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ABSTRACT

This thesis describes the development of a directional primer charge for use in blasting in

mining operations.

The directional primer charge is an explosive gun which takes the place of a standard
primer charge in a blasthole. It is a shaped charge which directs the explosive energy
forwards into the blasthole. Its effectiveness is enhanced by a metal liner which is located at
a specified stand-off distance from the toe of the hole.

The explosive energy of the column charge is converted into the kinetic energy of the metal
liner which transforms into an ultrasonic slug. This in turn converts into the impact energy of
the slug impacting on the rock. This rock is axially compressed to such a degree that a
radial fracture is developed. This radial fracture is termed an umbrella crack. Prior to the
development of the directional primer charge, the phenomenon of the umbrella crack had
only been observed in experimental Perspex blasting models and its formation mechanism
had never been satisfactorily explained. If the directional primer charge could cause an
umbrella crack in hard rock mining at the end of blastholes, then more rock would be broken
out per blast than is currently achieved in practice.

This thesis records the historical development of the explosive shaped charge with particular
reference to the development of the explosively-forged projectile. It describes the classical
theories and models which apply in determining the theoretical prediction of the physical
properties of the designed directional primer charge. It describes the experimental
procedures and measurements using flash X-ray radiography and electronic shorting
screens to freeze the flight of a metal slug traveling at speeds of over 2000 metres per
second. Underground tests were undertaken under full mining production conditions to

compare the rock breaking effects of various designs.

The theoretical calculation of the extent of the movement of the rock at the toe of the
blasthole indicates that umbrella cracks should be formed. The underground tests confirm

their formation.

It is concluded that the use of the directional primer charge in stoping operations can
improve the blasting efficiency in South African hard rock mines by up to 15 %.
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CHAPTER 1 INTRODUCTION

1.1 Hypothesis

This thesis describes the development of a shaped explosive charge, which will enhance the
explosive’s ability to break out rock in mining operations. Of particular value, is the shaped
charge’s application in narrow-seam, hard-rock mines. These are typified by the gold and
platinum mines of South Africa, where the confinement of the rock in the narrow stopes
constricts the break-out of the rock when blasted.

The most confined part of a stoping blasthole during blasting is the toe of the hole. Thus, the
function of the shaped charge is to direct the explosive energy towards the toe of the
blasthole. This is achieved by shaping the end of the explosive column and leaving a void
between the explosive column and the rock at the end of the blasthole, in order to focus the
explosive shock waves on the rock at the toe of the hole. These explosive shock waves, or
detonation waves, which emanate from the toe of the explosive column can be further
enhanced by using a shaped metal liner. This converts the explosive energy of the
explosive column to the kinetic energy of a high velocity metal slug. This kinetic energy is
then converted to impact energy when the slug strikes the rock at the end of the hole.

This thesis seeks to show that, by using such a specially designed explosive charge, the
break-out of rock is sufficiently enhanced to produce a significant improvement in mining

blasting efficiency.
As it takes the place of a bottom primer in the explosive column in the blasthole and it directs

the explosive energy to the toe of the hole, this specially designed shaped charge is called a
directional primer charge.
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1.2 Preview of Contents

In this thesis the historical development of the explosive shaped charge is documented with
particular reference to that of the explosively-forged projectile. The attempts to use shaped
charge technology in mining are recorded. The successful modification of a military
explosively-forged projectile is also discussed. This projectile has been used for clearing
blocked ore passes in South Africa mines over the past decade. The thesis describes the
classical theories of explosive detonation, particularly the Hydrodynamic Theory of
Detonation showing the development from the Chapman-Jouguet model to the Zeldovich-
von Neumann-Doering model and the Taylor Wave analysis (Davis 1987). This thesis also
describes the mechanism of acceleration of metal plates driven by explosive detonation
according to the classical mechanics model of Gurney, the gas dynamics model of Taylor
and the shock physics model of Lambourn and Hartley (Gurney 1943, Taylor 1943, 1950,
Lambourn & Hartley 1965 and Fickett 1987).

It will be shown that the shaped charge is enhanced by the presence of a metal liner and
that a stand-off distance is required for the metal liner to accelerate to a high velocity before
it impacts the toe of the hole. It will be shown that the impact of the high velocity slug is of
such a magnitude that the rock at the toe of the hole can be compressed in excess of a
millimetre. This is sufficient to cause a perpendicularly-formed umbrella crack at the toe of a
blasthole. This is a phenomenon which has never been satisfactorily explained previously.
This crack, when it is extended by the expansion of explosive gases which follow the
detonation shock wave, assists in the break-out of the rock right up to the toe of the hole.
This results in the following advantages for mining: -

- the blasthole sockets are eliminated
- the face advance becomes the length of the drilled hole
- the efficiency of the blasting operation increases proportionately.

Experimental measurements were made using flash X-ray radiograph and electronically-
timed shorting screen techniques to determine the shape and velocity of the high velocity
metal liner slug. The effects of different types of explosives were compared, as were the
effects of different quantities of explosives. Tests were undertaken to demonstrate the
forward punching power of the shaped charge and also to ascertain the optimum stand-off
distance.  The compatibility of wvarious high velocity of detonation explosives with

conventional mining explosives was also investigated.
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A shaped charge which could act as a directional primer charge in the practical stoping
operation has been designed. Underground tests were undertaken under full production
mining conditions to compare the rock breaking effects of the designs of the various
directional primer charges. These are compared in the thesis to conventional blasting
practice and the differences recorded. It will be found that, on average, fewer and shorter

sockets remained after the blast using a directional primer charge.
It will be shown that, depending on the mines’ previous blasting efficiencies, the use of the

directional primer charge can improve the blasting efficiency in South African hard rock
mines by up to 15%.
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1.3 Witwatersrand Practice

Witwatersrand Practice is the name given to the system of mining employed on the South
African gold and platinum underground mines (Watermeyer and Hoffenberg 1932, Biccard
Jeppe 1946). These mines are typically deep-level, hard-rock, narrow-seam mines.
Witwatersrand Practice has two characteristic mining operational components — stoping and
development. (Cruise 1999).

1.3.1 Stoping

Stoping on South African gold and platinum mines is characterized by the mining of narrow
seams of ore called “reef”. The width of the reef is usually less than one metre. The stoping
width to mine a single reef horizon is of the order of one metre which is considered to be the
minimum mining width to allow men to work in effectively. Traditionally, the blastholes are
drilled horizontally in the reef plane with handheld pneumatic jackhammers to a depth of the
order of one metre. Each blasthole generates about a ton of broken rock per blast. Thus,
many holes are drilled each day to produce the tonnages required. In South Africa alone
this is in the order of half a million holes per day, (AEL 2004). When past South African
mining literature is studied (Watermeyer et al 1932, Biccard Jeppe 1946), it is apparent that,
in reality South African stoping practice has changed little over the past century.

To open up a stoping area requires preparatory excavation. This takes the form of tunnels
and rockpasses. This is often not in ore-bearing reef and thus is deemed to be an
uneconomic activity. Hence, the quantity of stope face ready to mine is kept at a minimum
and utilization of available stope face is at a premium. In order to maintain a constant
tonnage rate to the mill to keep it running at maximum capacity, a constant volume of
ground must be mined. If the stoping width is greater than the reef width, then the stoping
width should be kept to a minimum to avoid unnecessary dilution with waste rock. With
limited stope face and the stoping width being kept to a minimum, the only way to ensure
maximum tonnage rate is to maximize the face advance. Any loss in face advance affects
the total tonnage output of the mine. The old mining adage of “a blast lost is never regained”
holds true.
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1.3.2 Blasthole Sockets

The pressures on mining production today can therefore be laid at the door of blasting
efficiency. An efficient blast is one that maximizes face advance. It is accepted that the
maximum that a face can advance per blast is the length of the blasthole drilled. In practice
this is hardly every attained due to inaccurate drilling, which causes too great a burden at the
toe of the hole, resulting in the rock not breaking out to the full length of the blasthole, i.e. the
leaving behind of blasthole sockets in the face. (see Chapter 5.2.1).

The presence of sockets in the face and their length is a good indicator of the efficiency of a
blast. Sockets left behind after a blast are commonly 50 mm to 500 mm in length.
Brinkmann (1994) states that a socket length of 300 mm is considered short by general
blasting standards. To minimize the socket length or to eliminate the socket altogether is to
increase the volume of rock broken per blast, thus increasing the blasting efficiency. In
addition, there are many deleterious effects associated with the presence of sockets in
stoping. Sockets can produce an uneven face advance. The resultant bulging of the face
due to long sockets affects both the drilling and the breaking of the following round. Bulging
of the face tends to become exaggerated with each succeeding round making the cleaning
of the broken rock away from the face using in-line face scrapers more and more onerous.
Although sockets indicate unbroken rock in the face, the rock that lies between sockets has
been subjected to explosive energy and tends to be blast-damaged. The drilling of the next
round is hampered by stuck drill steel caused by this fractured ground. Also sockets can
pose a safety hazard in that they may contain unexploded explosive, which, if drilled into,
can cause severe injury or death. Thus, the elimination of sockets is highly desirable in the

mining industry for a number of reasons.

1.3.3 Development

The second largest usage of explosives on South African deep level mines is development
(or tunnelling). In order to begin stoping an amount of access development is required to be
undertaken. This development usually consists of tunnels. These tunnels are called drives
or crosscuts if horizontal, raises or winzes if advancing above or below the horizontal
respectively. Shafts and rockpasses are special types of raises or winzes. The purpose of
development is to open up the ore reserve for economic mining (or stoping) as quickly as
possible. Thus, the rate of advance, (either the frequency of the blasts or the length of
advance per blasted round) should be maximised.
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Again, it is commonly accepted that the maximum length of a blasted round in a tunnel is the
length of the drilled hole. This is rarely achieved in practice, resulting in sockets in the face.

1.4  The Directional Primer Charge

The rock at the toe of the blasthole, being that portion of the hole that is most confined, is the
most difficult area to break out. Thus, it was realized that a blasthole requires more
explosive energy at its toe than any other part of the hole.

In the old Witwatersrand Practice, this was achieved by placing a more powerful explosive at
the toe, namely the placing of an ammon gelignite primer at the bottom of the hole whilst the
rest of the column charge consisted of ammon dynamite cartridges.

Some 30 years ago a phenomenon was observed in blasted Perspex models in the blasting
laboratory at the University of the Witwatersrand. This was the creation of an umbrella
fracture which radiated outwards from the toe of the hole and was perpendicular to the axis
of the hole. If this phenomenon could be replicated in rock under mining production
conditions, then the rock burden would break out to the full length of the hole, thus
eliminating hole sockets. (see Chapter 5.2.2).

In the Perspex models, the umbrella fracture occurred when there was a void between the
explosive column and the end of the hole. Thus the creation of umbrella fractures in
Perspex models became known as the “air gap phenomenon”.

Preliminary thoughts as to the cause of the air gap phenomenon was that it was the
detonation wave of the explosive which travelled on forward down the hole as a shock wave
that was responsible for the fracture. It was thought that such a shock wave through air,
whilst strong enough to fracture Perspex, would not be strong enough to fracture rock.

Recent attempts to convert the use of military armaments for commercial uses saw the
development of an explosively-forged projectile as a converter of explosive energy into
impact energy. Thus was born the concept of an explosive gun. By using a metal liner at
the end of an explosive column and having a stand-off distance in order to allow the metal
liner to fully form into an ultra high speed slug, sufficient shock energy might be developed to
fracture rock at the toe of the hole similar to that of the Perspex model namely, an umbrella
fracture at the end of the hole.
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This explosive gun was described as a directional primer charge and was patented by J.A.
Cruise in 1989. (SA Patent No. 89/3235).

Figures 1.1, 1.2 and 1.3 are taken from the patent application.

Figure 1.1 shows the basic configuration of components of the directional primer charge: -

- a base charge of standard commercial explosive.

- a socket in the base charge in which to insert a standard commercial detonator.

- a high velocity of detonation explosive in front of the standard explosive.

- a metal liner in intimate contact with the high velocity of detonation explosive.

- a housing which contains the explosives and the metal liner and protrudes in front of
the metal liner to provide a stand-off distance.

Standard

Explosive High VOD

Explosive

Detonator

Socket Housing Metal Liner

FIGURE 1.1

Figure 1.2 shows a more practical design for the directional primer charge: -

- the explosive used is a high velocity of detonation explosive of sufficient length for its
characteristic velocity of detonation to be attained.
- the metal liner is formed in the shape of a dished disc of radius R to optimise the slug

formation.
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- the distance S is the optimum stand-off distance to allow the slug to fully form and to
attain maximum velocity.

- the nose-cone is tapered to allow ease of access of the directional primer slug into
the blasthole, allowing it to ride over drill chippings remaining in the hole.

- the degree of tapering is governed by the shape the metal liner disc takes when it is
formed into a high velocity slug.

- this directional primer charge can be initiated by the explosive column of standard

explosive cartridges placed behind it.

High VOD
Explosive Dished

Tapered
Nose-Cone

FIGURE 1.2

Figure 1.3 shows the placement of the directional primer charge in the blasthole. Note that
the directional primer charge is placed at the toe of the blasthole and is function is to
increase the breakout of rock at the toe of the hole. An explosive column of standard

explosive is then placed behind the directional primer charge.
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CHAPTER 2 HISTORICAL DEVELOPMENT

2.1 Development of Explosives

2.1.1 Early Recognition

The du Pont Blaster's Handbook gives the following time-line for the development of
explosives and Alfred Nobel's contribution (du Pont Blaster's Handbook 1977). Explosives
are traditionally accepted to have had their origin in the use of black powder by the Chinese
in the tenth century. It was first mentioned by the Arabian Abd Allah in the thirteenth
century. The formula for black powder was written down by the friar Roger Bacon in 1242.
Its first use as a firearm propellant was around 1300 recorded by Schwarz. Its first
documented use in mines was in 1627 in Hungary. However, the development of the
science of explosives is generally accepted as coinciding with the discovery of nitroglycerine
by Ascario Sobrero in 1846 and its commercial development by Alfred Nobel, beginning in
1860.

2.1.2 Nobel’s Contribution

The development of the science of explosives is characterized by periods of intense activity
and spectacular breakthroughs followed by long periods of dormancy. During the short
period from 1860 to 1880, Nobel produced nitroglycerine on a commercial basis (1861),
patented black powder — nitroglycerine mixture (1863), developed the first commercial
detonator using mercury fulminate (1864-1867), mixed nitroglycerine with diatomaceous
earth to produce dynamite (1866), patented the waterproofing of dynamite (1873),
discovered blasting gelatin by dissolving nitrocellulose in nitroglycerine (1875) and finally
used ammonium nitrate in gelatin dynamites (1879). Thus, most of the basic chemistry of
explosives of today was discovered or developed by Nobel in a short, intense period over a
century ago.

2.1.3 Military Explosives

Whereas Nobel was primarily involved in the development of commercial explosives, the
military establishment developed explosives for use in warfare. Part of their research was to
develop explosives which had greater stability, longer shelf-life and greater destructive
ability. This led to the development of the high velocity of detonation explosives:- TNT (first
used in World War 1), RDX, HMX and their mixtures (first used in World War Il and in
widespread use today).
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The physics of explosives and blasting is also characterized by breakthroughs, sometimes
stimulated by increased activity of the military during war years. The Hydrodynamic Theory
of Detonation, which in a modified form, still holds sway today, was first proposed
independently by both Chapman and Jouguet at the turn of the century (Davis 1987). The
ZND (Zeldovich — von Neumann — Doering) model of detonation was again arrived at
independently by three researchers in three countries at the same time in the early 1940s.
(Davis 1987).

Spurred on by the presence of World War I, Zeldovich of the Soviet Union, von Neumann of
the United States of America and Doering of Germany all developed a similar model of
detonation. Also during that war, the work of Taylor in describing analytically the motion of
product gases behind the detonation front was developed, as were the elegant engineering
equations of Gurney to calculate the acceleration of metal plates by explosives. Although
there are only a few textbooks on the science of explosives and blasting, there is a large
body of literature on it in the form of published papers many of which have only recently
been declassified by the military authorities of various countries.

2.1.4 Commercial Explosives

Commercial explosives are those explosives that are widely used in the civil and mining
industries. They are characterised by low cost and rapid turnover — buy it and use it.
Therefore, they typically have a short shelf life of only a few months.

As they are a major cost item in production mining, there is a great commercial pressure to
keep their cost down and their performance is often judged as the “most bang for the buck”
or price per unit mass. The most widely used explosives tend to be those with the cheapest
ingredients.

Nitroglycerine explosives as developed by Nobel in the nineteenth century, were the
backbone of the mining industry for the next century. The classical nitroglycerine explosives
consisted of a mixture of nitoglycerine, a sensitiser and plasticiser such as EGDN, a fuel and
an oxidiser such as ammonium nitrate. In South Africa, three types of nitroglycerine
explosives were used —ammon dynamite, dynagel and ammon gelignite. The cheapest was
ammon dynamite, but it was water-soluble. The most expensive was ammon gelignite, but it
was waterproof. Dynagel was manufactured as a compromise, being water-resistant for a

period of a few hours and cheaper than ammon gelignite.
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During the 1940’s, it was realised that ammonium nitrate fertiliser had explosive properties.
It was marketed under various acronymic names — ANBA was ammonium nitrate blasting
agent, ANFO was ammonium nitrate fuel oil and ANFEX was ammonium nitrate fuel
explosive. Due to its far lower cost than nitroglycerine explosives, it was readily accepted
and used in the mining industry. However, it was water-soluble and therefore could not be

used in wet holes.

To combat the water-solubility of ammonium nitrate, a manufacturing technique was
developed to make it waterproof. Ironically, this consisted of dissolving the ammonium
nitrate in water and adding binders to keep it in suspension in the form of a gel. These
explosives were known as watergel explosives. Further refinements produced slurry and

emulsion explosives which are used today. (Cruise 1999).

2.1.5 Composition B

In developing the directional primer charge, which appeared to require the use of a high
velocity of detonation explosive to drive the metal disc forward at a high velocity, in South
Africa both the commercial and the military explosive manufacturers were approached. The
manufacturers of military explosives proposed the use of Composition B.

Composition B is a mixture of RDX and TNT in the ratio of 64 % to 36 %. It is castable and
stable to handle and is probably the most widely used explosive in high velocity of
detonation.

Thus, the majority of trials of the directional primer charge used Composition B as the
preferred high velocity of detonation explosive.

2.1.6 Super Gelignite

During the trials of the directional primer charge, a commercial explosives manufacturer let it
be known that they could manufacture a special formula ammonium gelignite that had a
higher velocity of detonation than standard ammonium gelignite. Although its velocity of
detonation was not as high as Composition B, due to its low cost of manufacture it was
decided to do comparative tests with Composition B.

Thus, a full set of tests was undertaken using this specially formulated gelignite, which was
dubbed “Super Gelignite”.
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2.2 Development of Shaped Charges

The term shaped charge is a generic term which covers hollow charges and lined cavity
charges. A hollow charge is an explosive charge with a hollow cavity at the end of the
explosive opposite to the point of detonation. A lined cavity charge is a hollow charge in
which the cavity is lined (with a metal or ceramic liner for example) and has a stand-off
distance from its target. The two additional features of a lined cavity charge over a hollow
charge, namely the liner and the stand-off distance, increases the effect of the hollow
charge.

It is generally accepted in English speaking circles that the father of shaped charge
technology is Charles Munroe, an American chemist, whose pioneering work was
undertaken a century ago. However, knowledge of the hollow charge effects in blasting in
mining predate Munroe by a further hundred years, as is evidenced by a publication by
Franz von Baader in 1792.

Although shaped and hollow charge effects have been known for two hundred years, it was
only in the last century that scientists became aware of its potential. It is in the last seventy
years that it has become an integral part of military weaponry (Berkholtz 1985), Berkholtz
(1985) and Walters and Zukas (1989) describe the development of shaped charge
technology from the earliest Von Baader recorded reference through the various
technological breakthroughs to the start of World War Il when the military finally recognised
the practical potential of the shaped charge.

These developments may best be presented as significant milestones in the following
chronological order: -

2.2.1 Milestone 1 — Earliest Known Reference

Shaped charges have been known in mining for over two hundred years. In the earliest
known reference to the hollow charge principle, Baader published his paper on the
“Investigation of a Theory of Blasting” in the Miner's Journal of March 1792. (Von Baader
1792). In his paper, Von Baader presents a rebuttal of earlier, but misleading attempts at an
explanation of the significance of hollow spaces in mine blasting operations.
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2.2.2 Milestone 2 — First Recognition Of Military Potential

In 1883, von Foerster published his book on experiments with compressed guncotton (von
Foerster 1883). Von Foerster recognized the application of hollow charges for military
purposes.

“The detonation of the primer gives the detonation gases a direction away from itself,
a direction towards the side opposite ... In explosive charges of shells, it is best to
apply ... both the hollowing of the charge and the placing of the primer at the base of
the shell, in order to obtain an increased action towards the head of the shell, in
which direction also the object to be destroyed will almost always lie”. (Von Foerster
1883).

2.2.3 Milestone 3 — Munroe Effect

About this time, the American chemist Munroe also experimented with guncotton and
discovered the effects of hollow charges (Munroe 1888). His celebrated demonstration of
imprinting elm and maple leaves in steel plates “to decorate the fireplace at the Cosmos
Club” contributed to his fame and recognition as “the father of shaped charged technology”
and firmly established the “Munroe Effect” in the science of explosives.

The Munroe Effect is the apparent concentration of explosive energy by the hollowing out of
an explosive charge.

It is the focusing of the detonation wave which passes through the explosive charge and
emerges as a converging wave due to the surface geometry of the hollow. Munroe further
demonstrated the Hollow Charge Effect by tying sticks of dynamite around an empty tomato
can and using it to a hole in a safe door. This was described and published in the Popular
Science magazine in 1900 (Munroe 1900).

2.2.4 Milestone 4 — First Patents For Hollow Charges
The first patents for hollow charges were applied for in 1910 (granted in 1912) by the
Westfaelisch-Anhaltische Sprengstoff A.G. (WASAG). But, as stated by Schardin (Schardin

1954), the publications of von Foerster and Munroe must have been overlooked as the
patent contained practically no innovations.
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2.2.5 Milestone 5 — Practical Applications For Hollow Charges

Two papers relating to the WASAG patents were published before World War I. The first

(M Neumann 1911) concerned the cutting of iron beams and rails. It was found that,
contrary to what was expected, namely, that the explosive should be placed in more intimate
contact with the target, a “hollow space in the charge, specifically on the side of the item to
be blasted, is approximately three to five times as effective”. The second paper (E Neumann
1914) described the influence of the cone angle in the hollow space on the perforation
performance on TNT demolition charges. Neumann emphasized the military usefulness of
these hollow charges.

2.2.6 Milestone 6 — Extent Of World War | Interest

What the WASAG patent did achieve, however, was to attract the attention of the British
Navy and Army. Naval Ordnance records show that in 1913 shaped charges were studied
for use as torpedo warheads (Ordnance Board Minute 8220, 1913). The British Army, on
the other hand, was more sceptical. It considered that the use of hollow charges in
projectiles was impractical because it would be difficult to prevent the forward movement of
the charge on impact. In addition a base fuse was not an acceptable feature at that time
(Ordnance Board Minute 8847, 1913). Despite the demonstrated advantages of hollow
charges, they were not used in World War I.

2.2.7 Milestone 7 — Early Russian Research

The fact that “the principle of the shaped charge was neither introduced in the military
explosive technology nor in other practical fields” was incomprehensible to Sukharevskii who
conducted extensive practical tests in Russia in the mid-1920s (Sukharevskii 1925, 1926)
(IBID). He noted that the dimensions of the perforations achieved with hollow charges were,
to a certain degree, proportional to the dimensions of the cavity of the charge. Tragically, his
research came to an end when he fell victim to one of Stalin’s purges.

