs Duration

The B0y, figure G.17, graph showed no trend and is indieative of all 1he constant mass

uraphs evaluated.
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G.1 Waveform peaks

Table G.1. Times for different peaks, channel 1

Mass (Kg) | SOD (m) | Shot number | arrival time | pulse width | Max value | rise time
) 20 2 6 5.3e-005 2.1e-005 6.6e-005 | 4.8e-006
L 20 2 7 5.1e-005 1e-005 7.1e-005 | 5.2e-006
40 2 8 5.8e-005 2.3e-005 -5e-005 1.7e-005
40 2 9 5.4e-005 1.8e-005 -4.8¢-005 | 1.3e-005
60 2 10 0.00024 2.4e-005 -4.1e-005 | 5.6e-006
60 2 11 6.1e-005 2.2e-005 -3.5e-005 | 1.7e-005
80 2 12 0.00029 1.4e-005 3.7¢-005 | 3.2e-006
“ 80 2 13 6.8e-005 3.7e-005 5.6e-005 | 1.7¢-005
z 100 2 14 0.00026 3e-005 3.3¢-005 | 1.8e-005
‘ 100 2 15 7e-005 3.4e-005 0.00011 1.7e-005
t 20 4 16 5.4e-005 1.6e-005 8.8¢-006 | 4.4e-006
20 4 17 2e-006 8e-007 -1.6e-005 0
40 4 18 0.0001 8.8e-006 1.2e-005 | 4.4e-006
40 4 19 2.2e-005 6e-006 -9.6e-006 | 2.8e-006
60 4 20 0.0002 1.2e-005 7.8e-006 | 5.6e-006
60 4 21 5.2e-005 2.5e-005 1.5e-005 1e-005
‘ 80 4 22 8.9e-005 6.8e-006 0.00017 3.2e-006
80 4 23 0.00026 3.2e-005 -1.6e-005 | 2.2e-005
100 4 24 0.00016 4.6e-005 -1.7e-005 | 1.4e-005
100 4 25 2.4e-005 5.6e-006 2.2e-005 | 2.4e-006
40 6 26 3.1e-005 5.6e-006 -4.6e-006 | 2.4e-006
40 6 27 4.4e-006 2.4e-006 -7.1e-006 8e-007
60 6 28 1.7e-005 4e-006 1.8e-005 1.6e-006
60 6 29 0.00029 4.4e-006 -1.1e-005 2e-006
80 6 30 0.00015 7.8e-005 -1.6e-005 4e-005
80 6 31 8.9e-005 1.8e-005 -4.6e-005 | 1.2e-005
100 6 32 1.7e-005 4.8e-006 -2.2e-005 2e-006
' 100 6 33 7e-005 5.6e-006 0.00013 2.4e-006
60 8 35 0.00015 4.9¢-005 -6.6e-005 | 4.4e-005
80 8 36 0.00029 6e-006 -0.00028 | 2.8e-006
80 8 38 6e-005 1.4e-005 1.8e-005 2e-006
100 8 39 0.0001 5.6e-006 1.3e-005 | 2.8e-006
100 8 40 2.6e-005 4.8¢-006 -1.8¢-005 | 2.4e-006

169



G.1 Waveform peaks

Table G.2. Times for different peaks, channel 2

Mass (Kg) | SOD (m) | Shot number | arrival time | pulse width | Max value | rise time
20 2 6 0.00025 5.7e-005 '2.6e-006 | 5.3¢-005
20 2 7 7e-005 2.6e-005 .-3.5e-006 | 1.4e-005
40 2 8 1.1e-005 6.4e-006 -3.1e-006 | 2.8e-006
40 2 9 1.2e-005 6.4e-006 -4.5e-006 | 2.8e-006
60 2 10 4e-007 0 --3.2e-006 | -4e-007
60 2 11 5.2e-006 2.4e-006 -4.3e-006 8e-007
80 2 12 5.8e-005 1.7e-005 | -4.3e-006 | 1.4e-005
80 2 13 6.8e-005 1.8e-005 -6.1e-005 | 1.5e-005
100 2 14 0.00027 4.7e-005 -3.2e-005 | 4.4e-005
100 2 15 7.1e-005 1.6e-005 | -0.00015 | 6.8¢-006
20 4 16 0.00026 1.3e-005 -3.8¢-006 | 9.6e-006
20 4 17 5.8e-005 1.7e-005 -6.3e-006 | 1.4e-005
40 4 18 7.1e-005 1.8e-005 -8.5e-006 | 5.6e-006
40 4 19 0.00013 5e-005 -7.5e-006 | 1.3e-005
60 4 20 0.00017 6.1e-005 -1.4e-005 | 2.3e-005
60 4 21 5e-005 1.9¢-005 -1.6e-005 | 8.8e-006
80 4 22 0.00012 8e-006 -4.6e-005 | 3.6e-006
80 4 23 0.00021 6.2e-005 1.7e-005 1.7e-005
100 4 24 0.00013 3.6e-005 3.5e-005 | 2.6e-005
100 4 25 4e-007 0 -1.1e-005 | -4e-007
40 6 26 0.0003 5.5e-005 4.3e-006 | 5.2e-005
40 6 27 2.9e-005 1.6e-005 -5.5e-006 | 7.2e-006
60 6 28 1.8e-005 4.8¢-006 -8e-006 2e-006
60 6 29 0.00017 4.9e-005 -2.3e-005 | 4.5e-005
80 6 30 0.00014 3.6e-005 -1.5e-005 | 2.2e-005
80 6 31 6.2e-005 1.5e-005 -1.7e-005 8e-006
100 6 32 0.00012 5.8e-005 -1.8e-005 3e-005
100 6 33 7.1e-005 6e-006 -5.6e-005 | 2.8e-006
60 8 35 0.00015 4.6e-005 -8.7e-006 4e-005
80 8 36 0.00029 5.6e-006 | -0.00015 | 2.4e-006
80 8 38 7.6e-005 1.5e-005 -1.5e-005 | 1.1e-005
100 8 39 9.9e-005 8.4e-006 -1.2e-005 | 3.6e-006
100 8 40 5.1e-005 8.4e-006 -1.8e-005 | 3.6e-006
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G.1 Waveform peaks