2.2.8 Milestone 8 — The Case Of The Dimpled Blasting Cap

The celebrated case in which Wood attributed the cause of death of a young women to the
dimpled cap of a blasting detonator, demonstrated that a liner of a hollow charge is
transformed into a projectile of considerable penetrating power at a substantial stand-off
distance (Wood 1936). This is the first instance of the hollow charge being used to produce
a directional projectile.
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2.2.9 Milestone 9 — Early German Military Initiative

Finally, in the 1930s, the hollow charge principle was taken seriously in military circles. The
German Army Ordnance initiated development in three areas of research viz.

demolition charges with hemispherical and bell-shaped cavities for various charges
rifle grenade with shallow spherical charge

shaped charge projectiles for anti-tank guns

2.2.10 Milestone 10 — Liner Effect

During the above research, Thomanek in 1938 accidentally discovered the effect of the liner
(Thomanek 1960) on the penetration of the blast.

He established that conical, hemispherical or bell-shaped liners made of brass produced a
five-fold improvement on the penetration over unlined charges. He was granted a secret
German patent for his performance-enhancing liner in December 1939.

2.2.11 Milestone 11 — Development Of The Bazooka

In January 1939, a Swiss, Mohaupt, approached the British and American military authorities
with a new form of munitions, which he claimed to have developed. The Americans acquired
the rights of the invention from Mohaupt. The essential features of Mohaupt’s invention were
similar to that of the American inventor, Hopkins. This was a bomb built with a shaped
charge. The Mohaupt design was adopted for the Bazooka anti-tank gun (Green et al 1955).
At about the same time the Germans developed a weapon similar to the Bazooka, a high
explosive anti-tank rocket known as the Panzerfaust.

2.2.12 Milestone 12 — Jet Formation And Jet Target Interaction
During the years 1941 to 1945, extensive experimental and theoretical research was

undertaken in Britain, which led to the considerable increase in the knowledge of the

complex mechanisms of jet formation and jet-target interaction.
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By the end of 1942, it had been shown that the shaped charge effect was not the result of
simply focusing the explosive energy, but was rather a complicated process involving: - the
type, shape and size of the explosive charge; the distance between the liner and the target;
and the medium through which the jet passed before reaching the target (Taylor 1941, Tuck
1943, Hill et al 1944, Berkholtz 1985, Walters and Zukas 1989).

At the end of the war, the collaboration between the British and American researchers was
published in the seminal paper by Birkhoff, McDougal, Pugh and Taylor. (Birkhoff et al
1948).

Thus, by the end of World War 1l, the basic fundamental theory of shaped charges was

understood. Out of this wartime research came the development of a particular type of

shaped charge — the explosively-forged projectile or EFP.
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2.3 Development of Explosively-Forged Projectile or EFP

2.3.1 Ballistic Effect of Blasting Cap

In a publication in 1936 (Wood 1936), Wood describes the unfortunate death of a young
woman who was struck in the chest by a metal fragment as she opened the oven to check
on the coal fire. Although the fragment was no bigger than a pin’s head, she bled to death in
a short time. Wood reasoned that the copper fragment, which was recovered during the
autopsy, had come from an unexploded blasting cap which had been delivered in the coal
and which had detonated in the fire. By experimenting with blasting caps and interrupting
the detonation at various times, he was able to demonstrate the ballistic effect of the dimpled
end of the blasting cap. He recreated the shape of the fragment that killed the women. In
addition, Wood estimated the velocity of the fragment as approximately 1800 m/s.

2.3.2 Explosive gun

In Germany in 1938, Thomanek discovered the importance of a metallic liner for the terminal
ballistic effectiveness of shaped charges. By 1940, the Luftwaffe’s Technical Academy’s
Ballistic Institute at Berlin-Gatow under the direction of Schardin, succeeded in making flash
X-ray radiographs of the deformation process of shaped charge liners. These studies
focused on hemispherical liners that, as the radiographs show formed an elongated plug that

later segmented into a number of fragments.

In 1943, Colonel Misznay of the Hungarian Armed Forces demonstrated to Schardin,
Thomer and Trinks from the German Weapons Office that if a suitable metal liner was used,
considerable punching power over a long range could be obtained with a shaped charge.
This effect held out great promise for the development of an explosive gun for armoured
targets. Misznay's flat dish projectile was also studied using flash X-ray radiography.,
(Schardin 1954).

2.3.3 Flat Cone Charges
After the war, the original German shaped charge work continued under Schardin at Saint

Louis in France. The major focus of the research was both the conical liners and the
projectile formation from the flat cone charges.
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In the 1950s, on the initiative of Trinks, Thomanek began investigating shaped charges. In
1962, they were able to demonstrate a 200 mm calibre off-route mine based on the principle
of a flat cone charge. This weapon set a tank on fire at a range of 80 metres. In a review
paper by Held in 1977, this work with projectile-forming, flat cone charges produced armour-
plate penetration performances of 100 mm depth at close range and 70 mm depth at long
range. (Held 1977).

In the 1970s, the possibilities of improving EFP formation by means of disc shaped liners
were studied extensively, primarily in the USA. These studies were supported by a number
of numerical simulation programmes. In the early 1980s, an EFP was first tried out in mining

to bring down hang-ups in sub-level caving (Lindroth 1982).

Towards the end of the Angolan war, the South African military manufacturer, Armscor,
developed a remote-controlled off-route mine, an anti-tank EFP known as the “piering” (or
flying saucer). Tests showed that this weapon, which consisted of a thick copper liner of
mass 2 kg, explosively driven forward at almost 2 000 m/s, could cleanly penetrate 100 mm
thick armour-plating. A demonstration on a captured Russian T57 tank showed the piering
could penetrate right through the tank, in one side and out the other (Cruise 1987).

2.4  Shaped Charges in Mining

2.4.1 Post-War Attempts

Although immediately after World War Il there were many attempts to apply the newly-found
shaped charge technology to mining operations, these were in the main unsuccessful on
economic grounds (Lewis and Clark 1946, Huttl 1946, Clark 1947, Draper et al 1948,
Davidson & Westwater 1949).

Further attempts were made during the next forty years and apart from the success as
perforation charges in the oil industry, the only device that showed some potential, was an
explosively-forged projectile as a safe, effective hang-up clearance charge (Austin & Pringle
1964, Austin 1964, Lindroth and Anderson 1982 and 1983).

In 1986, a device similar to that described by Lindroth was successfully developed and
marketed on South African mines. This device was called the Slugshot, which was modified
for use in the mining industry from the South African military’s P-charge. Its function was to
clear hang-ups in rockpasses. (See Photographs 2.1 and 2.2).
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PHOTOGRAPH 2.1 SHOWING THE SLUGSHOT HANG-UP CLEARANCE CHARGE
WITH IT'S ACCESSORIES UNDERGROUND

PHOTOGRAPH 2.2 SHOWING THE SLUGSHOT SET UP IN AN OREPASS
WITH THE DETONATOR AND FUSE ATTACHED
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2.4.2 Slugshot

A hang-up is the bridging or jamming of broken rocks in a rockpass or a draw-point. One
method commonly used to bring down the hang-up was for a miner to climb up the rockpass
and place a bomb of explosive cartridges against the jammed rock. Due to its extremely
hazardous nature, this practice is forbidden by law in South Africa (Minerals Act 1991).
Nevertheless, due to pressures for continuity of production, the law was often flouted,

resulting in frequent injuries and death.

The advantage of the Slugshot was that it acted as an explosive cannon, which could be
aimed at the hang-up from a remote distance. It was accurate to a range of over 100
metres. For a decade, it was used as a standard method for bringing down hung-up
rockpasses throughout the mining industry (Cruise and Szendrei 1987). As a result of this
success, there has been a renewed interest in shaped charges for use in the mining industry
in the past fifteen years. Some applications have been more successful than others.

2.4.2 Other Shaped Charges

Lay-on shaped charges for the breaking up of large rocks are now commercially available
although still not in widespread use.

Research by the Chamber of Mines Research Organisation to develop a shaped charge for
stoping using the jet formation characteristic of a metal lined shaped charge to
simultaneously bore a hole and break-out the burden of rock proved commercially
unsuccessful and the research was terminated (Giltner 1992).

As a result of the success of the Slugshot, which was able to transform explosive energy into
impact energy sufficient to break large rocks, the concept of a similar directional charge for
use in stoping operations was formed, developed and patented in 1989 (S.A. Patent No.
89/3235). This was the “Primerslug” or directional primer charge.

2.4.3 The Directional Primer Charge

This stoping directional charge was much smaller than the Slugshot at a hundredth of its
mass and a tenth of its diameter. It was designed to fit into a standard stoping blast-hole
and to be located at the toe of the hole. It took the place of the primer charge and thus it is
referred to as a directional primer charge, as described in Section 1.4 and shown in Figures
1.1,1,2and 1.3.
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CHAPTER 3 FUNDAMENTAL THEORIES CONSIDERED IN THE
DEVELOPMENT OF THE DIRECTIONAL PRIMER
CHARGE

3.1 Hydrodynamic Theory of Detonation

The Hydrodynamic Theory of Detonation, although first proposed a century ago, still holds
prominence today as the theory which best describes the act of detonation of an explosive.

Over the years, the original Hydrodynamic Theory of Detonation of Chapman (1899) and
Jouguet (1905) has been modified by Zeldovich (1940), von Neumann (1942), Doering
(1943) and Taylor (1941). In later years it has been further refined by many researchers.

3.1.1 Chapman-Jouguet Theory

In 1899, the English chemist, Chapman (Chapman 1899), proposed that a detonation wave
sweeping through an explosive gas could be considered to be a self-sustaining shock wave
(Davis 1987). Chapman maintained that a shock wave travelling through a high explosive
precipitates in its wake chemical reactions that supply enough energy to drive the shock
wave forward through the explosive.

If this was the case, the equations that describe shock waves could also be used to describe
detonation waves — as long as they reflect the state of the exploded rather than the
unexploded gas. Some further analysis, however, revealed an important difference between
shock and detonation waves. Whilst slowly driven pistons can produce weak, low-velocity
shock waves, detonation waves are always strong and always propagate at a high velocity.

Since a detonation wave was observed to travel at a single characteristic velocity, depending
only on the explosive through which it propagated, Chapman reasoned that conditions for
detonation likewise had to be defined by the singular state. He therefore postulated that the
pressure and material velocity for the detonation state of an explosive gas were defined by
the unique minimum wave velocity. Chapman calculated detonation velocities according to
this postulation and compared them with measured velocities and found that they showed

remarkable agreement.
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Concurrently in France, Jouguet (Jouguet 1905) had been working on similar lines and had
shown that the minimum detonation wave velocity corresponds with the velocity of a sound
wave in the hot, compressed, moving detonation products found in the shocked explosive.
This meant there was a physical explanation for the fact that a stable detonation wave
propagates under the condition described by the minimum detonation velocity.

By initiating a strong shock wave, a rarefaction would eventually travel through the
detonated explosive and catch up with the overdriven wave to slow it down. This minimum
velocity is called the Chapman-Jouguet velocity. Jouguet’'s arguments about how a shock
wave might speed up to attain this minimum velocity were complicated and not convincing.
Nevertheless, investigators could not dispute the experimental data, which seemed to
confirm the theory’s accuracy of prediction. The theory outlined by Chapman and Jouguet is
still the framework on which the most widely accepted theories of detonation are
constructed.

The Chapman-Jouguet theory was unsatisfactory in that is lacked a detailed explanation for
what takes place physically in a detonation wave. Nevertheless, the fact that it predicted
adequately the final state of the gas immediately after if had been detonated satisfied

practical-mined explosives engineers.

3.1.2 Zeldovich-von Neumann-Doering Model

The first significant attempt to explain the underlying physics of how chemical reactions are
initiated by the shock wave and how they transfer energy to the overall flow of explosion
products came from the theoretical work of three men, namely Zeldovich in the Soviet
Union, (Zeldovich 1940), von Neumann in the United States of America (von Neumann
1942) and Doering in Germany (Doering 1943). They arrived at their conclusions
independently and more or less simultaneously in the early 1940s.

Their key insight was to take the temperature and pressure of a shocked material as given
and to concentrate on how chemical reactions in the shocked material proceeded. In other
words, a shock wave in a explosive material is simply treated as a discontinuity in the
material's properties. The material behind the infinitesimally thin shock wave is at high

temperature and pressure, whereas the material in front of it is not.
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The explosive’s chemical reactions in contrast, are treated as taking place behind the shock
wave in a short but finite time and in a steady reaction zone of small but appreciable
thickness. They maintained that directly behind the shock wave the explosive is in a state
where no chemical reaction has yet taken place. Further back, at the end of the reaction
zone, a state is reached in which all energy-releasing chemical reactions have been
completed.

Between the shock wave and the far end of the reaction zone must lie other states for
partially reacted explosive. Hence, there is a sequence of chemical states in the reaction

zone, and each state has it's unique pressure and material velocity.

The Zeldovich-von Neuwmann-Doering (ZND) model for detonation finally enabled scientists
to give a fair description of how a detonation proceeds. A shock wave propagating into
undisturbed explosive material instantaneously compresses and heats it enough to initiate
chemical reactions that, within several nanoseconds, release energy. This energy, in turn,
preserves the conditions of high temperature and pressure necessary to drive the shock
forward. When the reactions have run to completion at the end of the reaction zone, the
gases expand to do work. The reactions are only slightly disturbed by the expansion that
occurs behind the zone.

The velocity of the detonation wave should be at least equal to the Chapman-Jouguet
velocity. If it is equal, then the final state of the explosive (and the initial state from which the
explosive products expand to do work) is identical to the final state specified by the
Chapman-Jouguet theory.

However if the velocity is greater, two possibly final states could results, one with higher
pressure and material velocity than is stipulated by the Chapman-Jouguet theory and one

with lower pressure and material velocity.

3.1.3 Taylor Wave Analysis

In 1941, Taylor published a war-time classified paper that was declassified and republished
after World War Il (Taylor 1950). Taylor recognized that the Chapman-Jouguet theory
avoided the necessity for studying the motion of gases behind the detonation front by
making the assumption that small disturbances in the gas immediately behind the detonation
front travel at the same speed, as the front itself.
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Taylor studied the motion of gases behind the detonation front, recognizing the
hydrodynamics of the burnt gas and the distribution of pressure behind the detonation front.
He analytically solved the wave equations for polytropic gases and derived explicit solutions
for product gas velocity, sound speed, density and pressure.

As Taylor appears to be the first person to adopt this approach, the expansion of the
detonation product gases is often called the Taylor Wave. The practical importance of
Taylor's analysis is that is provides the basis for calculating the parameters and values
involved in explosive acceleration of projectiles. (see Appendix 2).

3.2 Acceleration of Metal Plates

The nature of the acceleration of a metal liner from rest to its maximum velocity as an
explosively-forged projectile has been the subject of much speculation and several questions

need to be answered, i.e.

How does the metal liner attain its final velocity?

i) Is it a constant acceleration from rest to final velocity over a short period of time
similar to a piston push as shown in the diagram below?

Velocity | —
Time
i) Or is it more of an exponential acceleration due to the dissipation of expanding gases
as shown below?
A
Velocity
Time
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iii) Or does it attain its maximum velocity instantaneously as a shock jump condition as a

result of the impact of the detonation wave of the explosive as shown below?

Velocity — —— — —

v

Time

All three of the above have been proposed at various times and each has its own merits.

The determination of the acceleration of metal plates by explosives is usually described by
one of the three following models: -

- the Classical Mechanics model
- the Gas Expansion model
- the Shock Physics model

The first is an engineering model derived in 1943 by R.W. Gurney for calculating the
velocities of shrapnel fragments. Gurney’s model is an application of classical mechanics
based on energy and momentum balances to consider only the end states i.e. the final
velocities at the end of the acceleration phase of the metal fragments. It is commonly
referred to as the Classical Mechanics Model or the Gurney Model. (see Appendix 3). The
second is a scientific model based on the dynamics of the product gas behaviour of an
explosion. It is referred to as the Gas Dynamics Model and is based on the Taylor Solution
for the flow of the detonation product gases. This model has subsequently been refined by
many researchers, inter alia Aziz et al (1060), Duvall et al (1969) and Yadav and Gupta
(1988). (see Appendix 4). The third is an extension of the scientific model but is based on
shock physics (Lambourn & Hartley 1965). (see Appendix 5).

3.2.1 Classical Mechanics or Gurney Model

As previously stated, the Gurney model only considers the end states. Gurney make a few

simple assumptions, namely: -

- the metal fragments are projected at right angles to the metal surface irrespective of
the direction of detonation of the explosive.
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- a specific energy (the Gurney Energy) which has a characteristic value for each
explosive type, is that portion of the total chemical energy that is available to be
converted into kinetic energy.

- the product gases have uniform density at any instant, i.e., the density is only a
function of time.

- the product gases possess a spatially linear velocity distribution.

The Gurney method may be applied to any explosive/metal combination with a cross-section
admitting one-dimensional transitional motion of the metal normal to its surface regardless of
the direction of detonation. Based on the assumption of a known Gurney Energy for the
explosive and a linear gas velocity distribution, the total energy balance for any simple
geometry can be written out explicitly.

For symmetric configurations, such as a cylinder, a sphere or a flat sandwich, the energy
balance equation is sufficient to define the final state (see Appendix 3).
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For asymmetric configurations, such as an explosive between two plates of unequal mass or
an open sandwich combination of metal and explosive, the momentum balance equation

must be solved simultaneously with the energy balance equation. (see Appendix 3).

Over the years, it has been noted that Gurney Model predictions over-estimate measured
velocity values. Weickert et al (1995) have suggested a modified Gurney Model to allow for
this discrepancy. They suggest that the plate acceleration is a two stage process. In the
first stage, the plate acquires momentum from the particle velocity behind the detonation
wave. In the second stage, the plate acquires additional momentum by the usual Gurney
expansion of gases. The energy available for the second stage is suitably adjusted from the
standard Gurney value to account for the initial momentum coupling. The net effect is to
predict a significantly lower terminal velocity for the plate. (Szendrei 1996).

This is referred to as the Modified Gurney Model.

3.2.2 Gas Expansion Model

As previously stated, the Gas Dynamics Model is based on the Taylor Solution for the flow of
detonation product gases. The essential features of the Gas Dynamics Model are described
below using Figures 3.1 and 3.2 as illustrated. (see Appendix 4).

The initial physical configuration is shown in Figure 3.1. The flow after initiation at the
surface O, and before the detonation front reaches the plate is given by a simple wave
centered at O. This is the Taylor Wave. When the detonation front reaches the piston a
shock is reflected. Being a weak shock, this is approximated by a compression wave. The
piston is assumed to be rigid, so that it moves as a whole as soon as it is subjected to
pressure. Thus its initial velocity increases smoothly from zero as it is accelerated.

The wave diagram that traces the gas/piston motion is given in Figure 3.2. Line OA traces
the advance of the detonation front to its arrival at the plate at point A. Region | delineates
the simple wave (Taylor Wave) region behind the detonation front. Region Il represents the
region of interaction between the Taylor Wave and the wave reflected from the piston. The
piston itself accelerates smoothly along path AB. Path OC traces the backward flow of
gases. Whether this is into vacuum or air is unimportant for the model. Since the reflected
wave does not reach the boundary OC, the conditions at the boundary cannot give rise to
any signals influencing the behaviour of gases in Region IIl.
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Figures 3.1 and 3.2 define the gas dynamic model of piston motion. Although it can be
solved exactly and made to yield precise values of all parameters of interest, its basic validity
must be assumed a priori and judged against accuracy of its predictions. The model
assumptions, though simple in concept, lead to certain implications of fundamental

importance.

The wave assumption for the reflected shock in Region IIl gases implied that the linearity of
the characteristic equation of Taylor's solution holds good even behind the front of the
reflected wave, so that the equation holds along the piston path.

The assumption of a rigid piston obviates the necessity of considering wave phenomena in
the piston itself. In an incompressible material acoustic velocity is infinite, and all parts of the
piston start moving as whole immediately after the application of pressure on its surface.
The subsequent motion of the piston is then governed by Newton’s laws of motion.
The refinements made by subsequent researchers may be described as follows: -

Aziz et al (1960), assumed that

1. The gas flow is one-dimensional and implicitly therefore, the lateral extent of the plate
and the explosive is infinite.

2. The detonation wave is planar.
3. The piston is rigid and incompressible — therefore no reflective waves occur within
the plate.

The Aziz model links the limiting velocity to the characteristics of the explosive i.e., the
velocity of detonation and the adiabatic exponent G of the detonation product gases, and to
the charge-to-metal mass ratio. In the simplest formulation, G = 3 is assumed. Yadav and

Gupta (1988), later derived a solution that admits a general solution of G.

Note:

Adiabatic means without loss or gain of heat. Adiabatic change is a change in the volume

and pressure of the contents of an enclosure without exchange of heat between the

enclosure and it's surroundings.
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The adiabatic equation PV® = constant expresses the law of variation of pressure (P) with
volume (V) of a gas during an adiabatic change, Gbeing the ratio of specific heat at constant

pressure to that at constant volume.

The value of G is approximately 1,4 for air at standard temperature and pressure (stp).

(Chambers Dictionary of Science and Technology 2000).

3.2.3 Shock Physics Model

The Shock Physics Model allows for the compressibility of the metal plate and describes the
transmitted and reflected waves in the metal plate and the explosion product gases.
Appendix 5 describes a simple wave model of explosive-plate interaction.

When a detonation wave strikes a metal plate at the end of an explosive column, a shock
wave is transmitted into the plate and a rarefaction wave is reflected into the detonation
products. Following the detonation wave is the Taylor wave, a rarefaction centred at the
back surface (i.e. plane of initiation) of the explosive. This is transmitted into the plate as a

rarefaction wave following the shock wave.

If the shock wave is “weak”, i.e. third order terms in particle velocity, density, and acoustic
velocity are negligible, the entropy is unchanged and the flow is isentropic. (Entropy is the
guantity which measures the extent to which the energy of a system is available for
conversion to do work. Any process in which no change in entropy occurs is said to be
isentropic). In this approximation, the locus of the states which can be connected by a shock
wave is identical to the states that can be connected by adiabatic compression. In particular,
this means that the flow behind a forward-facing shock front moving into a region with
constant state is a forward-facing simple wave. Thus, the flow behind both the incident
(detonation) shock front in the explosive and the transmitted shock front in the metal is a

simple wave.

The state behind the transmitted shock wave is characterised by a particle velocity
equivalent to the velocity of the interface between the explosive and the plate. The
transmitted shock wave, on reflection from the free surface of the plate, creates a rarefaction
wave that moves back towards the interface between the plate and the explosion products.
In order to maintain conservation of momentum in which the forward shock wave velocity
generates an equal rarefraction wave velocity in the opposite direction, the free surface of
the plate is abruptly accelerated to twice the velocity of the particle velocity.
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The plate begins to move as a “rigid” whole as soon as the rarefaction wave reaches the
interface. Seen in terms of this model, the so-called initial velocity of the plate is twice the
velocity at the interface.

Since the detonation products are still at a high pressure, and the pressure in the metal has
been released by rarefaction, a second shock wave of lesser amplitude is induced in the
moving plate. This second shock wave again reflects off the plate free face and thus
increases its velocity. The reverberation of these shock and rarefaction waves within the
plate continues until the pressure in the gas reaches a level where further release of
pressure by the rarefaction wave does not cause the gas particles to move faster than the
metal plate (Yadav & Gupta 1988).

Figure 3.3 shows the wave phenomena during plate acceleration and Figure 3.4 shows the
reverberation of the interface on a velocity — distance diagram. Its step function is compared
to the smooth velocity increase of the rigid piston gas dynamics method (Lambourn and
Hartley 1965).
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Lambourn and Hartley (1965) showed that a thin steel plate is accelerated to about 80% of
its final velocity after the first reflection of the transmitted wave off the gas-metal interface

and that after six reflections, the increase in velocity is negligible.

Fickett (1987) reformulated the Gas Dynamic Model equations to reflect directly the
dependence of plate motion on time. From the acceleration time calculated, the number of

reverberations can be determined.

The Shock Physics Model essentially describes the acceleration of a metal plate as a jump

condition caused by the impact of the detonation shock front.
Implicit in the velocity calculations are the following assumptions: -

- the mass of explosive takes no part in determining the final velocity of the plate. All
that is required is that there is a sufficient length of column charge to allow the

explosive to run up to its characteristic velocity of detonation.

- the mass of the plate takes no part in determining the final velocity of the plate. The
shock is assumed to drive the plate as a rigid whole at a velocity of twice the particle

velocity at the interface.
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3.3  High Velocity Impact

High velocity impact is defined for purposes of this thesis as a stationary target being hit by a
projectile travelling in excess of 1000 metres per second. A characteristic of the high
velocity impact is that both the projectile and the target materials tend to undergo extensive
plastic deformation and flow. A feature of this type of impact is crater formation by compact
projectiles and penetration channelling by rod-like projectiles. The impact of the directional
primer charge slug on the hard brittle rock at the toe of a hole in massive rock is
considered.

3.3.1 Shock Transmission

Upon impact shock wave are generated in both the target and the projectile. The response
of both the target and the projectile corresponds to uniaxial stress and material flow. Under
the influence of material compressibility, a region of compressed material is formed bounded
by shock fronts moving away from the interface into the projectile. The interface itself moves
into the target at a constant velocity.

Densities, however, may be different in the two shocked regions. This can be demonstrated
graphically using the shock Hugoniots for the target and projectile and the method of
impedance matching. A Hugoniot is the characteristic curve for a material showing the
relationship between pressure and the resultant particle velocity of that material. It is a

unique curve for each material.
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FIGURE 3.5 GRAPH OF SHOCK HUGONIOTS
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OA represents the Projectile Hugoniot whose mirror image CD is its reflected hugoniot, the
Projectile Reflection Hugoniot. OB is the Target Hugoniot which is of a similar shape to the
Projectile Hugoniot. As there is only one point that satisfies the conditions that both the
pressure and the particle velocities of the target and the reflected shock waves be the same,
i.e. the intersection of the two hugoniots, it is this point M that describes the material states
at impact.

This graphical solution of shock transmission and reflection is known as the method of
impedance matching.

3.3.2 Shock Attenuation

Attenuation of shock waves can be ascribed to many factors such as dissipation of energy
by viscosity, heat etc. In the creation of shock waves through impact, it is often the
geometry of the projectile which is most important. The projectile is of finite size and
consequently there is a presence of free surfaces.

When shock waves encounter free surfaces, they are reflected as rarefaction waves. These
in turn reduce the pressure behind the shock wave. It has been shown that rarefaction
waves behind a shock wave always travel faster than the shock wave and thus will always
overtake it.

The process of attenuation can be illustrated in general terms by considering a flyer-plate

impacting normally on a target of large dimensions.

If the flyer-plate impacts a flat surface normally, then a state of pure one-dimensional strain
will be produced in both the plate and target. The stress input to the target is essentially a
square wave whose amplitude is determined by impact velocity and material hugoniots.
However, the presence of lateral faces will lead to a substantial change of the pressure
pulse in time as illustrated schematically in Figure 3.6.
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FIGURE 3.6

3.3.3 Target Reaction

The impact of a high-velocity rod on a target is shown diagrammatically in Figure 3.7.

On impact, the kinetic energy of the rod is transferred as impact energy to the target. A
shock wave is generated in the target and a reflected shock wave is generated in the rod.
Both the rod and the target undergo compression in the area of impact. Rarefaction waves
are generated at the sides of impact zone. As the material has a free face in which to move,
plastic flow can occur and also failure of the material as shown. The central portion of the
impact zone undergoes compression. After impact, the characteristic impact crater is

formed with its raised rim and its raised conical centre.
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SOURCE: RAVID, BODMER, HOLOMAN (1987)
FIGURE 3.7

WAVE MODEL FOR INITIAL PHASE OF HIGH-VELOCITY ROD IMPACT

a
H '
T i &1
= . o
__ [} \..I.J
_ m._H x
i aamye !
uoHIDsRIDY 4 1 : R
1 \ v ! W
oy o
jopdwy g
uaibes su0ifal { v
PeIdeiBuUN pestasdwan) 4 i *a -
._.H =4 = n_ -
I
i i 2 477D
T bro=y
2 (223~ Vs
' { |
_.... -\u




3.4  Applicability of Fundamental Theories to the Directional Primer Charge

It is important to understand the physics of the detonation of an explosive and the effect that
a detonation wave has on a metal liner. It is also important to understand the nature of the
shock waves that are generated within the metal liner and the impact effect of that high-

velocity metal slug, formed from the liner, on a target.

The directional primer charge consists of a high explosive with a metal liner, which, on
detonation, forms into a high-velocity slug, which then impacts on the rock at the toe of a
blast-hole.

In this chapter, the Hydrodynamic Theory of Detonation assists in determining what type of
explosive to use. In the Acceleration of Metal Plates, three models are presented which can
be tested and measured against laboratory-type experimental results. The High Velocity
Impact presents the mechanics of shock transmission and its likely effects on a target.

A thorough understanding of the mechanisms involved assisted in the design of the
prototype directional primer charge.
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CHAPTER 4 DESIGN OF EXPLOSIVELY- FORGED
PROJECTILES

4.1 Introduction

A metal liner can be designed to produce either a jet stream of metal fragments or a high
velocity single slug of metal. The thin jet stream can consist of up to fifty individual
fragments and is used as a cutting tool. It has been widely used in the demolition of steel
structures, where it can cut through steel girders with precision and at a predetermined
instant in time. The high velocity slug or explosively-forged projectile (EFP) uses most of the
mass of the metal liner to form a single compact slug, and is used for high velocity impact on
a target. EFPs have been used successfully as anti-tank weapons and shatterers of large
rocks in mines. (see Chapter 2.3 Development of Explosively-Forged Projectiles and
Chapter 2.4 Shaped Charges in Mining).

The velocity range of EFPs is generally of the order of 1000 m/s to 3000 m/s and they can
have a mass of up to 2 kg.

As previously described in Chapter 2.3 the phenomenon of the EFP was only recognised 70
years ago by Wood in 1936 and subsequently developed during World War Il and its
aftermath. Its use as an anti-tank weapon was demonstrated 40 years ago and as a mining
tool to bring down hung-up rockpasses only 20 years ago.

This chapter will briefly describe how EFPs are formed and the design principles in forming
them. A more detailed description can be found in the literature.

4.2 Formation of a Jet or a Slug from a Shaped Charge

Flash X-ray radiographs and ultra-high speed cameras have played an important role in
demonstrating the development of ultra high speed jets or slugs from metal liners by
capturing their image split-seconds after detonation of the explosive primary source of
energy.

The formation of a jet stream of ultra-high-velocity particles or a slower slug of greater mass
are often considered to be two mutually exclusive results of metal lined shaped charges
(Pugh Et Al (1952) and Chou & Carleone (1977)). The essential difference in the manner of
jet or slug formation is related to the geometry of the liner.
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4.2.1 Geometry of Collapsing Shaped Charge Liner

The transformation process of the collapse of an at rest metal liner into high velocity metal
particles or a slug is illustrated in Figure 4.1.

For rotationally symmetric shapes, the deformation of the liner caused by the detonation
pressure wave can be described by the hydrodynamic theory of convergent flow.

The detonation wave velocity has an apparent velocity along the surface of the liner. A
given element of the liner is accelerated to a velocity which makes an angle with the normal
to the liner section in the direction of the detonation.

UNREACTED
EXPLOSIVE

ORIGINAL LINER
POSITION

GEOMETRY OF COLLAPSING SHAPED CHARGE LINER
SOURCE: CHANTERET (1993)

FIGURE 4.1

In the hydrodynamic model of jet formation each ring of material is thus projected both
radially and in the direction of the detonation wave as a converging circle.

Conservation of momentum dictates that the flow of the liner material, which reaches the
axis of symmetry will split into two flows, oppositely directed. (As shown in Figure 4.2).

The flows form the jet which streams ahead of the collapse point and the slug which follows
on behind.
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FIGURE 4.2
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4.2.2 Jet or Slug Formation

Various geometrical factors contribute to the fact that the jet is characterised not by a single
velocity but by a velocity gradient. This velocity gradient ranges from the jet tip velocity to

the slug velocity.

It should be noted that although the above jetting model represents simplistic idealisation, it

only demonstrates the basic principles of jet slug formation.

As the cone angle increases (i.e. the liner becomes flatter), the difference between the jet tip
and the slug velocities gradually diminishes until the jet fragments and the cone mass have
the same velocity. The jet fragments are then absorbed in to the slug mass. Thus, for a flat
cone with a cone angle greater than a critical value, which is approximately 140°, there is not

jet formation, just a slug.

Figure 4.3 shows the relative velocities for jets and slug for different liner half-angles.
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This is illustrated in the series of radiographs that were taken 35 microseconds after

detonation for liners of various cone angles (Figure 4.4).

The jet information can be seen to be commencing at a cone angle of 140° becoming more

pronounced with the narrowing of the cone angle.
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JET FORMATION FROM CONICAL SHAPED CHARGE LINERS
SOURCE: AFTER HELD FROM WALTERS & ZUKAS (1989)

FIGURE 4.4
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To illustrate the development of jet formation, Figure 4.5 shows a series of radiographs of
the detonation of a 60° cone angle copper liner shaped charge taken microseconds after
detonation.

The development of the jet from the collapsing cone is evident from the third radiograph at 7

microseconds after detonation.
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JET FORMATION FROM 60 DEGREE COPPER CONE
(SOURCE: M.HELD)

FIGURE 4.5
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4.2.3 Difference between Conical and Hemispherical Liners

These are distinct and fundamental differences in the mechanism of metal flow and jet
formation between conical and hemispherical lined charges.

With hemispherical charges, all the liner material is initially compressed into a compact ball
which moves forward. A distinct collapse zone and an identifiable division of the mass into
jet/slug parts is not evident. Later a certain portion of the compressed mass flows
backwards and, in effect, forms a reverse jet. The remaining portion of the mass extrudes
forwards as a jet with no identifiable slug. This phenomenon of jet formation is shown in the
following radiographs. (Figures 4.6 and 4.7).

At an even later time, the jet stretches axially and eventually breaks up into fragments.
(Figure 4.7).

Jet characteristics are significantly different from those of conical charges. Jet tip velocities
for equal thickness liners are slower, typically 4000 m/s for hemispherical to 6000 m/s for
conical charges. Jet particle diameters are substantially thicker for hemispherical charges.

RADIOGRAPHS OF JET FORMATION PROCESS OF A
HEMISPHERICAL LINER
SOURCE: HORNEMANN & HOLZWARTH (1993)

FIGURE 4.6
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CONICAL LINER

RADIOGRAPHS OF A FULLY DEVELOPED JET FROM A
HEMISPHERICAL (TOP) AND CONICAL (BOTTOM) LINER
SOURCE: HORNEMANN & HOLZWARTH (1993)

FIGURE 4.7

These differences from conical shaped charges have been ascribed to the fact that the

collapse angle for hemispherical charges is always larger than 90°.

It should be noted that the curvature of the liner and the nature of the resulting mass flow to
some stagnation zone can have far-reaching effects on the properties of an axially directed
slug. Slug velocity and mass values are influenced by the nature of convergent flow and
thus hemispherical charges are not used for EFP charges.
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4.2.4 EFP Formation

If a projectile is to be formed by the explosive projection of a metal liner, then the geometry
of the liner must be such as to avoid the mass division on collapse and compression and to
limit the collapse velocity variation that may tend to tear the collapsed material apart by
elongation.

As previously shown, these effects can be attained by the use of flat-cone shapes of cone
angles greater than 140°. The velocity differences between jet and slug become so small
that the compressed mass no longer separates into two parts and the remaining velocity
differences are dissipated by internal strains within the compact mass.

With constant thickness liners there tends to be velocity differences between the centre of
the liner and the outer rim. This is due to the dissipation of explosive energy around the
circumference of an explosive charge. The velocity differences can be minimised with a
decrease in the thickness of the liner towards the circumference.

Another solution is to confine the explosive charge in a heavy casing in order to limit the
dissipation of explosive energy by radial expansion.

The use of flat-dished liners permits a better use of axial and radial velocity vectors than do
flat-cone liners. With dish-shaped liners, the centre portion of the liner is accelerated directly
along the longitudinal axis and the collapse of the liner occurs through its inversion from the
centre to the rim. This inversion process is well depicted by the computer simulation of EFP
formation. (Figure 4.8).

COMPUTER SIMULATION OF EFP FORMATION
{SOURCE: HERMANN ET AL (1977))

FIGURE 4.8
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The formation shows the deforming liner at 50 ns intervals. This is an unconfined charge of
Composition B Explosive with a mild steel liner. The deformation process was complete
after 300 ns.

The shape of the slug matches well with the X-ray radiographs of the primer slugs taken
during experimentation at the Naschem Boskop facility. (see Appendix 11 — Flash X-Ray
Photographs).

4.2.5 Tip and Tail Velocity Differences

EFP slugs have characteristic shapes which are due to differential velocities of the liner at
different radii from the central axis. This is due to the fact that the explosive at the axis is
confined and therefore forward-directed, whereas the explosive at the edge of the charge
also has a tangential component which diminishes the forward — directing effect. Thus the
liner at the centre has a higher forward velocity than the liner at the rim.

Depending on the ability of the metal to accommodate the velocity differential, the ability to
stretch without breaking up into fragments, the final slug shape can be determined by the

liner configuration.

The following diagram demonstrates the velocity differences in the metal liner during the
initial slug formation. (Figure 4.9).
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During the initial phase the metal at the centre of the liner accelerates faster than the metal
at the rim, thus causing the slug shape to undergo change. The tip initially moves faster
than the tail thus causing elongation. However, if the slug does not break up, the tip pulls
the tail along increasing the tail velocity and decreasing the tip velocity until they travel at the
same speed.

When this occurs, the slug shape becomes fixed and remains constant for the rest of the
flight.

The velocity difference between tip and tail usually dissipates within a travel distance of 5

liner diameters.

4.2.6 Types of EFP Slugs

Liner shapes can be conveniently divided into three categories — conical, hemispherical and
EFP.

There are grey areas however, that lie between the distinct categories. It is possible, by
design, to collapse an EFP liner in such a way as to create some jetting, which leads to
elongation by stretching, and the formation of a number of axially-spaced largish fragments.
i.e. the formation of a multi-slug projectile. Some examples of this are illustrated in Figure
4.10.
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4.3 EFP Design Principles

The liner of an EFP is subjected to very high pressures of detonation over a very short
period of time. Thus, each element of the liner is impulsively loaded. Material strength of
the liner is negligible when compared to the stress loading of the acceleration caused by the

high impulse.
Under the influence of the imposed force, material elements tend to move independently of
one another and undergo acceleration in two principal directions — axially and radially

(Figure 4.11). The resultant velocity vector is determined by the design of the liner in the

following manner: -
- axial velocity is determined by liner axial thickness.
- radial velocity is determined by liner tangent angle.

Various projectiles are formed by varying these two liner parameters i.e. thickness and

profile.
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The method of slug formation may also be categorised as follows: -

- Compact Point-Focus

- Compact Forward-Folding

- Elongated Forward-Folding

- Elongated Backward-Folding

Thus, two basic EFP shapes can be formed — compact (ball-like) and elongated (rod-like).
Within these two categories many variation are possible. For example, extended shapes

can be hollow or solid, and may be formed with a flare at the back for aerodynamic stability.
Some of these are illustrated in Figure 4.12.

FORWARDS SPHEROID AEROSTABLE BACKWARDS

BASIC SLUG SHAPES BY EXPLOSIVE FORGING.
AFTER PEARSON

FIGURE 4.12

4.3.1 Compact Point-Focus Slug
With constant liner thickness, the axial velocities are approximately equal. With the liner

concave, the radial velocity at the rim is greater than that at the centre and with the
movement towards the centre, a compact slug is formed. (Figure 4.13).
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FIGURE 4.13

4.3.2 Compact Forward-Folding Slug

With the thickness of the liner varying so that it is thinner at the axis and the rim than the rest
of the liner, the velocities vary so that the metal at the axis and the rim move faster than the
main body, thus resulting in a forward-folding action (Figure 4.14).

{
&
d Ll ’ -
[ 3 =
el I { = 36 us t=ps
\ e
',.A
L AXIAL VELOCITY: Vo>V <V
L AXIAL THICKMNESS: Hy < H: > H;
- RADIAL VELOCITY: Vi <Va<Va
- LINE PROFILE: oy > o3 > o3

COMPACT FORWARD-FOLDING SLUG FORMATION

FIGURE 4.14

73



4.3.3 Elongated Forward-Folding Slug

With the thickness of the liner decreasing towards the rim, the axial velocity increases
towards the rim. With the liner concave the inward radial velocity also increases towards the

rim. This folds the liner forward along its entire length producing the elongated forward
folding slug (Figure 4.15).
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4.3.4 Elongated Backward-Folding Slug

With the liner thickness thinner at the centre and the rim held back by confinement (of

casing, say) the axial velocity is greater along the axis and the radial velocity of the rim is

retarded. This produces an elongated backward-folding slug (Figure 4.16).
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4.3.5 Slugshot Hang-up Clearance Charge

Photograph 4.1 shows a photograph of a Slugshot Hang-up Clearance Charge in mid-flight.
The shape of the copper slug is that of a compact point-focus slug as described in section
4.3.1. Itis travelling at approximately 2000 metres per second. Being made of copper, the
slug is ductile and has held together as a single slug in flight. The original concave copper
dished liner at nest was 200 mm in diameter and it has deformed into a convex slug of
approximately 150 mm in diameter. The mass has been maintained, so that the 2 kg copper
dished liner has been transformed into a high velocity 2 kg copper slug.

w

&

SLUGSHOT HANG-UP CLEARANCE CHARGE SLUG TRAVELLING AT 2000 m/s
LEFT TO RIGHT

PHOTOGRAPH 4.1
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4.3.6 Directional Primer Charge Slug

The elongated slugs and the compact forward-folding slugs take more time to form than the
compact point-focus slug. As the directional primer charge slug has a limited stand-off
distance, it therefore has limited time to form fully before it impacts the rock at the toe of the
blast-hole.

Therefore, the chosen configuration of EFP for the directional primer charge is a compact
point-focus design.

77



CHAPTER 5 DIRECTIONAL PRIMER CHARGE PREMISE

51 Introduction

Primers have long been used in mining to enhance the performance of column changes of
explosives. They have served as an important link in the detonation chain between the
detonator and the column charge.

Their function is to run up the velocity of detonation rapidly to that of or above that of the
steady-state velocity of detonation of the column charge. In long holes primers are often
spaced at intervals down the column charge to ensure that the velocity of detonation of the
column charge is maintained and does not die away. This type of primer is called a booster.

Therefore, primers and boosters are characterised by having a higher velocity of detonation
than the column charge, and are of a size large enough that their characteristic Chapman-
Jouguet velocity of detonation is attained.

The mechanism that drives the velocity of detonation is the detonation pressure. The higher
the detonation pressure, the stronger the forward drive of the pressure pulse. This results in
higher intermolecular temperature, more rapid and complete chemical combustion and
therefore more efficient explosive reaction. The stronger the pulse, the more sustaining the

explosive reaction.

In open cast mines, pentalite explosives are commonly used as boosters in the column

charge.

In Witwatersrand Practice, primers were traditionally Ammon Gelignite explosives used in
conjunction with column charges of lower velocity of detonation explosives such as Dynagel,
Ammon Dynamite or Anfex. The gelignite primer was traditionally of shorter length than the
standard column charge cartridge being 100 mm long compared to the 200 mm long
standard cartridge. This was due to economical reasons, gelignite being the more
expensive explosive, so that the shortest length was used provided it was sufficient to attain
a steady-state velocity of detonation.

Experiments show that the primer does not influence the velocity of detonation of the primed
explosive further away from the primer than ten times the hole diameter.
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In summary the following are the characteristics and applications of primers.

- Primers should have higher detonation pressures (hence higher velocity of
detonation which are more easily measurable than pressures) than the explosive

column detonation pressures.

- Primers should be long enough to allow the run-up to a steady-state velocity of
detonation. For this a rule-of-thumb is the length of the primer should be 2 to 4 times
its diameter and the primer diameter should not be less than half the hole diameter

(decoupling affects the run-up to steady-state velocity of detonation).

- Holes should be bottom-primed for optimum breakage. Gaseous reaction products
are confined for a longer period of time allowing greater pressures to act on the walls
of the hole towards the toe for longer time. Also there is less fly-rock with bottom-
priming than with top-priming.

- In long holes primers or boosters influence the column charge up to a distance of ten
times the hole diameter.

Certain other phenomena had been observed empirically over time; such as the incomplete
break-out of rock over the entire length of the hole which left behind portions of the
blastholes or sockets in the stope face, such as the focussing of explosive energy in the
hollow charge phenomenon which appeared to be replicated in an air gap at the end of the
column charge of explosive such as the enhancement of the hollow charge phenomenon
using a metal liner and the insertion of metal washers in the blasthole prior to charging up
and such as the observation of the shattering effects of an EFP on rock. These phenomena
gave rise to hopes that a directional primer charge could be designed that would increase
current blasting efficiency in stopes in South African mines. These phenomena a described
in the following sections.
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5.2 Development of the Concept of a Directional Mining Charge

The development of the concept of a directional mining charge, specially for use in stoping
and tunnelling, took place over a period of time.

It took the form of

- the acknowledgement of a characteristic of the drilling and blasting method of
breaking rock, namely the existence of sockets remaining after the blast,

- the observation of the Air Gap Phenomenon which resulted in a radial “umbrella”
fracture at the toe of the blasthole.

- the declassification of military weapons technology and, their possible use in the
mining industry.

- the development of a large EFP device, namely the Slugshot hang-up clearance
device, which demonstrated directional explosive capabilities.

5.2.1 Dilemma of the Sockets

A characteristic of underground drilling and blasting is the presence of sockets, i.e.,
unbroken portions of the blastholes left on the face after the blast.

PHOTOGRAPH 5.1 SHOWING SOCKET OF BLASTHOLE REMAINING
IN THE STOPE FACE AFTER THE BLAST
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As the length of the drilled hole is taken to be the maximum distance of face advance for a
blasted round, the presence of sockets on a face indicates an inefficiency in that less than
the maximum distance possible has been advanced.

In the development of tunnels, advance per round is normally the critical parameter by which
production is measured. Tunnels are often required to be constructed in the shortest
possible time in order to open up ore reserves for mining. Time is of the essence. The
longer the round broken per cycle, the quicker will be the total advance of the tunnel and the
more efficient the drilling and blasting is viewed. In addition, the presence of sockets which
may contain undetonated explosives, holes must be collared in such a manner as to avoid
drilling into the sockets. Tunnels in general tend to be over drilled with too many holes in
order to reduce the length of the sockets.

In narrow seam stoping, the availability of face is normally at a premium. Thus, in order to
improve production with a fixed face length, face advance is required to be increased. The
elimination of sockets can be attempted by reducing the burden of the blastholes, i.e., by
drilling the holes closer together. This entails the additional cost of drilling and charging of

extra holes — an inefficient and unproductive practice.

Thus, it has been recognised in stoping that the optimum in drilling and blasting efficiency
lies somewhere between too long sockets and no sockets at all. A rule of thumb has been
that the most efficient blast from a technical point of view, i.e., the least quantity of explosive
used per volume of rock broken, will produce sockets of the order of 150 mm in length from
a drilled length of 1,0 metre.