Table G.3. Times for different peaks, channel 3

Mass (Kg) | SOD (m) | Shot number | arrival time | pulse width | Max value | rise time
20 2 6 5.5e-005 1.4e-005 4.5e-005 6.8e-006
20 2 7 5.3e-005 1.6e-005 5.3e-005 | 7.6e-006
40 2 8 5.4e-005 1.6e-005 -4.3e-005 | 8.8e-006
40 2 9 5.3e-005 1.1e-005 -4.3e-005 6e-006
60 2 10 0.00027 9.2e-006 -2.8e-005 4e-006
60 2 11 6.1e-005 2e-005 -1.8e-005 | 1.4e-005
80 2 12 0.0001 9.6e-006 4e-005 5.2¢-006
80 2 13 5.9e-005 2.2e-005 5e-005 4e-006
100 2 14 0.00025 2.5e-005 2.3e-005 | 4.8e-006
100 2 15 0.00012 6e-005 -6.3e-005 | 3.7¢-005
20 4 16 0.00026 1.3e-005 -3.8e-006 | 9.6e-006
20 4 17 4.4e-006 2.4¢-006 8.5e-006 8e-007
40 4 18 0.00025 3.2e-005 -8e-006 2.8¢-005
40 4 19 0.0002 9.1e-005 -8.5e-006 | 3.8e-005
60 4 20 0.00011 9.6e-006 -8.2¢-006 | 4.4e-006
60 4 21 0.00025 6.1e-005 8.8e-006 5e-005
80 4 22 0.00013 8.8e-006 0.00016 4e-006
80 4 23 0.00011 4.3e-005 1.5e-005 2e-005
100 4 24 0.00021 9.6e-006 1.2¢-005 | 5.6e-006
100 4 25 2.5e-005 5.6e-006 -1.8e¢-005 | 2.4e-006
40 6 26 0.00015 4.3e-005 4.3¢-006 3.6e-006
40 6 27 0.00018 4.5e-005 -4.5e-006 | 2.8e-006
60 6 28 0.0003 4e-005 8e-006 3.7e-005
60 6 29 0.00017 4.5e-005 -1.7¢-005 | 4.2e-005
80 6 30 0.00011 3e-005 1.6e-005 2e-006
80 6 31 9e-005 1.9¢-005 4e-005 1.4e-005
100 6 32 4.8e-005 1.4e-005 1.5e-005 1e-005
100 6 33 7e-005 5.6e-006 -0.00012 2.4e-006
60 8 35 0.00015 44e-005 | 5.7e-005 | 3.9¢-005
80 8 36 0.00029 6.4e-006 0.0002 2.8e-006
% 3 38 6.1e-005 216005 | -1.4e-005 | 2.4e-006
100 3 39 0.0001 6e-006 “1.1e-005 | 2.8e-006
100 3 40 5¢-005 8.80-006 | -2.5¢-005 | 4e-006
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G.1 Waveform peaks
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H Test data

The entire collection of signals recored during testing at Paarderfontein have been presented
here. They are divided into different sections; Raw and filtered signals, FFT of signals and
the overlay of pre-trigger and signal FFTs . The raw data is direct from the scope while
the filtered section shows the digitally processed results. In these sections the data is once

again split into different channels.

H.1 Raw and filtered Signals

H.1.1 Channel 1
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IT.1 Raw and fltered Signals
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H.1 Itaw and filterad Signals
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.| Raw and filtered Signals
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H.l Raw and Mllercd Signals
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H.1 Baw and filtered Signals
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H.1 Raw and filtered Signals
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H.1 Baw and filtered Sirnals
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H.1 Ilaw and filtered Signals
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Ti.1 Raw andd Altercd Signals
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II.1 RNaw and fltered Signals

H.1.2 Channel 2
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.1 Raw and filtered Signals
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H.1 ltaw and filtered Signals
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H.1 Raw and filtered Signals

H.1.3 Channel 3
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H.l Raw and filtered Signals
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H.2 FFT of signals
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H.2 Overlay of pre-trigeer on full record FFT
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H.3 Overlay of pro-trigger on full record FFT
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