Thus, if the explosive energy could be directed to the toe of the blasthole such that for the
same hole burden no sockets are left after the blast then the advance of an efficient round
could be enhanced by some 15% to 20%.

5.2.2 Air Gap Phenomenon

In the 1970’s in the Mining Department of the University of the Witwatersrand, a strange
phenomenon was observed whilst demonstrating the formation of cracks from blasting using

low-energy detonating cord and Perspex models.

Once detected, the phenomenon was found to be repeatable.
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The phenomenon was the formation of a circular umbrella crack emanating from the toe of
the hole and perpendicular to the axis of the hole. It only occurred when the detonating cord
did not extend down the full length of the hole but left a substantial air gap between the end
of the explosive and the toe of the hole. (see Photograph 5.2).

At the time this phenomenon created much excitement. If this could be reproduced in the
field, then there would be no need to practice sub-drilling in quarrying and opencast mining.
The end of the hole would demarcate the level of the floor of the next bench down or the
floor of the pit. In addition, it was recognised that its application in underground mining
would be the virtual elimination of blasthole sockets.

Unfortunately, this research was never carried further than being an experimental quirk of
limited academic value. Prior to this thesis, the mechanism of the formation of the “toe-

umbrella-fracture” has never been satisfactorily explained.

PHOTOGRAPH 5.2 PERSPEX MODEL BLASTING SHOWING THE FORMATION
OF UMBRELLA CRACKS AT THE TOE OF EACH HOLE.

NOTE THE BLAST DAMAGE CRACKS AT THE COLLAR OF EACH HOLE AND
THE LENGTH OF UNDAMAGED HOLE WHERE THERE WAS THE AIR GAP.
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5.2.3 Washer-in-Hole Myth

A practice that was illegal but which was not uncommon on the Witwatersrand gold mines
over 40 years ago was to place a metal washer in the blasthole prior to inserting the
explosive cartridges. Some of these old miners swore blind that this practice increased the
break-out of the rock. No-one knew why this should be so and because the mechanism
could not be adequately explained, the practice fell into the realms of mining lore and myth.
With the demise of cartridged explosives and the advent of Anfex, the practice of placing
washers in the blasthole fell away to the extent that it is unheard of today.

This thesis will provide an explanation of why the metal washer may have enhanced the
break-out of the rock in a blast.

5.2.4 Swords-Into-Ploughshares

With the end of the Angolan War and the Iran-lraq War, the South African armaments
manufacturer Armscor, and particularly its explosives manufacturing subsidiary Naschem,

sought new markets for their products.

To this end Naschem declassified and opened up its testing and research facility and
allowed its current products to be scrutinised for possible commercial use. With the ending
of the two major wars mentioned above, there was now a surplus of manufacturing capability
of military explosives and explosive devices. Amongst these were shaped charges and
explosively-forged projectiles. As the largest user of explosives in South Africa, the mining
industry was the obvious target for surplus military explosives and explosive devices.

5.2.5 Development of the Hang-Up Clearing Charge

Of all the products presented by Naschem for scrutiny for potential use in mining one
product, the anti-tank weapon known as the P-charge, stood out as the one device which
could be used to great effect as a hang-up clearance charge.

The development and modification of the military P-charge into the explosive mining tool of

the Slugshot Hang-up Clearance Charge brought the military knowledge of shaped charges
to the mining industry.
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It demonstrated the transference of energy over relatively long distances. The
transformation of explosive energy to kinetic energy and then impact energy using a shaped
charge in the form of an explosively-forged projectile, was a useful tool for breaking rock
remotely. The accuracy of the device demonstrated the power of focussing the energy as a
directional charge.

5.3 Premise for the Directional Primer Charge

From the aforegoing, it has become apparent that there existed a need in mining for a device
to enhance the break-out of rock at the toe of a blasthole. If this device could increase the
break-out to the full length of the drilled hole, then a number of significant advantages would

occur namely: -

- there would be no sockets left behind after the blast.

- this would eliminate the chance of drilling into sockets which could contain
unexploded explosives thus improving safety.

- this would also ensure a greater advance per blast thus improving blasting efficiency.

- if there was a clean break at the toe of the hole along an umbrella fracture, then the
new face would have the characteristics of a smooth blast i.e. there would be less
blast damage done beyond the umbrella fracture than with conventional blasting.

- the next drilling cycle would not suffer as much from the problems of sticking drillsteel
when drilling through fractured ground.

- stuck drillsteels usually result in drilling of holes with uneven burden and occasional
short holes which will exacerbate the problems of poor blasting resulting in
successive faces suffering from blast damage and unwanted fracturing.

By using a shaped charge in conjunction with a primer as a single unit, it is considered that
explosive energy could be directed to the toe of the hole to enhance the break out and even
eliminate sockets altogether. This single unit is called a directional primer charge.

In order for the directional primer charge to be effective it should incorporate the following: -
- it should be placed as a bottom primer.
- the hollow or shaped end should face the toe of the hole.

- the hollow charge effect can be enhanced using a metal liner to line the hollow of the
shaped charge.
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- a high velocity of detonation explosive should be used to drive the metal liner
forward, converting the explosive energy of the charge into kinetic energy of resultant
high velocity metal slug, which converts into impact energy as the slug hits the rock
at the toe of the hole.

- the length of the high velocity of detonation explosive used to drive the slug should
have a long enough run-up to achieve its maximum velocity of detonation, which is its

Chapman-Jouguet steady-state velocity.

- the stand-off distance of the metal liner should be sufficient for the metal slug to fully
formed and to attain a velocity approaching its maximum velocity for the explosive-
type / metal mass configuration.

It is envisaged that upon impact at the toe of the hole, the high velocity metal slug will cause
the rock at the toe to fail by crushing and cracking. As the force of the impact is along the
axis of the hole, the rock face at the toe is expected to initially move backwards into the rock
mass, thus creating tension cracks around its circumference and generating the

characteristic “umbrella fracture”.

These umbrella fractures, initiated by the impact of the metal slug and by subsequent shock
fronts from the explosive column charge, are expected to be extended further by the build-up
in pressure of the reaction product gases which follow. This extension of the umbrella
cracks enhances the break-out to the full length of the blasthole.

Thus it would appear that the following conditions are required: -

- a high as possible velocity of detonation explosive to ensure maximum impact at the
toe of the hole to initiate the radial umbrella fracture.

- a gaseous explosive to enter the initiated cracks, to extend them and to break out the

rock burden by heaving through gaseous expansion.

The former should be attained by the directional primer charge and the latter by the column
charge of standard explosive.
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CHAPTER 6 DEVELOPMENT OF A DIRECTIONAL PRIMER
CHARGE PROTOTYPE

6.1 Introduction

By applying the principles of shaped charge technology, it is apparent that the general
configuration for a proposed directional primer charge would be an explosive cartridge of
standard dimensions, at the front of which would be a shaped liner at some stand-off
distance to the toe of the blasthole.

For the initial tests on surface, a simple directional primer charge was designed. The
housing chosen was a 150 mm long section of black plastic pipe, 30 mm in diameter in order
to accommodate the standard explosive cartridge used in stoping. Inside the pipe a metal
disc was crimped at a short distance from one end to provide the stand-off distance. The
disc was curved and acted as the shaped charge liner. (See Figure 6.1 and Photograph 7.1
and 7.2). Various high velocity of detonation explosives were either inserted or cast into the
black pipe such that the explosive made good contact with the liner.
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FIGURE 6.1 SHOWING DIRECTIONAL PRIMER CHARGE EMPTY ASSEMBLY
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6.2 Disc Parameters

6.2.1 Disc Shape

A shaped charge can act either as a slug or as a jet (see Chapter 4). It is considered that
the ability of a shaped charge to cause fracturing perpendicular to the blasthole would be
more beneficial to mining than fracturing along the axis of the hole. The perpendicular
cracks would extend towards the free face created by the previously detonated blasthole,
thus assisting in the break-out of the rock burden. The co-axial fracturing would merely
extend the length of the hole.

Therefore, the preferred design of the shaped charge would be a slug-forming EFP and not
a jet-forming EFP. Hence the shape of the hollow charge and liner of the directional primer
charge took the form of a shallow dished liner (see Chapter 4.2).

As the stand-off distance is limited, the compact point-focus design is chosen for the slug
formation (see Chapter 4.3). This design is a concave dish shape of uniform liner thickness.

6.2.2 Disc Thickness

The shallow dished liner was manufactured by punching circular discs out of metal plate.
The discs were 25 mm in diameter in order to fit into the black plastic pipe housing.

Two thicknessess of discs were cut — 1,6 mm and 2,0 mm. At 25 mm diameter the
respective masses of these two thicknesses were 6 g and 8 g.

As is to be expected from the Gurney Ratios, the 6 g disc has a higher final velocity for the
same explosive mass than the 8 g disc. In addition, for each column length, the disc velocity
is higher for the 6 g disc than for the 8 g disc (see diagram). However, owing to the heavier
mass of the 8 g disc, their kinetic energies are more or less the same. Surface detonics
laboratory testing was carried out for both the 1,6 mm and the 2,0 mm thick discs.

6.2.3 Disc Material

Large calibre EFPs, i.e. greater than 100 mm in diameter, commonly use a malleable metal
such as copper in order to maintain the integrity of the slug.
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A malleable metal is more able to accommodate the difference in tip and tail velocities in the
formation of the slug such that the slug will hang together over long stand-off distances of
100 to 1000 calibres and will not disintegrate into a stream of shrapnel pieces.

Small calibre EFPs with a short stand-off distance, e.g. the directional primer charge with a
stand-off distance of one calibre, can use more brittle materials such as steel as they are not
required to maintain integrity over a long flight distance.

Mild steel was chosen as the metal type for the disc because mild steel is readily available,
is relatively inexpensive, and the disc an be formed easily by punching out standard plate.

Flash X-ray radiography (see Appendix 11 — Flash X-Ray Images Nos. 1, 2 & 3) shows that
more than 90% of the disc’'s mass remains in the main slug at a distance of one calibre.
There is a slight loss owing to shrapnel effect at the extremities of the disc.

6.3 Stand-Off Distance

6.3.1 Theoretical Calculation

From a modelling approach, using the Gas Dynamics Model, the disc was initially assumed
to behave like a rigid piston under loading by high pressure gases. From this modelling
approach, velocity versus explosive column length and velocity versus distance travelled can
be calculated for various explosive types and disk masses (or equivalent disc thicknesses) —
see Appendix 4.

These calculations show that over a distance from 0 to 20 mm, more than 95 % of the final
velocity is attained. The build-up of disc velocity is very rapid in the early stages and tapers
off to show little increase in velocity over larger distances.

6.3.2 Empirical Determination
From empirical Witness Plate tests using trial and error and subsequent interpolation, the
effective stand-off distance was found to correlate closely with the theoretical calculations.

An effective stand-off distance was found to be one calibre, i.e., 30mm. This is discussed in
detail in Chapter 7.2.1 of this thesis.
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6.3.3 Flash X-Ray Radiograph Confirmation

Later X-ray Flash Radiography (see Chapter 7.4) showed the disc to have fully transformed
itself into the final configuration of the aerodynamic slug within one calibre (25 mm). (see
Flash X-Ray Images No’s 1,2 and 3 in Appendix 11). Further tests using timing screens
along the trajectory of the slug indicated that velocity retardation due to air resistance was
negligible over a distance of 1 metre.

Stand-Off
25 mm
Slug Fully Formed Within Stand-Off Distance
of 25 mm

Tail Debris

Slug At 250 mm From
Rest Position

PHOTOGRAPH 6.1 FLASH X-RAY IMAGES NO.2

SHOWING DIRECTIONAL PRIMER CHARGE SLUG FORMATION AT 15 ns AND 125
nms AFTER DETONATION
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Thus, a stand-off distance was chosen which would ensure that maximum velocity (and
hence maximum momentum and maximum Kinetic energy) would be attained without the
fear of a drop off in velocity due to air resistance. As less than the optimum stand-off
distance would have a marked effect on velocity, and greater than the optimum stand-off had
little effect, it was decided, for practical purposes, to err on the side greater than the
theoretical optimum distance, i.e., greater than one calibre (or greater than 30 mm for a

30 mm diameter charge).

Conversely, too great a stand-off distance had other deleterious effects on the breaking of
the rock, as the stand-off distance would result in a corresponding decrease in explosive
column charge and consequently a corresponding decrease in the total available explosive
energy in the blasthole.

As a result, of the above considerations, it was decided that, for a primer charge of 30 mm
nominal diameter, the designed stand-off distance should be 35 mm.

6.4 Explosive Type

6.4.1 Velocity of Detonation

All the three models for plate acceleration presented in Chapter 3.2, show that the higher the
velocity of detonation of an explosive, the greater is the velocity of explosively-forged
projectiles.

It is this characteristic that caused the military authorities to develop high velocity of
detonation explosives with high shock characteristics. On the other hand commercial
manufacturers of explosives for the mining industry have developed lower velocity of
detonation explosives with more emphasis on gas production to produce the heave
necessary to break out and fragment in situ rock.

In the early stages of development many explosives were randomly used on an ad hoc basis
for rough comparison. It soon became apparent that the higher velocity of detonation
explosives had greater penetrating power when firing a slug at a metal plate. (see
Photographs in Appendix 10).

Three types of ultra high velocity of detonation explosives were chosen for comparative
tests. They were: -
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- Composition B. A standard military explosive with velocity of detonation of 7600

m/s.

- TNT. A standard military explosive with a velocity of detonation of 6700 m/s.

- Super Gelignite. A specially formulated commercial explosive with a velocity of
detonation of 5600 m/s.

Composition B was initially chosen because it is the explosive most commonly used in
explosively-forged projectiles. It had a high velocity of detonation. It was easily cast. It had
a lower cost than other explosives with similar or higher velocity of detonation such as RDX
and HMX.

Super Gelignite was chosen because gelignites were already accepted in the mining
industry. It had a relatively high velocity of detonation — higher than other commercial bulk
explosives. Its cost was low compared to military explosives.

TNT was chosen as a compromise between Composition B and Super Gelignite. Its cost
and velocity of detonation lay between the other two explosives. It could also be made in
pellets.

6.4.2 Metal / Charge Mass Ratio

The other factor that would appear to determine the final velocity of the disk is the mass per
unit area of metal to mass per unit area of explosive — i.e. Gurney’s M/C ratio. For the
directional primer charge with a constant disc configuration and mass, and a cylindrical
charge of explosive, the Gurney Ratio value is indirectly proportional to the explosive charge
length. Therefore, the longer the length of the explosive charge, the greater will be the final
velocity of the disc. (see Chapter 7.6.3 and Appendices 3 and 4).

To illustrate the above, the theoretical calculations show that a 60 mm long column of TNT is
equivalent to a 40 mm column of Composition B in generating the final velocity of a metal
slug. This fact should be borne in mind when considering equivalent explosive capabilities
from an economic viewpoint, i.e., it may be more cost effective to have more of a slightly
weaker explosive that is far less expensive, than a smaller amount of stronger explosive

which may be far more expensive.
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A major factor in the choice of explosive for the directional primer charge prototype was the
disc / explosive interface and, hence, the castability of the explosive became important.
The interface was critical in that any discontinuity such as entrapped air would be deleterious
for the transfer of energy from the explosive to the disc.

6.5 Detonation Chain

6.5.1 Detonator

It was decided to use the most commonly used detonator in the mining industry as the initial
detonator in the detonation chain. At the time of the tests, the most common detonators in
use were the 6D and 8D type detonators. As the 8D detonator had approximately twice the
power of a 6D detonator, any explosive that was 6D sensitive would also be 8D sensitive.
The converse does not hold.

To lessen the chance of misfires through initiation under mining conditions caused by an
incorrect detonator being used, it was decided that the standard initiating detonator should
be the 6D type. Therefore those explosives constituting the primer which were not 6D
sensitive e.g., Composition B and TNT would require a booster for initiation.

6.5.2 Booster

For Composition B, it was found that it was sensitive to certain standard commercial
explosives used in mining. Thus, the column charge in the primer could be made up of part
commercial explosive positioned between the detonator and the Composition B explosive,
i.e., the commercial explosive acted as a booster between the detonator and the high
velocity of detonation explosive. After a series of initiation tests, Composition B was found
to be insensitive to Ammon Dynamite but sensitive to Ammon Gelignite and the emulsion

Powergel.

For ease of loading, a half cartridge of Powergel 813 (i.e., 100 mm long) was used as the
booster for differing column lengths of Composition B during the underground tests on
Village Main mine. For the TNT tests, a Pentalite booster was used. For the Super
Gelignite tests, no booster was required.
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6.6 Housing

6.6.1 Explosive Container

For the prototype, the housing was designed to be basic and simple, functional enough to
locate the disc securely at a fixed stand-off distance, to contain the various masses of high
explosive required for the tests and for ease of insertion of the booster explosive. For these
purposes the housing was chosen to be a polythene pipe, 150 mm long with a nominal 30
mm outside diameter and 26 mm inside diameter. The polythene material allowed the disc
to be located at the given stand-off distance and secured in position by crimping the pipe
around the disc.

The internal diameter was chosen to be 26 mm so that a standard explosive cartridge of

25 mm diameter could be inserted as a booster for the Composition B high velocity of
detonation explosive. The location of the disc was chosen to be 35 mm from one end with
the disc facing concave towards that end. As previously stated in Section 6.4.3, this
distance was the chosen optimum stand-off distance. The opposite end of the tube was left
open to allow for the insertion of explosive. The primary high velocity of detonation
explosive (Composition B) was cast into the housing and the booster inserted later. The
detonator was inserted into the booster just prior to the initiation of the charge.

An ad hoc refinement to the directional primer charge was the covering of the leading end of
the primer with thin plastic membrane to prevent dirt or other foreign objects from entering
the stand-off distance space. This membrane was secured simply by means of a rubber
band.

6.6.2 Nose Cone

Drilled holes under production conditions in mining tend to leave drill chippings debris in the
hole. Drill holes are rarely flushed out properly to leave the hole clean of drill chippings prior
to the insertion of explosives. In South African stoping practice, water is most commonly
used as the flushing medium and, as many holes are drilled down slightly below the
horizontal, water often accumulates at the toe of the hole.
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Thus, a primer with an open end to allow for stand-off distance runs the very real risk that
the stand-off space will be filled with extraneous matter such as fine drill chippings, mud and
water, which effectively will negate the effect of a stand-off distance. In order to maintain the
integrity of the stand-off distance under mining production conditions, a closed nose cone
over the front end of the primer is required.

Initially, as described above in Section 9.2.2, a thin plastic membrane was stretched over the
front end of the first prototype primer. In subsequent prototype primers designed for mining
production, a specific nose cone head was designed. This head consisted of a tapered,
closed end plastic nose cone. The nose cone was tapered so that it would ride easily over
any debris left in the drillhole after flushing, allowing the primer to be pressed home firmly at
the toe of the hole.

The degree of tapering was determined by perusal of the slug formation in the Flash X-ray
radiographs. The disc was observed to deform from a 25 mm diameter dished shape to a
15 mm diameter semi-spherically shaped slug within 25 mm of travel. Because of this, the
shape of the nose cone was straight (i.e., constant diameter of 25 mm) for the first 10 mm,
and then it tapered evenly down to a diameter of 17 mm over the next 25 mm (i.e., to the
front end of the cone). The front end of the cone was closed to prevent ingress of
deleterious material in the stand-off space (see Figure 1.2 in Chapter 1).

The effect of the above was that the disc could deform fully into the slug within the nose
cone without impedance from the sides of the primer housing, and it was able to travel,
without resistance, the optimum distance to impact the rock at the end of the hole. The thin
plastic constituting the closed end of the primer has a negligible effect on the impact of the
ultra-high velocity slug on the rock at the toe of the hole.

For the Surface Tests and Underground Tests described in Chapter 7 and Chapter 9
respectively, the cylindrical prototype without the nose cone was used. In the Surface Tests
the prototype was open-ended. (The nose cone was only manufactured as a prototype for
production and was used only once later in a production stope at Randfontein Mine. The

results were not measured).
As stated earlier, in the Underground Tests the open end was covered with a thin plastic

membrane held in place by a rubber band, to prevent drill chippings or other foreign matter
entering the stand-off void.
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CHAPTER 7 LABORATORY TESTING OF PROTOTYPES

7.1 Introduction

The testing of prototypes for the directional primer charge was carried out on both an
empirical basis and an analytical basis.

The empirical basis was used to experimentally determine the optimum stand-off distance
and to determine the effect of foreign matter such as drill chippings in the stand-off distance
void. These tests used witness plates to determine the efficacy of the prototypes by their
demonstrated forward punching power of the impact of the metal slug on a metal plate.
They were used as indicative tests only, and therefore showed trends as opposed to

absolute values.

The analytical tests, on the other hand, were designed to determine accurate values so that
various theoretical models could be assessed for their applicability to describe the action of
the directional primer charge and their accuracy in predicting final states such as slug
velocity. These tests were undertaken at the Advanced Detonics Laboratory at Naschem’s
Boskop testing range where various states of the fired directional charge could be captured
visually by means of flash X-ray radiographs and the velocity of the slug could be measured
at various stages of its flight by means of electronically-timed shorting screens.

Variations in prototype designs involved the type of explosive used and the quantity of
explosive per charge. In the empirical tests various commercial explosives were tested
being nitroglycerine - based explosives, water gel explosives, emulsion explosives and
PETN as well as the military explosive Composition B. As it became apparent that the
greater forward punching power was associated with the explosive of highest velocity of
detonation, the analytical tests to determine slug velocities for the various design variables of
explosive type, charge mass, and disc mass were carried out on the high velocity of
detonation explosives of Composition B, Super Gelignite and TNT.

Various prototype designs of the directional primer charge were tested over a three year
period. The tests were undertaken to measure experimentally the slug velocities for various
design variables which include, explosive type, explosive mass, liner thickness and liner

mass.
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Using flash X-ray radiography and shorting screens along the trajectory of the slug, the

velocity was able to be determined by two independent means.

The experimental work can be summarised in the following table.

TABLE 7.1

SUMMARY OF SURFACE TESTS

NAME OF TEST SERIES

PURPOSE OF TESTS

NO. OF
TESTS

Witness Plate Tests

To observe the punching power (impact) of
directional primer charges to determine the
optimum stand-off distance.

+30

Advanced Detonics Laboratory

First Set of Tests

Second Set of Tests

Third Set of Tests

To measure the final slug velocity for a
constant mass of Composition B explosive

i.e 65 grams.

To measure and determine the change in
final slug velocity as a function of the change
in explosive cartridge charge length
represented by a change in charge mass
from 15 grams to 50 grams of Composition B

explosive.

To measure the final slug velocity for three
different explosives, i.e. Composition B, TNT
and Super Gelignite, housed in a constant

volume cartridge.

18

31

96




7.2 Witness Plate Tests
7.2.1 Stand-off Distance

Early tests of the directional primer charge prototype were performed to determine
empirically the optimum stand-off distance. These tests were carried out using witness
plates. (See photographs in Appendix 10).

Witness plates are metal plates against which the charges are fired and they act as a target
for the projected slug.

The resultant effect on the plate, its deformation, perforation or rupture, bears “witness” or
testimony to the effect of the slug.

When the stand-off distance between the liner and the plate was zero, the effect of the
directional primer charge was to “clean” the plate, i.e., all it did was remove particles of rust
and any metal burrs from the surface of the plate.

As the stand-off distance increased, the effect of the slug became more pronounced. At a
short stand-off distance of 5 to 10 mm, the witness plate bulged out where the slug hit the
plate. The bulge grew larger with increasing stand-off.

| —
-

o e i A

PHOTOGRAPH 7.1 SHOWING DIRECTIONAL PRIMER CHARGE DETONATION
CHAIN
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PHOTOGRAPH 7.2 SHOWING DIRECTIONAL PRIMER CHARGE POSITIONED ON A
WITNESS PLATE

PHOTOGRAPH 7.3 SHOWING PENETRATION OF PRIMER SLUG THROUGH THE
WITNESS PLATE
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PHOTOGRAPH 7.4 SHOWING WITNESS PLATE PENETRATION RESULTS OF
VARIOUS STAND-OFF DISTANCES

For different types of explosives of different explosive strengths, the punching power of the
slug differed. Higher power explosives with higher velocity of detonations had the ability to
penetrate thicker witness plates with the same sized disc (metal liner).

PHOTOGRAPH 7.5 SHOWING HOLES PUNCHED THROUGH WITNESS PLATE
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Simply and empirically, the witness plate test proved the important and fundamentally basic
characteristic of the directional primer charge namely that substantial energy from the
explosion of the charge is directed forwards. Such was the forward energy that the charge
had the power to punch holes through metal plates. The concept had been practically
demonstrated and an effective directional primer charge had been developed.

7.2.2 Explosively-Forged Projectile Confirmation

The nature of the slug remnants was such that it appeared that the directional primer charge
was an explosively-forged projectile and not a jet; i.e. that the penetration was due to the
impact momentum of the slug and not the cutting action of a stream of high velocity small
particles.

Whole slugs were recovered from the sand under the perforated witness plate, albeit
flattened and deformed. In some instances when the slug did not penetrate fully through a

thick plate, it was found embedded in the plate.

PHOTOGRAPH 7.6 SHOWING TWO SLUGS EMBEDDED IN WITNESS PLATES

The witness plate test was the first practical test that demonstrated the effect and the extent
of the forward-directed hammer-like blow impact energy of the directional primer charge.
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A variety of tests with different explosives were undertaken. The importance of a clear
stand-off distance, i.e., a clear void in the space between the disc and the plate, was
demonstrated. Tests showed that sand or small stones in the stand-off volume had a
marked negative effect on the punching power of the directional primer charge. (See
photographs in Appendix 10).

Although these were used as indicative-only tests, they contributed significantly to the final
design of the directional primer charge as they demonstrated the requirement for a closed
nosecone to maintain the integrity of the stand-off void.

7.2.3 Summary of Witness Plate Tests

In summary, the witness plate tests

- provided a practical demonstration of the charge’s forward directional power, shown
by its ability to punch holes through metal plate of substantial thickness —i.e., 12 mm.

- indicated that the optimum stand-off distance for the test charge prototype was of the

order of one calibre, i.e., 30 mm.

- demonstrated that obstructions in the stand-off void, such as sand or small stones,
had a deleterious effect on the forward directional power of the charge.
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7.3 Detonics Laboratory Testing

7.3.1 The Advanced Detonics Laboratory

For the experimental tests undertaken at the Advanced Detonics Laboratory at Naschem’s
Boskop testing range, a basic design for the directional primer charge was used. This
design comprised the basic components of the charge only, namely the disc, the explosive
charge and a cylindrical tube to house the disc and the charge.

7.3.2 Basic Design

The basic design was considered to be sufficient because the purpose of the tests was to
determine qualitatively the effect of various parameters, e.g., explosive type, explosive mass
and disc mass, on the final velocity of the slug. Therefore, the more elaborate design, which
has been conceptualised and would be applicable to practical usage in the mines, and which
included such features as an enclosed and tapered nose-cone, perforated rear assembly
and compressible housing, was considered to be an over-sophistication for the purpose of
surface testing.

7.3.3 Sets of Tests Undertaken

Three sets of tests were carried out at the Advanced Detonics Laboratory at Boskop, as

follows.

1. The first set, was the detonation of four similar charges of Composition B of constant
explosive mass. The purpose was to determine the final velocity of the disc’s slug.

2. The purpose of the second set of tests was to determine the change in slug final
velocity as a function of the explosive charge length. Again the explosive tested
was Composition B.

3. The third and fourth set of tests was undertaken to compare the slug
velocities obtained with Composition B with those obtained using TNT and Super
Gelignite. Super Gelignite was purported to be the highest velocity of detonation
commercially manufactured nitoglycerine based explosive. At the same time the
disc’s mass was increased from 6 g to 8 g, as theoretical calculations indicated that a
slower velocity might be expected with a greater mass.
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7.4  Experimental Techniques

The experimental techniques used to determine the slug velocity were: -

- Flash X-ray Radiography

- Electronically-timed Shorting Screens

7.4.1 Flash X-Ray Radiographs

Flash X-ray radiography is an important diagnostic technique in ballistics as it can capture
images of the high velocity projectile in flight. (Held, 1993, Jamet et al, 1976). By using two
pulsed X-ray heads, two images of the slug in flight can be captured at two different time
intervals. Figure 7.1 depicts schematically the arrangement of the experimental set-up of the
tests.

The charge is supported with its axis horizontal and is fixed at right angles to the X-ray
heads and towards a steel witness plate. The witness plate acts as a catcher for the slug
and is placed just less than a metre from the charge. Behind the charge is positioned the
X-ray film cassette. Both the film cassette and the X-ray heads are screened to protect them
from blast damage as the charge is fired.

The X-ray heads are triggered sequentially at pre-set delay times after the firing of the
charge.
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7.4.2 Electronically-timed Shorting Screens

Although termed “instantaneous” electric detonators, the electric detonators had an initiation
time delay variation (or “shudder”) that was too large to guarantee sufficient accuracy to
capture the flight of the slug at the prescribed instant. Therefore an ionisation probe was
installed on the charge at the position of the disc.

The ionisation probe, in the form of a thin double-stranded wire, is short-circuited by the
detonation gases when the detonation front reaches the disc. It activates the delay
generator for the X-ray heads. Hence the start signal coincides with the detonation wave
front meeting the explosive / disc interface. This represents the start of the movement of the
disc.

Shorting screens made up of a grid of thin wires are positioned in the trajectory of the
positioned slug, and these are connected to the electronic timing device. The distance from
the ionisation probe to the shorting screen can be measured physically prior to the initiation
of the charge, and the time intervals from the start of movement of the disc to the breaking
(or shorting) of the screens are recorded on the electronic timer.

If the screens are at a relatively large distance (say 300 mm and greater) from the charge
compared with the distance the maximum velocity is achieved (say 20 mm), an acceptable
approximation of the velocity is obtained.

Obviously, if the screen is close to the charge, errors in accuracy in measuring the small
distance will affect the velocity calculation and the acceleration phase from zero to maximum
velocity will form a major part of the distance, so the resultant velocity calculation of distance

over time will not represent the true maximum velocity.

If there is more than one screen in the trajectory, the distance between the screens can be
measured and the time between shortings can be recorded and therefore the mid-flight
velocity can be obtained. Also, by taking a number of readings, variations in velocity such as

retardation owing to air resistance can be determined.

For the flash X-ray radiography method, the pulsed X-ray heads produce images on the
X-ray film. To measure accurately the true distance between images without taking
magnification distortion into account, the image of a metal ladder of precisely known
distances between the rungs is recorded onto the film prior to the initiation of the charge.
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Photograph 7.7 shows the Flash X-ray Radiography set-up. The board on the left is
shielding the large sheet of X-ray film. The directional primer charge is secured in a
horizontal position parallel to the X-ray film. As can be seen by the blue-wrapping, the
initiating charge is Powergel. Also seen in the foreground are the conducting wires from the
ionisation probes which are placed in the directional primer charge in order to trigger the
timing mechanisms for the camera. In front of the charge about a metre away is a large
cylindrical steel catch plate in front of which is a graticule of wires which serve as a timing

screen.

PHOTOGRAPH 7.7 SHOWING FLASH X-RAY TESTS SET-UP

This provides a graticule or grid as background on the film to which the distance between
the two slug images can be compared and determined precisely. As the time delays, t; and
t, from the trigger time, t,, are known, the time between the images can be calculated.
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The flash X-ray radiograph also gives a visual image of the disc at rest and the slug in flight
and, by suitably adjusting the time delay of the first X-ray head, the transformation of the
slug from the disc can be shown. In addition, the second image can show visually any
changes in shape or intact mass or rotation in flight of the slug. This provides visual
confirmation of the design assumptions and the theoretical design calculations. (see Flash
X-Ray Images in Appendix 11).

X-Ray

Camera Trigger Graticule

Shorting Wires

_ _ Slug Fully Formed
Dished Disc Immediately After
At Rest Detonation

R SLUG 14 09 25

-
.
Shadow Images

of Directional Dished Disc
Primer Charge At Rest

Traveling 150 mm

Tail Debris From Slug

PHOTOGRAPH 7.8 FLASH X-RAY IMAGES NO. 1

SHOWING DIRECTIONAL PRIMER CHARGE FORMATION AFTER 15 ns AND 75 s

107

Fully Formed Slug After



7.4.3 Typical Set-up Dimensions

Typical set-up dimensions used at the Advanced Detonics Laboratory at Boskop were: -

TABLE 7.2 A.D.L FLASH X-RAY SET-UP DATA

Charge to witness plate 600 — 800 mm

Charge to ladder mid-point 300 mm

lonisation probe At disc, i.e., 35 mm from front of primer

Film length 900 mm

Magnification 1.3

Shorting screens One on witness plate in all tests. Second
screen in Test 2 only.

Witness plate 100 mm thick x 200 mm diameter metal
cylinder.

7.4.4 Time-Distance Data From First Set of Tests
The first set of tests comprised the firing of four separate charges each containing 65 grams

of Composition B. Time-distance measurements were made using the flash X-ray
photographs produced the following results presented in Table 7.3.

108




TABLE 7.3 SLUG TIME-DISTANCE MEASUREMENTS

CHARGE NO. DISTANCE (mm) TIME (ns) CALCULATED
VELOCITY (m/s)

1 30 15,41
248 120,9 2070

2 50,4 25,41
201 100,5 2005

3 72,3 35,49
288,5 140,55 2060

4 26,9 10,96
175 80,49 2130
MEAN 2065

Therefore, the first set of tests produced results with a scatter of 5 % i.e. a range from 2005
to 2130 m/s, which gave a mean slug velocity value of 2065 m/s.

Appendix 6 lists all the slug time-distance measurements for the second set of tests i.e. the
nine cartridges in the Composition B series of explosive masses ranging from 13,7 g to 48 g,
for the third set of tests i.e. the eight cartridges of 65 g Super Gelignite and the two
cartridges of 93 g Composition B and for the fourth set of tests i.e. the eight cartridges of

45 g TNT with a 25 g PETN booster. These are summarised Table 7.4.
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7.45 Summary of Test Results

The results of the four sets of tests undertaken at the Advanced Detonics Laboratory are

presented below in Table 7.4.

TABLE 7.4 SUMMARY OF TEST RESULTS
SET OF EXPLOSIVE TYPE DISC EXPLOSIVE | NO.OF | MEASURED
TESTS MASS (g) | MASS (g9) TESTS SLUG
VELOCITY
(m/s)
First Set Composition B 6 65 4 2065
Second Set Composition B 6 13,7 1 1350
6 19,1 1 1425
6 26,2 1 1590
6 315 1 1750
6 32,3 1 1750
6 35,5 1 1825
6 39,8 1 1800
6 41,4 1 1900
6 48,0 1 1900
Third and Composition B 93 2 2045
Fourth Sets TNT 45 (70) 1510
Super Gelignite 65 1130
31

Note that for the TNT test, the 45 g of TNT explosive was initiated with 25 g of PETN
explosive which has a slightly higher velocity of detonation than TNT. Thus, for the

purposes of comparison with Composition B and Super Gelignite the equivalent mass for the

TNT tests is 70 g of high velocity of detonation explosive.
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7.5

Discussion of Test Results

7.5.1 Relationship of Slug Velocity to Explosive Mass

The following is a graph showing the relationship between the slug velocity and the

explosive mass for the first and second sets of tests i.e. for Composition B from 13,7 to 65

grams and a 6 gram disc.

SLUG VELOCITY - m/s

2500

Limiting Velocity

1000 +———

Q0 - —m— — - — —_—

o 10 20 30 40 50 B0 70
EXPLOSIVE MASS - grams

EXPLOSIVE MASS - GRAMS

FIGURE 7.2 SLUG VELOCITY AS A FUNCTION OF EXPLOSIVE MASS
111



As can be seen from the above the greater the mass of explosive, the greater the final slug
velocity.

In the case of the directional primer charge, an increase in the mass of explosives is directly
proportional to an increase of explosive charge length as the explosive cartridge has a

constant diameter of 25 mm.

7.5.2 Limiting Slug Velocity for Single Explosive Type

It is common knowledge that when an explosive detonation is initiated, there is a run-up in
the velocity of detonation to the final velocity of detonation characteristic of that particular
explosive. Therefore, the increase in slug velocity can be ascribed to the run-up of the
velocity of detonation over the length of the explosive charge. When the characteristic
velocity of detonation of the explosive is reached, a maximum velocity of the slug will be
attained and any further length in the explosive charge will not produce an increase in the
slug velocity. (See graph in Figure 7.2).

For the parameters used for the directional primer slug used in Tests 1 and 2, namely
Composition B explosive and a 6 gram disc, it would appear that the run-up in the velocity of
detonation is represented by the increase in the slug velocity until a limiting velocity is
achieved which is somewhere between 2000 and 2100 m/s.

7.5.3 Comparison Between Slug Velocities for Same Cartridge Size

The third set of tests was to compare cartridges of TNT and Super Gelignite (which have
velocity of detonation of 6700 m/s and 5600 m/s respectively) to cartridges of Composition B
(which has a velocity of detonation of 7600 m/s).

As theoretical Gurney calculations showed that an increase in the disc mass would show a
commensurate decrease in final velocity, it was decided to use an 8 gram disc in place of the
previously used 6 gram disc i.e. the disc could be punched out of 2 mm metal plate instead
of 1,6 mm metal plate. It was decided to measure the extent of the decrease in slug velocity
with the heavier disc to determine what would be the effect of the momentum of the slug and
hence the effect of the impact of the slug on the rock at the end of the hole.
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However, the theoretical Shock Physics calculation shows that the disc mass is irrelevant,
and the slug velocity should be the same for a 8 g disc as for a 6 g disc for the same
explosive. Therefore, there would be a greater momentum with the 8 g disc and a greater
force on impact on the rock at the end of the hole.

In the third set of tests comparing Super Gelignite to Composition B, the mass of explosive
used was determined by the practicality of filling the cartridges for underground usage.
Thus, the fact that the mass of explosive per cartridge was less for Super Gelignite than
Composition B was due in part to the difference in their relative densities.

Although the tests were not a direct comparison between the two explosives based on mass,
the tests provided a practical comparison based on the same production cartridge package.
The tests showed that for the same size explosive cartridge, Composition B produces a far
higher slug velocity of 2045 m/s than Super Gelignite of 1130 m/s.

When compared with results in the first set, i.e. 65 g of Composition B explosive with a 6 g
disc, it should be noted that the 93 g Composition B explosive with the greater 8 g disc
produces much the same slug velocity i.e. 2065 m/s and 2045 m/s respectively.

The decision to use TNT was as a compromise between the more expensive Composition B
and the cheaper Super Gelignite. As TNT requires a powerful booster to initiate it, a similar
sized cartridge as to that which was used in the third set would have a smaller mass of TNT
as space would have to be provided for the booster. The TNT explosive cartridge was
formed with a 60 mm long pressed pellet of TNT and a PETN explosive as a booster. The
respective masses of the two explosives were 45 g of TNT and 25 g of PETN. As both these
explosives are high velocity of detonation explosives the total mass of high velocity of
detonation explosive in the TNT cartridge is 70 g.

Thus, from a practical production point of view, the TNT explosive cartridge is comparable to
the Super Gelignite and the Composition B cartridges of the same size volumetrically.
Compared to the Super Gelignite cartridge with its slug velocity of 1130 m/s, the TNT
cartridge has a much higher velocity of 1510 m/s but lower than the Composition B cartridge
of 2045 m/s. Thus, the more scientific approach of directly comparing three explosives using
the same mass of explosive was rejected in this the third and fourth sets of tests, for a more
practical approach of comparing cartridges of the same volumetric size, as would be the

case under production conditions in the underground mining stopes.
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7.6  Correlation of Theoretical Models to Experimental Results

How do the measured results correlate to the plate projection models described in Chapter
3.2, namely the Gurney Model, the Gas Dynamics Model and the Shock Wave Model?

The paper presented at the Warheads Seminal by Szendrei in 1996 (Szendrei 1996)
specifically refers to the directional primer charge, giving the measurements and calculations
which are now presented below.

7.6.1 First Set of Tests Measurements

The measured slug velocity as presented in Table 7.3 in Chapter 7.4.4 is 2065 m/s.

7.6.2 Gurney Model Velocity

The Gurney limiting velocity (Vg) is given by the equation.

Vo = Ec / 3z
N\l (z+1)(z+4)
Where Vg = Gurney limiting velocity

Ec = Gurney constant = 2700 m/s for Composition B
z = c

M
C = Charge mass=65¢g
M = Discmass=6¢g

Therefore, for the first set of tests, the calculation of the Gurney limiting velocity Vg = 3820

m/s.

7.6.3 Modified Gurney Model Velocity

The Modified Gurney Model as suggested by Weickert, Gallager and Backofen (1995)
represents plate acceleration as a two stage process. In the first stage, the plate acquires
momentum from the particle velocity behind the detonation wave. In the second stage, the
plate acquires additional momentum by the usual Gurney expansion of gases. The energy
available for the second stage is suitably adjusted from the “standard” Gurney value to

account for the initial momentum coupling.
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The net effect is to predict a significantly lower terminal velocity for the plate. (Szendrei
1996).

The modified Gurney velocity (Vew) is given by the equation

Vem = \/ Ver® + Vpp2

Where Vp, = U _z
z+2
Up = Particle velocity behind detonation front = D
G+1
z = c
M
D = Velocity of detonation = 7600 m/s for Composition B
G = Polytropic exponent = 3
C = Charge mass=65¢g
M = Discmass=6¢g
Ver = Velocity using reduced Gurney energy
= Ve Egr
Ec
Ecr = Ec | 1-U/}
Ec’

Therefore, for the first set of tests, the calculation of the modified Gurney velocity Veu = 3075

m/s.

7.6.4 Gas Dynamics Model Velocity

Aziz, Hurwitz and Sternberg (1961) considered plate acceleration to be a piston in one-
dimensional gas expansion. On arrival at the disc, the detonation front is reflected and the
disc undergoes smooth acceleration under the imposed pressure. The following is

assumed.

- the gas flow is one-dimensional along the axis of the charge.
- thedisc is incompressible.

- the detonation gases are described by the polytrophic equation of state where G = 3.
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The assumption of rigid disc (infinite sound speed) implies that wave phenomena play no
role and plate motion is described by Newton’s laws. (Szendrei 1996).

The gas dynamic velocity (V) is given by the equation

Vp = D a-1
a+l
where a = 1+32C
27TM
D = VOD = 7600 m/s for Composition B
C = Charge mass=65¢g
M = Discmass=6¢g

Therefore, for the first set of tests, the calculation of the gas dynamics velocity V, = 4380

m/s.

7.6.5 Shock Physics Model Velocity

When the detonation shock wave reaches the interface of the explosive and the metal disc,
the shock wave splits in two — a shock wave is transmitted across the interface into the disc
and a rarefaction wave is reflected back into the explosive product gases. Continuity
considerations require that both waves have the same pressure and particle velocity at the
interface at this time. The disc material behind the advancing transmitted shock front is
accelerated to the interface velocity. On traversing the disc thickness, the transmitted wave
is reflected as a rarefaction wave and the disc free surface is accelerated to twice the
particle velocity. The rarefaction wave in turn is reflected off the metal / gas interface as a
compression wave and the interface is accelerated to approximately the same value as the
free surface. At this time the disc as a whole begins to move at more or less the same
velocity. (Szendrei 1996). When the compression wave reaches the free surface a second
time, a second rarefaction is generated and this is repeated throughout the flight of the disc,
although the magnitude rapidly diminishes with each reflection. Calculations by Lambourn
and Hartley (1965) show that a thin steel plate is accelerated to 80 % of its final velocity after
the first reflection of the transmitted wave off the gas / disc interface and after six reflections

there is no real increase in velocity.
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The initial plate velocity therefore is twice the interface velocity with the first interaction of the
detonation wave with the disc.

The Shock Model interface velocity (U)) is given by the equation

I
U|=D\/1+_9R 2+i 9r-1\-/1+ 9 R
16 3\ 16 16
9

where R = &.Cp

de..D

r = S.dy
de

d, = density of disc = 7,8 for mild steel
de = density of explosive = 1,60 for Composition B
D = velocity of detonation = 7600 m/s for Composition B
Co = acoustic velocity = 3600 m/s for mild steel
S = shock adiabat constant = 1,68 for mild steel

The Shock Physics Model free face velocity (Vs) is twice the interface velocity (U)).

Therefore, for the first set of tests the calculations of the shock velocities are U, =925 m/s for

the interface velocity and Vs = 1850 m/s for the slug velocity.
As a check the interface pressure on the disc can be calculated from the equation

Py 0h.Cp.U; + d,.S.U/?

and the interface pressure on the explosive product gas can be calculated from the equation

PQ = E _D - Ul s . P,
27 D

where P, = d. D?
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The interface pressure on the disc should be the same as the interface pressure on the gas.
In the above calculation the pressure on either side of the interface is 37,1 GPa, as is
calculated using the two different equation given above.

7.6.6 Comparison of Calculated Velocities for Composition B
Table 7.5 presents the results of the actual measurement of slug velocity and the theoretical
calculations of the slug velocity for each of the proposed models using a 6 gram disc and 65

grams of Compaosition B explosive.

TABLE 7.5 MEASURED AND CALCULATED VELOCITIES

SLUG VELOCITY
Calculated Gurney Velocity 3820 m/s
Calculated Modified Gurney Velocity 3075 m/s
Calculated Gas Dynamic Velocity 4380 m/s
Calculated Shock Physics Velocity 1850 m/s
Measured Slug Velocity 2065 m/s

From the above, it can be seen that the Gurney Models and the Gas Dynamic Model grossly
overestimate the slug velocity by twofold, whereas the Shock Physics Model underestimates
the slug velocity by only 10 %.

Therefore, it would appear that the Shock Physics Model is the most applicable of the
classical theoretical models for the directional primer charge.

7.6.7 Comparison of Calculated Velocities for Different Explosives

The first and second sets of tests dealt with the explosive Composition B only. The third set
of tests deals with the comparison between the three explosive types — Composition B, TNT
and Super Gelignite.

Table 7.6 presents the results of the calculations of the various theoretical models and the
actual measurement of the final slug velocities for an 8 gram disc and Composition B, TNT
and Super Gelignite explosives.
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TABLE 7.6  MEASURED AND CALCULATED VELOCITIES FOR 8 GRAM DISC

FINAL SLUG VELOCITIES — m/s
COMPOSITION B TNT SUPER GELIGNITE
Gurney 3870 2930 2675
Modified Gurney 3110 2390 2275
Gas Dynamic 4460 3100 2950
Shock Physics 1850 1520 1120
Measured 2045 1510 1130

Again, it would appear that the Shock Physics Model most closely predicts the actual
measured slug velocity. There is a greater degree of predictability with TNT (1520 m/s
versus 1510 m/s) and Super Gelignite (1120 m/s versus 1130 m/s) than with the higher
velocity explosive Composition B (1850 m/s versus 2045 m/s).

7.6.8 Applicability of Theoretical Models

The Gurney Model, and the Gas Dynamics Model grossly over predict the measured velocity
of the slug. Even the Modified Gurney Model, which seeks to reduce the final velocity, is
50% to 100% greater than the measured velocity. Only the Shock Physics Model comes
close to accurately predicting the measured velocity.

The reason for the above is probably the nature of the geometry of the directional primer
charge. Being a relatively long cylinder, there is probably an inefficient utilization of the
available explosive energy, much of which could be dissipated radially into the atmosphere,
Only a small portion of the available explosive energy is therefore directed at driving the
metal disc forward by explosive product gas expansion.

In addition, the apparent short duration of slug acceleration, as shown by the flash X-ray
experiments, does not indicate a gradual increase in acceleration typical of the piston-like
push of gas expansion.

The Shock Physics Model assumes that the final velocity of the slug is solely due to the
shock wave pulse that the detonation wave of the explosion imposes on the metal disc.
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Thus, in the case of the directional primer charge, which is a long cylindrical charge, it would
appear that the Shock Physics Model is the more applicable model and appears to predict
the final velocity of the slug more accurately then the other classical models.

This is significant in the design of the directional primer charge with particular reference to
predicting the effect that various explosives types will have on the final velocity of the slug,
i.e. the higher of velocity of detonation, the greater the velocity of the slug. Ideally,
Composition B should be used because it has the highest velocity of detonation of the three
explosives tested, and therefore will produce the greatest slug velocity. However, from a
practical point of view, if all three explosives produce a slug velocity that is sufficient to
create the umbrella fracture in rock in the stope face underground, then final slug velocity
becomes less important and other factors such as cost start to play a greater role in the
choice of which explosive should be used in the final design of the directional primer charge.
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7.7

Summary of Conclusions Drawn From Surface Tests

The conclusions that may be drawn from the series of surface tests undertaken at the

Advanced Detonics Laboratory at Boskop using the directional primer charge prototype are

summarised as follows: -

a)

The slug velocity is related to the velocity of detonation of the explosive type —

the higher the velocity of detonation, the greater the slug velocity.

In order of

producing the greatest slug velocity the explosives may be ranked as follows.

TABLE 7.7

RANKING OF EXPLOSIVES BY SLUG VELOCITY

RANKING

EXPLOSIVE TYPE

VELOCITY OF
DETONATION

8 g SLUG
VELOCITY

Composition B

7600 m/s

2045 m/s

TNT

6700 m/s

1510 m/s

Super Gelignite

5600 m/s

1130 m/s

b) The slug velocity is dependent on charge length. There must be sufficient charge
length to allow the detonation velocity to run up to attain the characteristic velocity of
detonation of the particular explosive.

C) For a 25 mm diameter cartridge, a charge length of 50 mm appears to be sufficient
to attain the characteristic velocity of detonation and therefore, the limiting slug

velocity.

d) Although Super Gelignite produced the slowest slug velocity of the three explosives
tested, the velocity was still high at over 1000 m/s.

e) From the flash X-ray radiograph images, the slug appeared to be fully formed in the
first 20 mm of travel, and did not appear to change in shape or suffer any loss of

mass over the next few hundred millimetres.

f) The results tended to confirm theoretical calculations and predictions of the Shock
Physics Model for explosive shock loading of metal plates.
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CHAPTER 8 ANALYSIS OF IMPACT OF HIGH-VELOCITY SLUG
ON ROCK

8.1 Introduction

For many years, two phenomena were known to exist for which there was no credible
explanation, namely the “washer-in-hole” and the “air gap” phenomena. (Both have been
discussed in detail in Chapter 5.2). By analysing the shock effects generated by a

directional primer charge, an explanation can now be proposed.

Simply stated, the metal liner (read “washer”) of the directional primer charge has sufficient
stand-off distance (read “air gap”) to become a high-velocity slug (or explosively-forged
projectile). On impact with the rock at the toe of the hole, the slug has sufficient energy to
move the surface of the rock at the toe back into the rock mass. Such is the impact that an
umbrella crack is created at the toe through tension in the rock on the sides of the hole.

In this Chapter, it will be shown that calculations indicate that the displacement of rock at the
toe of hole due to the slug impact ranges from 1,2 mm to 2,1 mm for slugs travelling at 1000
m/s and 2000 m/s respectively. This amount of differential displacement in brittle rock, such
as quartzite, may be sufficient to break the rock in tension, thus creating an umbrella fracture
at the toe of the hole.

Further calculations will show that the duration of the impact pressure pulse ranges from 48
ns to 27 ns for a slug velocities of 1000 m/s and 2000 m/s respectively. This is considered
to be a sufficient period of time for the expanding explosive product gases to enter the
umbrella cracks and extend them further.

Further analysis of the shock regimens indicate that the high-velocity slug generates an air
shock wave ahead of the slug and travelling some 25 % faster than the slug. This air shock
wave impacts the rock ahead of the metal slug, thus enhancing the effects of the slug impact
on the rock.

Thus, it can be expected that the directional primer charge increases the break out of rock at
the toe of the hole due to the formation of umbrella fractures caused by slug impact and the
further propagation of the umbrella fracture by the subsequent expansion of the explosive
gases.
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8.2  Air Shock Ahead of High-Velocity Slug

The action of an explosively-driven metal slug travelling down a blasthole is akin to a high-
velocity piston. Ahead of the slug, the air will be compressed to such an extent and at such
a rate that an air shock is formed. This air shock wave will strike the toe of the hole ahead of
the oncoming slug. Thus, in effect the toe of the hole is subjected to the onslaught of two
impacts — the first an air shock wave and the second a high-velocity metal slug.

8.2.1 Velocity of Air Shock Wave

Appendix 7 (Szendrei 1999) gives theoretical calculations for slug velocities between 1000

m/s and 2000 m/s. These show that: -

- the air shock velocity is greater than the slug velocity by some 25 %.

- the air ahead of the slug is compressed to about 5 times its initial value.

- the air shock wave pressure ranges from 16 atmosphere for a 1000 m/s slug to 60
atmospheres for a 2000 m/s slug.

The air shock calculation results are given in the following table.

TABLE 8.1 AIR SHOCK CHARACTERISTICS

SLUG VELOCITY | AIR SHOCK VELOCITY RELATIVE AIR SHOCK PRESSURE
m/s m/s DENSITY ATMOSPHERES
1000 1293 4,42 16,1
1100 1405 4,60 19,1
1200 1519 4,76 22,3
1300 1633 4,90 25,8
1400 1748 5,02 29,6
1500 1864 5,12 33,7
1600 1980 5,21 38,0
1700 2097 5,28 42,7
1800 2213 5,35 47,6
1900 2331 5,41 52,8
2000 2449 5,45 58,2
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8.2.2 Effect of Air Shock Wave on Rock

The air pressure ahead of the 1000 m/s velocity slug is 16 atmospheres or 1,6 MPa and the
air pressure ahead of the 2000 m/s is 60 atmospheres or 6 MPa.

With the predominate rock in underground Witwatersrand gold mines being quartzite with a
uniaxial compressive strength of over 200 MPa, the air shock wave ahead of the slug at a
strength of 6 MPa has little or no effect on the blasthole. Even the tensile strength of the
rock, which is of the order of 25 MPa say, is still far stronger than even the 6 MPa air shock
pressure for the greater velocity 2000 m/s slug of Composition B.

8.3 Impact Shock of Metal Slug on Rock

The enhancing effect of a metal liner on a hollow charge discovered by Thomanek (1960)
and reported on in Chaper 2 is ably demonstrated by the directional primer charge. The
impact of a high velocity slug on the rock of the toe of the hole subjects the rock to far
greater pressures than the impact of the air shock wave ahead of it.

In Appendix 7, theoretical calculations for slug velocities ranging between 1000 m/s and
2000 m/s (i.e. the range of velocities measured in the laboratory tests of Section 7) show
that the impact of the slug on the rock

- causes the metal / rock interface to move at a velocity between 700 m/s and 1400
m/s.
- generates a shock wave in the rock ranging between 5200 m/s and 6600 m/s.

- creates an impact pressure on the rock between 10 GPa and 24 GPa.

The results presented in Appendix 7 are summarised in the following table.
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TABLE 8.2 IMPACT SHOCK CHARACTERISTICS

SLUG VELOCITY | INTERFACE VELOCITY SHOCK IMPACT
m/s m/s VELOCITY IN PRESSURE
ROCK GPa
m/s
1000 702 5,22 9,61
1100 769 5,31 10,81
1200 835 5,45 12,06
1300 901 5,59 13,36
1400 967 5,73 14,69
1500 1033 5,87 16,07
1600 1098 6,00 17,49
1700 1164 6,15 18,95
1800 1228 6,28 20,46
1900 1293 6,42 22,01
2000 1358 6,57 23,59

Thus, whereas the air shock wave pressure for an air shock velocity of 2500 m/s
(corresponding to a slug velocity of 2000 m/s) generates a shock pressure of 60
atmospheres or 6 MPa, the slug generates an impact shock pressure of 24 GPa.

Taking the compressive strength of rock at 200 MPa and its tensile strength at 20 MPa, then.
the air shock pressure at 6 MPa is too weak to break the rock even in tension, whilst the slug
impact shock at 24 GPa easily breaks the rock in compression.

8.3.1 Shock Phase — Duration and Attenuation

Given the aforegoing calculation of impact pressures, the immediate question of importance
is — how long does the pressure last? Although pressure is attenuated due to the dissipative
effects of energy losses due to heat, viscosity etc., by far the largest attenuation effect is that
of the rarefaction shock waves. Therefore, the size and geometry of the metal slug are of

paramount importance in the duration and attenuation of the impact pressure pulse.
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Impact, shock waves are created which propagate away from the contact surface in both
directions. Because the rod is finite in lateral extent, the shock wave is reflected as a
rarefaction wave, reducing the pressure in the shocked regions and allowing material flow to
take place. The expansion waves from the sides lead to zones of plastic flow radically in the
frontal zones of the rod, the most prominent feature being the formation of the characteristic
mushrooming of the tip of the rod. (see Figure 8.1).

Whilst the stress is being relieved at the contact surface by release waves from the side, the
shock wave propagates upstream in the rod. However, it does not outrun the release
waves.
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Fundamentally, it can be shown that any disturbance (i.e. release wave) behind the shock
wave will always propagate faster than the shock wave, and thus a rarefaction wave will
always overtake the shock front in the rod. When this happens, the high-pressure shock
conditions in the rod are destroyed. This attenuation of the impact shock condition is
therefore of short but finite duration.

From the above considerations, two approximations can be made for the duration of high-
pressure shock conditions, namely: -

- the time required for the release of shock pressure along the contact surface by

rarefaction waves from the side, and

- the time required for the release waves to catch up with the shock wave propagated
upstream in the rod.

In Appendix 7, Szendrei (1999) gives the MATHCAD calculation for the Ravid model (Ravid
et al 1987). Application of the Ravid model in the case of a mild steel rod striking quartzite
rock at 1600 m/s yields the following results: -

Interface velocity = 1098 m/s
Shock velocity (rod) = 4483 m/s
Shock velocity (rock) = 6009 m/s
Rarefaction velocity (rod) = 5020 m/s
Shock duration ts = 1,61 ns
Rod deformation length in ts = 6,3 mm
Loss length (rod) in ts = 0,8 mm
Advance of interface = 1,8 mm

This analysis shows that rarefaction waves destroy the shock wave in the rod in time ts =
1,61 microseconds and thus reduce the impact pressure to some lower value. In this time,
the shock wave has progressed 6,3 mm up the rod and the rod had undergone shortening
by 0,8 mm due to the flow of rod material laterally as the rarefaction waves arrived from the
sides. The rock / metal interface has advanced 1,8 mm under the influence of the impact
shock pressure.

Analysis of transient impact conditions for slug velocities between 1000 m/s and 2000 m/s
are given in the following table and explained more fully in Appendix 7.
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TABLE 8.3 ADVANCE OF INTERFACE FOR VARIOUS SLUG VELOCITIES

SLUG VELOCITY RAREFACTION SHOCK ADVANCE OF
m/s VELOCITY ts e METAL / ROCK
m/s INTERFACE

(mm)
1000 4765 1,74 1,22
1100 4806 1,72 1,32
1200 4848 1,70 1,42
1300 4890 1,67 1,52
1400 4933 1,65 1,61
1500 4977 1,63 1,69
1600 5020 1,61 1,77
1700 5064 1,59 1,85
1800 5100 1,57 1,93
1900 5153 1,55 2,00
2000 5198 1,53 2,08

8.3.2 Plastic Flow Phase — Mushrooming of Tip

After the rarefaction waves have destroyed the impact shock waves and hence the high
shock pressure of finite but short duration, further evolution of contact pressure takes place.
This further contact pressure depends on the impact velocity and the relative strengths of
rod and target materials.

Tate (1969) has shown that, for a given rod / target combination, there exists a minimum
impact velocity below which the rod ceases to deform and proceeds to penetrate as a rigid

body. This limit velocity if given as: -

VZ

2(Y -R)
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Where V = limit velocity
Y = plastic flow strength of rod (= 0,9 GPa for mild steel)
R = resistance of target material to penetration (= 0, 3 GPa for quartzite)
P = target density (= 2,65 t/m® for quartzite)

Therefore, the calculated limit velocity for mild steel impact on quartzite is 670 m/s.

Note that all directional primer slug velocities considered in this thesis are in the range 1000
m/s to 2000 m/s, far in excess of the limit velocity of 670 m/s. This means that, in all cases,
the rod will initially deform and not penetrate as a rigid body.

Following the impact shock and its attenuation, it can be expected that the rod will then
penetrate the rock in a non-rigid or deforming manner. In fact, the rod will penetrate in the
so-called hydrodynamic mode, which is characterised by the erosion of the rod from its tip as
it penetrates and the formation of the characteristic mushroom bulb.

The importance of this conclusion is twofold: -

- it defines a transition phase dominated by plastic flow

- it identifies the final pressure obtained by the readjustment of contact surface
pressure to the quasi-steady hydrodynamic penetration pressure.

Tate (1987) has argued that the transition phase from shock-dominated impact to the
hydrodynamic mode of penetration involves the gross plastic deformation of the rod as its tip
forms a mushroom shape. These deformation waves propagate at the shear plastic wave
velocity. The details of this phase can be very complex, but as an approximation it may be
assumed that the final steady-state penetration pressure is not attained until the plastic
waves reach the axis of the rod.

In contrast to impact shock velocities (i.e. interface velocity, shock velocity and rarefaction
velocity), plastic waves propagate at much lower velocities (of the order of hundreds of
metres per second).

The phase of plastic deformation and pressure reduction is at least as long as the initial

transient shock phase and probably significantly longer. In the context of the values given in
Table 8.4, this phase is assigned a duration of 5 microseconds.
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The Ravid (1993) analysis as given in Appendix 7 shows that rarefaction waves reduce the

shock pressure at the contact surface to 20 % of its peak value. This remaining pressure is

then reduced further during the phase of plastic flow of the rod to a value corresponding to

the steady-state penetration pressure.

For the directional primer charge, the following table gives the calculations for penetration

parameters for slug velocities ranging from 1000 m/s to 2000 m/s. This is reproduced from

Appendix 7.
TABLE 8.4 PENETRATION PARAMETERS
SLUG VELOCITY PENETRATION PENETRATION DURATION
m/s VELOCITY PRESSURE (GPa) (rrs)
m/s
1000 632 0,53 41
1100 696 0,64 37
1200 759 0,76 34
1300 822 0,89 31
1400 885 1,04 29
1500 949 1,19 27
1600 1012 1,35 25
1700 1075 1,53 24
1800 1139 1,72 23
1900 1202 1,91 22
2000 1265 2,12 20

8.3.3 Effect of Slug Velocity on Penetration and Duration

From the above table, it can be seen that penetration on impact increases with slug velocity.

This may seem to be obvious but the effect of slug velocity on duration is not so obvious.

With an increase in slug velocity, there is a decrease in the duration of impact. This means

that the faster the slug, the deeper the penetration into the target on impact, but the duration

of the impact is shorter.
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8.4 Impact Pressure Pulse Profile

Combining three phases of shock, plastic flow and hydrodynamic steady-state penetration,
the pressure pulse time history for a 15 mm long metal slug on rock can be described as

follows: -

TABLE 85 IMPACT PRESSURE AND DURATION
VELOCITY = 1000 m/s VELOCITY = 2000 m/s
IMPACT PHASE PRESSURE DURATION PRESSURE | DURATION
(GPa) (s) (GPa) (s)
Impact Shock 9,6 1,7 23,6 1,5
Plastic Flow 1,9 5 4,7 5

Hydrodynamic Penetration 0,5 41 2,1 20
48 27

This is shown graphically in Figure 8.2.

What the above shows is that the higher the slug velocity, the greater are the pressures of
the various phases but the shorter are the durations. Even at the lower slug velocities the
high pressures are attenuated within 50 microseconds, and the ultra-high shock pressures

are attenuated within 2 microseconds.
Considering that quartzite rock has a compressive strength of 200 to 250 MPa, in all the

above cases for all impact phases, the pressures exceed the compressive strength of the
rock.
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8.5 The Formation of Umbrella Cracks

Finally, the formation of umbrella cracks can now be explained. The pressure exerted on the
toe of the blasthole, whether shock wave pressure in the case of the Perspex blasting
model or impact pressure in the case of the directional primer charge slug in rock, is
sufficient to move the interface forward enough for the material to fail in tension. This
produces a radial crack at the toe of the blasthole which is perpendicular to the axis of the

hole. This is termed an umbrella crack or umbrella fracture.

The complete formation of an umbrella fracture takes place in two distinct phases - the first
phase is the initiation of the crack due to the impact of the slug on the toe of the hole and the
second phase is the extension of that crack by the action of the pressure of the product
gases.

8.5.1 Initiation of Umbrella Crack

Figure 8.3 shows diagrammatically the initiation of an umbrella crack through the action of
the directional primer charge slug impacting on the rock at the toe of the hole.

Figure 8.3 (a) shows the directional primer charge at rest after placement in the blasthole.
Note that the dished metal disc is at a stand-off distance of 35 mm from the rock face at the
toe of the blasthole. Figure 8.3 (b) shows the slug fully formed and moving forward at its
maximum velocity. At 2000 m/s, it would have taken 15 ns to travel 30 mm i.e. just prior to
impact.  Figure 8.3 (c) shows the slug just after impact on the rock at the toe and its
deformation as the slug tail catches up to the slug tip to flatten out against the rock. This
would be the situation at about 30 ns after the detonation shock wave had struck the metal
disc. Figure 8.3 (d) shows the situation at the end of the impact pressure pulse, which for a
slug at 2000 m/s would have a duration of 25 ns, i.e. 40 ns after the explosive shock wave
meets the stationary disc. This is the point at which the maximum forward movement of the
rock at the toe of the blasthole is achieved. In the case of the 2000 m/s slug, this forward
displacement is 2 mm and it has taken place over a duration of 25 ns. In the case of the
1000 m/s slug, this forward displacement is 1,2 mm and it takes place over 50 ns. The
result of this forward displacement is the failure of the rock in tension at the corners of the
toe of the hole.
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This failure is characterised by a radial crack perpendicular to the axis of the blasthole i.e. an
umbrella crack. As the pressure diminishes after impact, so the tension relaxes and the rock
can revert to its original position if the deformation was purely elastic, or some intermediate
position if it was partially plastic. The impact of the slug on the rock has initiated the
umbrella crack. In the second phase of the detonation of a blasthole, the explosive product
gases expand thus exerting pressure on the walls of the blasthole. This gas pressure tends
to open up and extend any existing cracks or fractures. Thus, the explosive product gases
from the column charge of standard explosive in the blasthole will extend the umbrella
cracks and provide the breakout heave of the blasted burden of rock. This extension of the
umbrella crack is shown in Figure 8.4.

In an attempt to estimate the extent of the umbrella crack due to the impact of the slug on
the toe of the hole, the force on the area of the toe should diminish as the area of the
umbrella fracture increases. Assume that the pressure for the 2000 m/s slug, i.e. the
Composition B cartridge, is 2 GPa during the time period that the crack forms. Assume also
that the tensile strength of the rock is 20 MPa. Then the force will have to diminish a
hundredfold before it can no longer break the rock in tension. For this to happen the area of
the umbrella fracture will have to increase 100 times that of impact area of the blasthole i.e.
the diameter will have to increase tenfold.

In this simplistic calculation, the umbrella crack would extend from an impact area of 25 mm
diameter to final area of 250 mm diameter as a result of the slug impact on the toe of the
hole. For the 1000 m/s slug of the Super Gelignite cartridge, the impact pressure of 500
MPa would have to decrease to 20 MPa i.e. a twenty-five-fold increase in area and a
corresponding fivefold increase in diameter to produce an umbrella fracture 125 mm in
diameter as a result of the impact of the slug on the toe of the hole. Note the above two
simplistic calculations are for the size of the umbrella fracture caused by impact only.

Thus, many years after it was first recognised as a phenomenon which could only be
repeated in Perspex blasting models, the umbrella fracture can now be explained and its
formation mechanism can be described in engineering terms. With this understanding of the
conversion of explosive energy to the kinetic energy of the explosively-forged metal slug to
the impact energy of the metal slug on the rock at the toe of the blasthole, not only can the
parameters be calculated theoretically, but also they have been measured and have been
applied to quartzitic rock fracturing. It has been demonstrated that the use of a lined shaped
charge of high velocity of detonation explosive, produces the directional energy sufficient to
create the umbrella fracture at the toe of the blasthole under production stoping conditions.
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8.5.2 Extension of Umbrella Crack

The second phase of the formation of the umbrella crack is its extension due to explosive

product gases from the main column charge shown in Figure 8.4.
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CHAPTER 9 UNDERGROUND FIELD TESTING

9.1 Introduction

The surface testing described in Chapter 7 indicated the forward directional power of the
directional primer charge and the effect various high velocity explosives had on the velocity
of the slug. They also demonstrated the shape of the slug in flight and its development over
a relatively short distance. Although the punching power through metal plate was
demonstrated, the purpose for which directional primer charge had been designed had not
been tested, i.e., its effect on rock at the toe of a blasthole under confined conditions and in

an underground environment.

The first underground test was undertaken in a stope on the then President Steyn gold mine
in Welkom, Free State. The purpose of the test was to determine whether the directional
primer charge premise was feasible in stoping under production conditions. The second
underground test that was undertaken was in a development on Randfontein Estates gold
mine. The purpose of this test was to determine whether the directional primer charge
premise could be applied to a tunnelling blasting round. These two tests, namely the
President Steyn test and the Randfontein Estates test, were preliminary tests prior to full
scale major tests being undertaken under rigorously controlled production condition.

The full production underground tests were undertaken on Village Main gold mine and
consisted of series of tests undertaken at four different time periods. The tests have
therefore been separated into four distinct series of tests as each of the directional primer
charge blasts were to be compared with standard blasts under similar conditions. It was
recognised that to ensure similar conditions the same drilling and blasting personnel should
be used, the same stope face should be blasted thus ensuring a similar rock type and similar

ground conditions occur.

The second series of tests on Village Main was an extension of the first series i.e. the first
series of tests was to compare the effect of different masses of Composition B explosive
namely 20 gram, 35 gram and 55 gram with each other and the standard round, the second
series was to extend the first by using 75 gram and 95 gram directional primer charges.
Due to the delay in the start of the second series, the drilling and blasting personnel could
have changed as could the geology and ground conditions. Therefore, new standard rounds
were recorded. In practice however, these standard rounds did not differ significantly from
the previous standard rounds and the results have been combined as well as shown
separately.
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The same philosophy for testing applied to the third series of tests which was a large test

with a constant mass (85 grams of Composition B explosive) directional primer charge, and

also for the fourth series of tests which compared the effect of Super Gelignite as the

explosive in the directional primer charge to the standard round.

The underground tests can be summarised in the following table.

TABLE 9.1 SUMMARY OF UNDERGROUND TEST PROGRAMME

NAME OF TEST SERIES PURPOSE OF TEST SIZE OF TEST
PRELIMINARY TESTS
1. President Steyn To determine whether the directional 20 holes
primer charge premise was feasible for
stoping.
2. Randfontein Estates To determine whether the directional 60 holes
primer charge premise was feasible for
development.
TOTAL: 80 holes
MAJOR TESTS
1. Village Main Series | To compare the effect of different masses 351 holes
of Composition B, namely 20 g, 35 g and
55 g, directional primer charge in stoping
under production conditions.
2. Village Main Series Il Extension of Series | with 75 g and 95 g 141 holes
mass of Composition B.
3. Village Main Series Il Large scale test comparing standard 536 holes
blasting round with rounds containing
directional primer charge with 85 ¢
Composition B
4. Village Main Series IV To compare the effect of standard 215 holes
blasting round with directional primer
charges containing 80 g Super Gelignite.
TOTAL: 1243 holes
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9.2 Preliminary Tests

Two sets of preliminary underground tests were undertaken. The first set was under stoping
conditions on President Steyn gold mine. The second set was the testing of larger diameter
cartridges in development ends on Randfontein Estates gold mine.

9.2.1 President Steyn

The first set of tests at President Steyn mine utilised the nominal 30 mm outside diameter
and 26 mm inside diameter polythene pipe housing. Two explosives were tested — Dynagel
and Pentalite. The Dynagel was tested by placing a standard 25 mm diameter cartridge
inside the housing and ramming it manually up against the disc which was located at a
stand-off distance of 25 mm. Dynagel was used because at that time it was the preferred
cartridge explosive in use in stoping in South African gold mines.

Pentalite was used as the other explosive because it was the highest velocity of detonation

commercially manufactured explosive in use in mining at that time.

The tests were undertaken as coarse comparative tests with standard charges in blastholes.
In an experimental stope, the mining face was divided up into mini-panels of some five
metres in length, each with its own breaking face. Each mini-panel was charged with a
different explosive type.

The results of this single test indicated that the directional primer charge appeared to have a
beneficial extra breaking effect over the standard charge round. However, with the limited
number of holes, some 20 holes of each explosive type, and other parameters such as
accuracy of drilling playing a role, the results were not conclusive.

In certain holes charged with the Pentalite directional primer charge, where the burden
between the holes was too great, the charge made a comparatively large cavity at the base
of the hole. It appeared to have crushed the rock around the blasthole, the broken material
being easily pumped out on desludging the hole.

9.2.2 Randfontein Estates

At Randfontein Estates, the tests were conducted in a development end. A larger diameter
directional primer charge of 32 mm was used due to the larger diameter holes that are drilled
in development ends — 45 mm diameter compared to 38 mm for stoping. The development

end at Randfontein Estates was a heading 3,5 metres high by 6,5 metres wide.
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The drilling pattern was a “square” pattern with hole burdens of 700 mm horizontal and 800
mm vertical. The round consisted of 73 holes — 9 hole burn cut, 4 easer holes and 60
production holes. (see the following photographs.)

PHOTOGRAPH 9.1 SHOWING MARKED-OFF BLASTING ROUND

PHOTOGRAPH 9.2 SHOWING 32 MM DIAMETER DIRECTIONAL PRIMER
CHARGE CARTRIDGE WITH PLASTIC WRAPPER AND
ELASTIC BAND COVERING OF OPEN END TO PREVENT

INGRESS OF DRILL CHIPPINGS 140



PHOTOGRAPH 9.3 SHOWING 9 — HOLE BURN CUT

The result of the blast was only five sockets ranging from 50 mm to 500 mm deep, four of
which were on the right hand side which had water-logged holes.

The disc diameter used in the directional primer charge was changed to 32 mm compared to
25 mm diameter for the stoping directional primer charge. Again, the tests were merely
preliminary tests to assess practicality in the underground working environment. In the
President Steyn test, it was observed that the drillholes were not pumped entirely clean prior
to the charges being inserted. Drill chipping’s accumulated in the stand-off distance section
of the directional primer charge as it was inserted and pushed to the toe of the hole. For the
Randfontein test therefore, the open end at the front of the directional primer charge was
enclosed using a plastic wrapper held in place with a rubber band. The test results at
Randfontein, as at President Steyn, were inconclusive but indicated that the directional
primer charge had potential to enhance rock breakage.
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What the tests did show was that, although they were inconclusive in quantifying any
advantage, they did indicate that the use of the directional primer charge did not have a
deleterious effect on standard blasting practice. It did appear however, that the holes, when
they broke cleanly, appeared to exhibit the umbrella fracture and the round appeared to
break out more. The visual results were sufficient evidence to give encouragement to
proceed with further more detailed and controlled underground trials. A suitable site was
identified in an underground stope on Village Main gold mine and large scale trials were
planned and subsequently implemented.

9.3 Comparative Tests

As a result of the preliminary tests at President Steyn gold mine and Randfontein Estates
gold mine, and the results from the surface testing of prototypes at the Advanced Detonics
Laboratory at Boskop, it was decided to undertake extensive testing underground under

working conditions.

The design of the tests was to fire a large number of blastholes to obtain a sample size large
enough to determine trends. It was recognised that there are a number of factors at work in
the practical underground environment, which affect the blasting of rock and therefore, which
could affect the result of an individual hole. These are, inter alia, the geology of the rock, its
strength, its joints, its parting planes, the stoping width, the drilling accuracy of the holes, the
collar burden, the toe burden, the placing of the explosives in the hole, the quantity of
explosives placed in each hole, etc.

The site chosen for the underground testing of the prototype was Village Main gold mine.
This was a small gold mine in Johannesburg at the end of its life of over 100 years. It had
one operating shaft and was mining a few isolated stopes to obtain ore to supplement
surface dump reclamation operations and at the same time provide a grinding medium for
the crushing circuit. It operated on a single underground shift per day and also blasting only
once per day. It also had an advantage for this research that after the blast at the end of the
shift each afternoon, the stopes were left undisturbed until the start of the shift the following

morning.
Thus, the site could be visited first thing each day and the results of the previous day’s blast
could be inspected and measurements taken and recorded prior to the stope cleaning

operations being commenced i.e. undisturbed blast results could be easily obtained.

The tests at Village Main comprised four series of tests over a twelve-month period.
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The first series of tests compared the results of directional primer charges containing various
masses of Composition B explosive, namely 20 g, 35 g and 55 g. These were compared
against the standards of a conventionally charged blasthole.

The second series of tests was essentially an extension of the first series. Directional primer
charges containing 75 g and 95 g of Composition B explosive were compared. Again these
were measured against a standard of conventionally charged holes in the same stope. The
standards of both tests were also compared with each other to ensure that comparisons
between both series of tests were valid.

The third series of tests comprised directional primer charges containing 85 g of
Composition B explosive. Again, these were compared to the standard charge. Whereas
the first two series of tests were designed to obtain indicative-only results, the third series
was designed to evaluate the difference between what appeared to be the optimum mass of
directional primer charge and the standard charge. Thus, the number of tests undertaken
(450 holes) in the third series was designed to provide a large enough sample to statistically
analyse the results to identify a significant trend should one exist and to quantify it. At the
time, this third series was intended to be the final series.

The fourth series of tests was undertaken after if become known that there existed a
cheaper high velocity of detonation commercial explosive than the expensive military
explosive Composition B. This explosive, Super Gelignite, was a special formulation of
gelignite and had a far higher velocity of detonation than standard Ammon Gelignite. These
tests were undertaken to provide a direct comparison to the 85 g Composition B tests.

The standard stoping blasting round at Village Main used Tovex 220 watergel explosive as
the main column charge and Stopecord 9 (i.e. medium speed) igniter cord with 0,9 m long
capped safety fuse for initiation. (See photograph below). The directional primer charge
was inserted first at the bottom of the blasthole ahead of the main column charge.
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PHOTOGRAPH 9.4 SHOWING STANDARD EXPLOSIVES USED UNDERGROUND
AT VILLAGE MAIN

9.3.1 Village Main Tests Blasting Parameters

The blasting parameters in the stope on Village Main is typical Witwatersrand Practice. The
stoping width is hominally of the order of one metre but ranges from about 850 mm to 1400
mm in practice. Holes are drilled on a square pattern with bottom holes collars drilled about
200 mm from the footwall and the top holes collars are drilled about 200 mm from the
hanging wall. Where the stoping width is wide a third row of middle holes may be drilled in
between the top and bottom rows.

From the above it can be seen that the hole spacing, i.e. the distance between rows, ranges
between 500 mm and 900 mm. The burden, i.e. the horizontal distance between holes, is

nominally 600 mm with a range of 500 mm to 700 mm in practice.

The length of holes drilled varied between two standard lengths for each blasting round
namely, either 900 mm or 1200 mm.

Appendix 8 lists the raw data measured underground. For each blasting round, pre-blast

and post-blast measurements were recorded.
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Pre-blast each hole was individually numbered indicating positional sequence and whether it
was a top row, middle row (where drilled) or a bottom row hole and is designated by a T, M
or B respectively.

The length (or depth) of the drilled hole was measured to ascertain if it corresponded with
the drill steel length or whether it had been short-drilled. The stoping width was measured at
each hole position and the collar burden and spacing measured for each drilled hole.

Post-blast measurements were taken for of each hole. The length of the socket left after the
blast was measured. The burden and spacing at the toe of the holes were measured using
the position of the sockets and where there were no sockets the apparent position deduced
from blasting fracturing was used. These measurements i.e. the burden and spacing at the
toe of the blasthole, were made so that they could be compared with the collar burden and
spacing and so the parallelity of the drilled holes could be ascertained.

9.3.2 Village Main — First and Second Series of Tests

A more detailed description of these tests is given in Appendix 8. As mentioned previously,
the second series of tests was an extension of the first series and therefore the two series of
tests will be treated as one.

The purpose of the tests was to compare the rock breaking efficiency of the various masses
of Composition B explosive in the directional primer charge. From the theoretical
calculations, which were confirmed by the surface laboratory tests, it was known that the
greater the mass of Composition B explosive, the greater was the velocity of the slug and
therefore the greater was the kinetic energy and the greater was the impact on the target.
Extrapolating on this line of reasoning, it was assumed that the greater the impact at the toe
of the blasthole, the greater the damage to the rock in the form of fracturing and the more
likely that the blasthole would breakout to the full length of the hole. Therefore, from theory
and surface test results, it was assumed that a larger mass of Composition B in the
directional primer charges would produce a greater break-out of the rock.

The method used to determine the degree of rock break-out was one of negative deduction.
Instead of measuring the quantity of rock that had broken out, a method was devised which,
in effect, measured the quantity of rock that had not broken out. This was to measure the
length of the blasthole remaining after the blast i.e. the length of the blasthole socket.

The socket lengths were measured after the blasts before broken rock removal operations
(“stope cleaning”) commenced.
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In order to ascertain whether the directional primer charge improved the breakout of rock
from the blast, certain blasts called “standard blasts” were taken in which no directional
primer charges were inserted in the blastholes. These were then compared to those blasts
in which directional primer charges were inserted into the blastholes.

This comparison was undertaken by measuring the length of the sockets and calculating the
mean socket length for each blast.

The first and second series of tests were to compare the effect of different amounts of
Composition B explosive in the directional primer charges. These were 20 grams, 35 grams,

55 grams , 75 grams and 95 grams respectively.

Appendix 8 gives tables of the sample size of each blast and the mean socket length per
blast. This data has been summarised in Table 9.2.

TABLE 9.2 SUMMARY OF FIRST AND SECOND TEST SERIES RESULTS

ROUNDS NO. OF ROUNDS NO. OF MEAN SOCKET

BLASTHOLES LENGTH

Standard (0,9 m) 4 77 120 mm
Standard (1,2 m) 4 93 176 mm
20 g Composition B 3 53 104 mm
35 g Composition B 4 104 62 mm
55 g Composition B 1 24 120 mm
75 g Composition B 3 53 86 mm
95 g Composition B 4 88 71 mm

Four standard rounds had hole lengths of 0,9 metres and four standard rounds had hole
lengths of 1,2 metres. As most of the directional primer charge rounds had hole lengths of
1,2 metres, the latter four standard rounds have been used for purposes of comparison. The

former four standard rounds have been recorded and included for completeness.

From the first two series of tests, it was apparent that due to the shorter mean socket length
after the blast, a greater amount of rock was breaking out from each blast when a directional
primer charge was used.
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Apart from an apparent aberration for the 55 grams Composition B directional primer charge,
which could be explained by the small sample size of blastholes and only one blast, blasting
results appeared to improve with increased mass of Composition B explosive. However, for

35 g and above there was no significant improvement.

9.3.3 Village Main — Third Series of Tests

The purpose of the third series of underground testing at Village Main was to evaluate a
large number of blastholes containing the same quantity of Composition B explosive in the
directional primer charge namely 85 grams. This quantity is equivalent to a charge length of
75 mm and is three times the cartridge diameter of the directional primer charge. From the
literature (Persson et al (1994)), this length of charge should be adequate for the detonation
front to run up to the explosive’s characteristic velocity of detonation. In the case of
Composition B this was shown to be so from the disc velocities for varying quantities of
explosive measured during the trials undertaken at the Advanced Detonics Laboratory. The
graph of slug velocity versus explosive mass shown in Figure 7.2 indicates that the limiting
slug velocity occurs at a mass of Composition B explosive of over 50 grams.

Further measurements of blasts with standard configurations of explosives were taken to
ensure that fewer parameters changed e.g. the same drillers are used to drill the holes which
assumes the same degree of inaccuracy of drilling occurs each time, the same stopes are
used which assumes similar rock type, geological and mining conditions etc.

All in all seven standard blasts were measured during the same time that seven 85 gram of
Composition B explosive directional primer charge blasts were undertaken.

In summary, from the seven standard blasting rounds and the seven rounds with 85 grams
of Composition B directional primer charge, the following comparison appears to confirm the

improvement of rock breakout with the directional primer charge.

TABLE 9.3 THIRD TEST SERIES RESULTS

MEAN SOCKET
ROUNDS NO. OF ROUNDS | NO. OF BLASTHOLES LENGTH
Standard 7 168 121 mm
85 g Composition B 7 368 94 mm
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Again the study of individual blasts shows that drilling accuracy plays a role in the creation of
long sockets. However, both the standard rounds and the directional primer charge rounds
had statistical distribution of similar shape, ranging from 50 mm to 252 mm average socket
lengths for the standard round, to 37 mm to 212 mm average socket length for directional
primer charge round. (see Appendix 8).

9.3.4 Village Main — Fourth Series of Tests

The fourth series of tests at Village Main which were undertaken almost as an afterthought
were to determine the effect of a high velocity of detonation commercial explosive which had
just become available. The explosive was a specially formulated ammon gelignite, which is
referred to as Super Gelignite.

Again measurements of blasts of standard explosives configurations were measured during
the period of the trials of the Super Gelignite. Four standard rounds and three Super

Gelignite rounds were measured.

In summary, from four standard blasting rounds and three rounds containing Super Gelignite
directional primer charges, the following comparison once again appears to confirm the
improvement of rock breakout with the directional primer charge.

TABLE 9.4 FOURTH SERIES TESTS RESULTS

MEAN SOCKET
ROUNDS NO. OF ROUNDS | NO. OF BLASTHOLES LENGTH
Standard 4 188 175 mm
Super Gelignite 3 93 67 mm

It is interesting to note that this series of tests showed the most improvement of the
directional primer charge round over the standard round.

9.4 Summary of Results
Due to the many factors which can affect the length of sockets e.g. accuracy of drilling, out-

of-sequence initiation, misfires etc., the results of the underground field testing are presented
as coarse results purely to indicate whether there is a trend that the use of directional primer

148




charges produce a greater break out of rock per round.
average length of sockets remaining after the blast).

A summary of the blasting rounds gives the following results.

(This being measured by the

TABLE 9.5 SUMMARY OF RESULTS FOR ALL TEST SERIES
ROUNDS SAMPLE SIZE MEAN SOCKET LENGTHS
TYPE ROUNDS NO NO. OF HOLES PER ROUND RANGE OF
ROUND MEANS
Standard (0,9 m) 4 77 120 mm 73 t0 208 mm
Standard (1,2 m) 4 93 176 mm 113 to 326 mm
20 g CompositionB | 3 53 104 mm 66 to 125 mm
35 g CompositionB | 4 104 62 mm 44 t0 136 mm
55 g Composition B | 1 24 120 mm 120 mm
75 g CompositionB | 3 53 86 mm 65 t0 97 mm
95 g CompositionB | 4 88 71 mm 53 t0 85 mm
Standard 7 168 121 mm 50 to 252 mm
85 g Composition B | 7 368 94 mm 37 t0 212 mm
Standard 4 188 175 mm 147 to 229 mm
Super Gelignite 3 93 67 mm 3210 101 mm

The blasting rounds are divided into three groups on a time basis i.e. the standard rounds

were blasted in the same period that the respective directional primer charge rounds were

blasted. This was done to obviate changes in drilling parameters when using different

drilling crews.
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Note that the final column in the table is the range of round means i.e. for the 55 g

Composition B blast, there was only one round blasted and therefore only one value can be

given, whereas all other round types consisted of a number of blasted rounds and therefore

a range of mean socket lengths per round can be presented.

TABLE 9.6 IMPROVEMENT IN BLASTING EFFICIENCY

MEAN SOCKET | BREAK-OUT | IMPROVEMENT
LENGTH LENGTH IN BREAK-OUT
Series | Standard Round 176 mm 1024 mm -
20 g Composition B 104 mm 1096mm 7%
35 g Composition B 62 mm 1138mm 11%
55 g Composition B 120 mm 1080 mm 5%
Series Il | 75 g Composition B 86 mm 1114 mm 9%
95 g Composition B 71 mm 1129 mm 10%
Series Il | Standard Round 121 mm 1079 mm -
85 g Composition B 94 mm 1106mm 3%
Series IV | Standard Round 175 mm 1025 mm -
Super Gelignite 67 mm 1133 mm 11%

In all cases, the directional primer charge rounds showed improvements over their

respective standard rounds.

In the case of Super Gelignite an improvement of breakout of 108 mm over a 1,2 metre long

blasthole, represents an increase in efficiency of 11 % (i.e. 1133 mm + 1025 mm = 1,11).

9.5 Analysis of Results

Although the field testing produced coarse results whose values should be accepted with

reservations, the quantity of observations allowed trends to be identified.

150




It would appear that an increase in the quantity of high velocity of detonation explosives

resulted in better breaking of the rock at the toe of the hole as represented by the decrease

in socket length.

Surprisingly the Super Gelignite appears to perform the best with an improvement of 11%

although it has a lower velocity of detonation than Compaosition B.

9.5.1 Frequency Distribution Curves

In Appendix 8, the distribution curves of socket lengths for each explosive type shows a

distribution which is skewed to the left. At first it appears to be log-normal but on closer

examination this is due to the fact that there is a high preponderance of zero sockets and

also at the other end of the scale there is a maximum length that a socket can attain namely
the length of the drill hole.

The frequency distribution of socket lengths for The Standard Rounds is presented in Figure

9.1 as a typical example.
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FIGURE 9.1 FREQUENCY DISTRIBUTION OF SOCKET LENGTHS FOR
STANDARD ROUNDS
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9.5.2 Zero Socket Ratios

The difficulty of using sockets as the measurement of breaking efficiency is that it assumes
that a zero socket cannot be improved upon. If the standard round had produced no
sockets, then the directional primer charge would not be able to show improvement.

Ideally the standard round should give constant socket lengths for each hole. It is often said
that 150 mm long sockets are an indication of the most efficient blasting from a powder
factor point of view. The difference in powder factor for a directional primer charge to give
the same constant 150 mm socket per hole, would demonstrate the difference in the
efficiency of the new technique.

However, due to the variability of the parameters in underground production blasting, even
poorly drilled rounds produce some holes with sockets of zero length.

Another indication of blasting efficiency is the number of zero sockets produced per blast
and observe the change in their proportion of the total.

For example the incidence of zero sockets was recorded for the standard round, the 85 g
Composition B round and the Super Gelignite Rounds and are tabulated in Table 9.7.

TABLE 9.7 INCIDENCE OF ZERO SOCKETS

ROUND TYPE NO. OF HOLES NO. OF ZERO SOCKETS RATIO
Standard (all rounds) 537 186 35%
85 g Composition B 368 214 58%
Super Gelignite 93 59 63%

It is interesting to note that a third (35%) of the holes in the standard rounds broke out
cleanly and left no socket, whereas for both the 85 g Composition B rounds (58%) and the
Super Gelignite rounds (63%) the number of zero sockets was almost double that for the
standard rounds. (see Frequency Distribution Graphs in Figures 9.1, 9.2 and 9.3).
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This is indicative of the umbrella fracturing due to the directional primer charge. What is of
interest is that there is no significant difference between Composition B and Super Gelignite
charges. This is indicative of the fact that lower velocity of detonation charge is sufficient to

cause a significant umbrella fracture.

9.5.3 Additional Breakout

Although only zero length sockets were recorded, there were drill holes observed which
actually broke out more than the full hole length (see Photographs 9.5 and Photographs
12.13 to 12.18 in Appendix 12).

Photograph 9.6 not only shows a hole that is broken out beyond the end of the blasthole, but
also shows the remnants of a slug embedded in the rock at the toe of the hole.

This additional breakout of rock beyond the drilled length was not measured and is therefore
not quantified. However, it does exist and would contribute to a greater efficiency value
being ascribed to the use of a directional primer charge in stoping.

PHOTOGRAPH 9.5 SHOWING ROCK BROKEN BEYOND THE LENGTH OF
BLASTHOLE
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FIGURE 9.6 SHOWING SLUG REMNANTS EMBEDDED IN THE ROCK AT THE TOE
OF THE HOLE

9.6 Economic Implications

The economic implications of the enhancement of the breakout of rock during blasting in
underground stopes which can be ascribed to the use of directional primer charges are
considerable.

Consider an average South African gold mine with the following parameters for tonnage and

grade and current market conditions: -

Production rate 200 000 tons per month

Recoverable grade 5 grams of gold per ton

Gold price = R80 000 per kilogram

Therefore,

Revenue per ton 5g/t x R80 000/kg = R400/t

200 000t/month x R400/t = R80 million / month.

Monthly revenue
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If there is additional breakout beyond the length of the blasthole of an average of only

50 mm say, then over the length of a 1,2 metre long blasthole this represents an additional
increase in the breakout of rock of 4%. If a Super Gelignite directional primer charge is used
in each stoping blasthole of 1,2 metre length, then the total increase in breakout of rock over
the conventional standard stoping round will be 15%, being the 11% for Super Gelignite in
Table 9.6 plus the 4% for additional breakout.

An increase of 15% breakout represents an increase in revenue of R60 per ton (0,15 x
R400/t), R12 million per month (0,15 x R80 million / month) or R150 million per annum for an
average South African gold mine.

In South Africa, there are currently 550 000 holes drilled every day on the gold and platinum
mines. (AEL 2004).

Assuming that the platinum mines produce the same revenue as the gold mines (a
conservative assumption), i.e. a recoverable grade of 2,5 g/t and a platinum price of

R160 000/kg, and assuming that one blasthole produces one ton of broken rock, then the
additional revenue which could accrue to the gold and platinum mining industry in South
Africa would be R33 million per day (550 000 holes x R60 per hole) or R10 billion per

annum.

156



CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS

10.1 Summary

The objective of this thesis was to design and develop a shaped charge explosive which
would enhance the explosives’ ability to break out rock in mining operations. This was to be
achieved by focussing the explosive energy towards the toe of the blasthole using a hollow
charge with a shaped metal liner positioned at a given stand-off distance from the toe — in
essence, an explosive gun directed at the toe of the blasthole.

For its use in the narrow-reef, hard-rock underground stoping operations of the South African
gold and platinum mines, this explosive gun was termed a directional primer charge, as it
took the position of the bottom primer charge in a column charge of explosives and it
directed the explosive energy forward towards the toe of the blasthole.

The directional primer charge was designed and developed on surface under laboratory
conditions using the sophisticated measuring devices of flash X-ray radiography and
electronically-timed shorting screens. It was then tested underground under production
conditions in a gold mine. The results of over 1300 production blastholes were recorded and
analysed.

The mechanism of directing explosives energy forwards is the use of a hollow or shaped
charge to focus the explosive energy and the use of a metal liner to enhance the effect. The
shock wave generated when the explosive is detonated, is focussed using a concave hollow
at the end of the explosive. This effect is further enhanced by the use of a thin concave
metal disc which lines the hollow of the explosive and which itself then deforms by turning
itself inside out transforming the disc into a high velocity metal slug. In order to complete
this transformation, a certain distance is required. The disc is therefore placed at a distance
from its target. This distance is termed the stand-off distance. The distance between the
disc at rest and that over which the slug becomes fully formed is termed the minimum
effective stand-off distance. Flash X-ray radiography showed that this distance was of the
order of one to two calibres and in the particular case of the directional primer charge was 30

mm.

The mechanics of the action of the directional primer charge on the breaking of rock in a
blasthole is one of energy conversion. Explosive energy from the column charge of
explosives is partially converted into kinetic energy of a high velocity metal slug using the

shaped liner or metal disc.
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This concave disc attains a high velocity over a very short space of time and hence over a
very short distance. The shock impact of the detonation wave causes a jump condition in
the velocity of the disc from zero at rest to its final velocity as an explosively-forged projectile
i.e. a high velocity metal slug. From electronic timing and flash X-ray radiography, the disc is
shown to attain this high velocity also within one calibre i.e. for the directional primer charge
also within a distance of 30 mm.

The kinetic energy of the high velocity metal slug is then converted into impact energy as it
impacts on the rock at the toe of the blasthole. This impact energy is dissipated by
compacting the rock at the toe of the blasthole. This compaction results in movement of the
rock interface back into the rock mass and resultant crushing and cracking of the rock.
Theoretical calculations show that for the explosive types of directional primer charge tested
and for the rock type in the underground environment, the rock interface could be expected
to move 1 to 2 mm into the rock mass. This movement places the rock at the perimeter of
the toe of the blasthole in tension which could initiate a radial fracture at the toe at right
angles to the long axis of the blasthole. Such a radial crack would be typical of an “umbrella
crack”. Such cracks were observed in the directional primer charge blastholes in the
underground tests.

The surface experiments in the Advanced Detonics Laboratory indicated that the
transference of explosive energy to the kinetic energy of the metal disc was a shock impulse
which produced slug velocities in practice which were close to the theoretical calculations for
slug velocity using the Shock Physics Model. This meant that the actual velocities could be
predicted with a degree of accuracy, given the directional primer charge parameters, such as
explosive type. Experiments with different explosives types showed that explosives with a
higher velocity of detonation produced slugs with greater velocities. Composition B, TNT
and Super Gelignite explosives with nominal velocities of detonation of 7600 m/s, 6700 m/s
and 5600 m/s respectively were tested and produced measured slug velocities of 2045 m/s,
1510 m/s and 1130 m/s respectively.

The impact of the slug on the toe of the hole, is characterised by a shock impact phase
followed by a plastic flow phase and then a hydrodynamic phase. The shock impacts of the
directional primer charges in the range of explosives tested (i.e. those explosives which
produced slug velocities from 1000 m/s to 2000 m/s) are calculated to produce shock impact
pressures between 10 GPa and 25 GPa over time durations of 1,75 ns to 1,5 ns

respectively.
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The impact of the slug is calculated to move the rock face at the toe into the in situ rock
mass a distance of 1,2 mm and 2,1 mm for slug velocities of 1000 m/s and 2000 m/s
respectively. During the shock impact phase, the slug impacts against the rock. During the
plastic flow phase, the slug flattens itself against the rock face and the rock face starts to
move into the rock mass. It is suggested that the duration of this phase is of the order of 5
ns and pressure drops to 20 % of the original impact shock pressure. During the third phase
of impact, the hydrodynamic phase, the reflected rarefaction waves destroy the original
shock wave as the slug penetrates the rock further. The penetration pressure for this phase
is calculated to range from 0,5 GPa to 2,1 GPa for slug velocities of 1000 m/s to 2000 m/s
respectively. This phase lasts for a duration within the range 48 ns to 27 ns. Thus, the
effects of the slug on the rock at the toe of the hole lasts for a duration of under 50 ns. In
this time, the slug has caused the rock at the toe of the hole to move forward between 1 mm
and 2 mm thus initiating the formation of an umbrella crack at the toe which propagates
radially outwards at right angles to the axis of the hole. It is calculated that the extent of the
propagation of the umbrella crack caused by the shock impact is five times the slug diameter
for a slug travelling at 1000 m/s and ten times the slug diameter for one travelling at 2000

m/s.

On the arrival of the expanding explosive product gases at the toe of the hole following the
impact of the slug, these gases enter the cracks made by the impact of the slug and extend
them further, thus enhancing the break out of the rock at the toe. This enables the burden
rock to break out to the full length of the blasthole, and in some of the observed cases,
beyond the full length.

The underground tests were undertaken to determine the effectiveness of the directional
primer charge on standard blasting practice in stopes. Thus, as a control, “standard” rounds
were blasted in which no directional primer charges were inserted. These control rounds
were used as a base against which any improvement or otherwise could be measured. As
each series of tests took place at different times, a new set of “standard” rounds were
recorded to obviate the effect of changes in ground conditions, drilling crews etc.

The first two series of tests, used different masses of Composition B explosive ranging from
20 g to 95 g. Compared to the standard round, each directional primer charge round
showed an improvement, although above 35 g of Composition B the improvement remained
constant at about 10%. The third series of tests used 85 g of Composition B and again the

directional primer charge showed an improvement in break-out over the standard round.
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The fourth series of tests used Super Gelignite which surprisingly enough, given its lower
velocity of detonation, produced the same improvement over the standard round of the order
of 10%.

The hole length frequency distribution curves showed interesting results particularly with the
incidence of zero socket lengths. It showed that rounds with the directional primer charge
had almost twice the percentage frequency of the standard rounds. Examination of the
stoping face after blasting, showed a number of holes that had been recorded as zero socket
length actually broke out the rock beyond the length of the hole. If this were to average 50
mm it would represent an additional break-out of 4% above the full length of 1200 mm.

Thus, it can be said that the use of a directional primer charge can increase the break-out of
a blast from 10% to 15%. Should the standard conventional blasting in a mine be less
efficient than the experienced at Village Main, as is indicated to be so by Brinkmann (1994),
then the increase in the break-out of rock from a blast could be in excess of 15%.

An additional break-out of 15% represents a potential additional revenue of R150 million per
annum for the average South African gold mine or R10 billion per annum for the South
African gold and platinum mining industry.

10.2 Conclusion

This thesis has demonstrated through theoretical calculation and practical application that
the breakout of rock in underground stoping operations can be enhanced by up to 15% by
the use of a directional primer charge which has been designed and developed during this

research and is recommended for commercial use in mines.

This thesis describes the mechanisms involved in the process and in doing so has provided
a credible explanation for the hitherto unexplained “air gap phenomenon” which produced
the umbrella fracture in Perspex model blasting. The directional primer charge appears to
produce a similar umbrella fracture in rock at the toe of the blasthole in underground stoping
operations.

The economic implications of this improvement in blasting efficiency due to the increased
break-out volume of rock per blast is significant.
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10.3 Recommendations

There is a large amount of further work that could be undertaken; namely to ascertain the
effectiveness of the directional primer charge on

- the platinum mines
- development ends
- open pits

The platinum mines would be of interest because, although their stoping methods are similar
to Witwatersrand gold mines, their Merensby Reef and UG2 Reef are known to have
different breaking characteristics from both quartzite and each other.

The use of directional primer charges in development ends or tunnels would be of interest in
that, whereas stoping has two free faces from which the rock has to break, development
ends have only one free face. However, the development blastholes tend to be drilled
closer to one another and if a parallel round is drilled, all holes should be of the same
lengths and therefore the umbrella cracks could interact with one another enhancing break-
out effect.

In open pit mining, sub-drilling could be eliminated, as the blasthole need only to be drilled to
the bench floor level. This would result in a commensurate saving of drilling and explosives
costs. In addition, the umbrella fracture should result in less fractured rock on the bench
floor resulting in easier drilling conditions and more controlled blasting in subsequent
production cycles.
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A.1.1 MILITARY EXPLOSIVES

Military explosives are characterized by their ability to be stored in magazines for long period
of time and then be used at short notice with no apparent deleterious effects in their
performance. To achieve this they require to be chemically stable for a period of years until
they are required to be handled and detonated.

As they are also required to pack as much energy into a small a package as possible, they
tend to have as high a density as practicable. In addition, as they are often required to drive
shrapnel as far and as wide as possible, they tend to have a high velocity of detonation.

Therefore, military explosives tend to differ from commercial explosives, i.e. those that are
widely used in civil and mining operations, in that they have

1. a longer shelf life
2. a greater density
3. a higher velocity of detonation (VOD).

As a consequence of the above, military explosives tend to be more expensive than

commercial explosives.

A.1.1.1  TNT, RDX, HMX

The three most common single compound military explosives are trinitrotoluene (TNT),
cyclotrimethylenetrimtramine (RDX) and cyclotetramethylenetetranitramine (HMX).

TNT was developed in the First World War and is the acronym for trinitrotoluene. It has the

chemical formula, given in explosive nomendature, C;HsN3Os.

RDX was developed in the Second World War and is the acronym for Research Department
Explosive, which was the code name given to it for security reasons. Its explosive chemical
formula is C3HgNgOg. It is also known in some countries as Hexogen due to its chemical

structure.

HMX was produced after the Second World War as a by-product of RDX and has a higher
melting point than RDX. HMX is the acronym for High Melting Explosive again a code name
and has the explosive chemical formula C,HgNsOs. It is also known as Octogen.

It is believed in some quarters that HMX was the acronym for His Majesty’s Explosive, but as
it merely is a code name, it is of interest sake for trivia only and is of little consequence.

164



ACRONYM COMPOSITION DENSITY V.0.D.

TNT C/HsN30s 1,55 glcm?® 6700 m/s
RDX C3HsNsOs 1,80 g/cm?® 8750 m/s
HMX C4HsNgOs 1,90 g/cm?® 9100 m/s

A.1.1.2 COMPOSITION A, COMPOSITION B, COMPOSITION C

The first practical military explosive based on RDX was a mixture of RDX with beeswax in
the ratio 91:9 by weight. This explosive mixture was known as Composition A.

Composition B was developed as a castable mixture of RDX with TNT and a small amount
of desensitizing beeswax in the ratio 60:39:1. It became the most frequently used high-
energy military explosive and even today is the most common projectile fill in military
projectiles. lts ability to be precision cast has made it the ideal filling for shaped charges.

Composition C was developed as a hand-mouldable “plastic” explosive of RDX with
polyisobutylene and beeswax in the ratio 90:9:1. Composition C1, C2, C3 and C4 were later
modifications of Composition C with different binders. Composition C4 is most often used in

demolition.

A.1.1.3 CYCLOTOL, OCTOL

Further mixtures of RDX and HMX with TNT are known as Cyclotol (RDX:TNT=75:25) and
Octol (HMX:TNT=76:24).

The properties of these most common military explosives are given below (Persson et al
1994).
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NAME COMPOSITION DENSITY VOD DETONATION | EXPLOSIVE
glcm?® m/s PRESSURE ENERGY
GPa MJ/kg
TNT 100 % TNT 1,55 6700 22,2 4,4
Comp B 60:40 RDX:TNT 1,60 7600 24,4 5,0
Comp C-4 90:10 1,72 8040 25,7 59
RDX:Polysisobutylene

Cyclotol 75:25 RDX:TNT 1,74 8250 24,6 51
Octol 76:24 HMX:TNT 1,81 8480 34,3 4,5
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A.1.2 COMMERCIAL EXPLOSIVES

Commercial explosives are typically those that are widely used in the civil and mining
industries. They are characterized by rapid turnover — buy it and use it — and thus they can
have a short shelf-life, typically six months.

As they are a cost item in production, there is great commercial pressure to keep the cost
down and their performance is often judged as the “most bang for the buck” or price per
kilogram. Thus, typically the most widely used commercial explosives are those with the
cheapest ingredients.

A.1.2.1 NITROGLYCERINES

Nitroglycerine explosives were first manufactured commercially by Nobel in the 1860’s
(Blasters Handbook 1977).

The classical nitroglycerine explosives consist of a mixture of nitroglycerine and a similar
liquid explosive nitroglycol-ethylene glycol dinitrate or EDGN (C3;H4(ND3),) as sensitiser and
plasticiser, mixed with a blend of fuel and oxidizer such as ammonium nitrate or sodium

nitrate.

Basically there were three types of nitroglycerine explosives manufactured in South Africa.
They were Ammon Dynamite, Dynagel and Ammon Gelignite and were for many years the
backbone of the South African gold mining industry.

The cheapest, Ammon Dynamite, was water soluble. The most expensive, Ammon
Gelignite, was waterproof. As a result of the aforegoing, Dynagel was manufactured as a
compromise. Its price lay between the former two and it was partially waterproof, effective
for a shift of 12 hours only.

A.1.2.2 AMMONIUM NITRATES
During the 1940's it was realized that ammonium nitrate fertilizer had explosive properties.
Ammonium nitrate was marketed under various names, ANBA — ammonium nitrate blasting

agents, ANFO — ammonium nitrate fuel oil, ANFEX — ammonium nitrate fuel explosive.

Due to its low cost, ammonium nitrate explosives were readily accepted and used.

However, it was water-soluble so that it could not easily be used in wet holes.
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A.1.2.3 WATERGELS, SLURRIES, EMULSIONS

To combat the water-solubility of ammonium nitrate, it was made waterproof, ironically by
dissolving it in water and adding binders to produce a watergel explosive. Further
refinements produced slurry and emulsion explosives.

In the watergel explosives, a gelled water solution, which contained ammonium nitrate or
sodium nitrate together with water-soluble fuels and explosive ingredients such as
monomethylamine nitrate (MMAN) replace NG and EDGN as sensitiser and plasticiser.

The rest of the mixture, suspended in the gel to form a thick grainy fluid, consists of granular
TNT or finely powdered aluminum as a sensitiser; undisolved AN or SN oxidizers; and
added fuel components, of which granular aluminum is most commonly used to compensate

for the low energy due to the cooling capacity of the water.

Slurry explosives are basically watergel explosives used in bulk for large diameter blastholes
and can be mixed on site immediately prior to loading the holes. The ability to bring the
constituents to site in bulk as nhon-explosive transport. The mixing on site at each individual
hole allowed for custom-designed explosives for each blast, thus allowing for an increase in
blasting efficiency, which again resulted in a reduction of explosive cost.

Emulsion explosives are a further development and refinement of watergel explosives. By
using suitable emulsifiers, a concentrated hot solution of ammonium nitrate in water can be
dispersed to form micron-sized droplets in a fuel oil. This produces an explosive mixture
which has the texture similar to that of margarine or Vaseline. As each ammonium nitrate
solution droplet is enclosed by a thin film of oil, the emulsion explosive is waterproof and can
be used in wet holes. The small size of the droplet and the submicron thickness of ail film
gives a large contact area of oxidizer and fuel which allows for more complete combustion
and minimizes deleterious blasting fumes such as nitrous oxides, carbon monixide and
dioxide. However, the emulsion matrix is essentially nondetonable as it has a low
temperature increase when compressed by a shock wave. To overcome this, artificial
hotspots are created by the addition of glass micro balloons or fine gas bubbles.

A.1.2.4 INITIATING SYSTEMS

In Witwatersrand practice for many years the initiation of stoping blasts have been capped
fuse and igniter cord.
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With cartridged nitroglycerine explosives the detonators have been 6D cap — sensitive.
However, with the advent of the less sensitive Anfex into the mines in the 1960s, a stronger
detonator was required to initiate the stoping and development blastholes. The 8D detonator
which has twice the mass of initiating explosive, and hence twice the power, of the 6D
detonator was found to adequately initiate Anfex.

As the mining is narrow reef stoping with a stoping width of the order of one metre, the blast
is a confined blast, not dissimilar to a narrow trench on its side, and therefore it is important
that the blastholes are fired in sequence. As each hole is blasted a new free face is created
for the following hole. If the burden is correct, then each hole as it is blasted breaks out the
rock between it and the free face. If holes are blasted out of sequence, the resulting burden
between the hole and the free breaking face becomes too large and the intervening rock will
not break out. Thus, sequential firing of holes is of paramount importance in narrow reef

stoping.

To achieve sequential firing igniter cord has traditionally been used to remotely light up the
capped fuses in sequence. Igniter cords with different burning speeds have been used for
different applications. In general, the longer the capped fuse the slower the igniter cord
burning speed must be to ensure sequential firing. However, too slow a burning speed may

result in cut-offs caused by blasting fly-rock severing the igniter cord.

Traditionally, igniter cord came in fast, medium or slow speeds being less than 6 s/m, 8 to 16
s/m and 30 to 45 s/m respectively. Medium igniter cord was used in stoping for 0,9 long
capped fuses. With the advent of longer holes in stoping and longer fuses an intermediate
speed igniter cord 1C57 with a burning speed of 13 to 26 s/m was developed for 1,2 m long

fuses.

Electric detonators were not used on South African narrow reef hard rock mines for two main
reasons. Firstly, the number of delay detonators was for less than the average number of
holes per stoping panel (15 delay numbers as apposed to 100 holes and more per panel),
and so the holes would not be able to be fired in sequence. Secondly, it was considered
hazardous to use electric detonators due to the presence of stray electric currents in the
working places underground.

Finally PETN (pentaerythitol tretranitrate — CsHgN4O12) is an explosive which is often used

commercially as a booster. It has a high velocity of detonation of 8000 m/s and a higher
density than most commercial explosives of 1,67.
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Its use in commercial applications is not restricted to boosters but is an integral constituent
of detonating cord which is commonly used in long holes to ensure initiation of the entire
length of the column charge.

A.1.3 SUPER GELIGNITE

Super Gelignite was a special formulation of ammon gelignite manufactured to produce a
high velocity of detonation explosive and it was seen as the most practical and cost effective
explosive for the directional primer slug. It is more dense that the more common

nitroglycerine explosives at 1,49 g/cm?® and has a higher velocity of detonation at 5600 m/s.

A.1.4 VILLAGE MAIN FIELD TESTS

The testing of the directional primer charge underground at Village Main mine was
undertaken using Tovex 220 watergel explosive as the secondary explosive and Stopecord
9 (i.e. medium speed) igniter cord with 0,9 m long capped safety fuse.
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APPENDIX 2

THE TAYLOR WAVE EQUATIONS
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DYNAMICS OF GAS FLOW BEHIND PLAKE DETONATION FRONTS
I. The Taylor Wave

Synopsis
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The pave ggasticns are solved gnalytically

- For the case of polytropic rasss and oxplicit
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speed, deasd bty and presgare. The selution is
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al” thege parameters behingd the defonation
erarefroant.
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DYNANICS OF GAS FLOW BEHTND PLANE DETONATION FRONTS
I. The Taylor Wave
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Tavior Wars
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Symbols

gam acoustic velocity
velocity of detonation
gR8 pressuare

time

gad {particle) spead

general axial coordinate

£ B o] ok MO O

dimenaionless axial coordinate

/0 density
I"l
O

adianatic exponent

Biemann invsariant
FJ -
U Chapman—-Jouguet state

Subscript 1 denotes initial values at the ¢J state
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Fazdoere M LT O

Gaseous Froducts of Jetonation

A detonaticn in a solid HE is a shock wave with rapid

exothermic chemical reaction immediataly behind the shock
front. The chemical reaction prowvides the energy neaded to
guatain the propagation of the shock wave az 1t traverses

the HE. For lateral dimensions larger than sowe pinipum size

corrasponding to each HE, and if the reaction rates are
effeoctively infinite and chewical equilibrivm iz attaioed,
ona hazg a gteady-state detonation whose properties aro
governed aolely by thermodynamies and hvdrcdsnamice. When
this state is attained, the detonation front haa a constant
valoclty and advances through the HE at a congtant peak
prezgura behind the shock front. This is referred to ae an
ideal detonation.

The wvarioua states of an idesl detonstion can best ba
described with the pressure-volume Hugonict curves shown in
Figurae 1.

A shock wave enterg a block of solid saxplasive at state 1,
usuallly at atandard atpoaphere. The =nd Etateﬁhuf tha
paterial behind the shock, if the material is ihert, fall
cento tha locus of the Hugoniot. In the care of a condeangad
explogive, the Huogoniot reprezents the unreactad material.
The straipght line connectingy the initial and final =tates on
the F-¥ Rugoniot in Fig.1 iz referrad to as the

Rayleigh line. If energy ig relieased from the HE. the
posgible end states form a Hugonicot of remction producte.
For a plane deftonation, Chapman-Jdouguet hypothesized that
the Ravlelgh line ie tangent to the Hugoniot of the
producta. Thla point of tangency is referred to as the C-J
rolint. An important property of this point Is that the
prapagation veloclty of presavre diaturbances (i.e. the
sound velocity) in the products rerresented by the C-J point
ie equal to the difference betwesen the shock Front velocity
and the leocal particle welecity, thus:

o =00 =0 i oy D = + £l ;:[j_]
() OJF CJ CJ

Tavlor {1942} pointed cut that thie hAypothesizs savoids the
necessgity for stadying the ooticon & gases behind the
detonation frowt. The hypothesis. represanted by eq.[1] ,im
cogbination with the waual hvdroedynaaic squations of ideal
planes detonatione sufficees toc yield a full deecription of
the gases at the CJ point. Cf course, in wany practical
applicatione of detomation theory the motion of gases away
from the COJ state is iaportant,.
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Fua
I
'
i

Farlor waws =

In ideal detonotlions ihe reasction ie aunplete at the QJF
plane which alsc represgente the boundary betueen steady and
nongteady flow regione in the reaction Produact gases, A the
gases expand away from the CJ etate, the zound velocity ie
lees than given by eq.{1] snd the fleow ie ne loager stendy.
Biemann a equations for one~divensionsl homentropic
{eonstant eantropy) fluid flow cam be used To congtruct the
nonsteady flow behind the Chapman—-Jouguet digoontinnity.

Taylor appears 1o have been the first to adopt thie approuch If

and for this reason, Lhe expancion of detenation product
gasez is often refered to 85 the T ve. Ag mn cxample

of Wave propagabion in nnsteady flows, a paper by Puval
et al on explosive acecelsration of projectiles may b
consu ifted

P Hugomiol of unreacted HE

Hugoniay &f rezetian groducrs

.
Won Mennigrm —="

m=~=- Aayleigh Line
Sinke .

Progsurge

— = J Pl
F

Volar:

FIGUNE | ~HBoasanist Cupwes Rapresasntfine Betoaation
of Gondensed Fxplosives

! Dynamics of Gas Flow Behind Plane Deionations

£ 1The Tavior Hpdel & Charzcieristic Eguationgs

At the Chapwmap-Jouguet digcontinuity, located at x—De. the
explosrion producte are characterized by the quantities HIJ{
and ¢, which are determined by the Chapsan—Jonguet
condition, the Huponiot cquakion, and the squation of =tate.
The basic assumptions of te Tavlor model are:
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Tavior Kzoe Lame 3

- the flow iz one-dimensional

= the whole fiow can be determived ae a giople wave {an
unsteady rarefaction wave)

- deneity & i=s a functien of pressurs P oaly

The significanca of the sodel assumptiong 1ies in the Fact
that when only cne wave ia present, the particie veloaity 0O
is found to be a function of density only. Furthermore, if U
and P are known at all pointz at one inatant they are known
at all other timas.

For definitenass, we suppose that the steady detonaticn
beging aft a pistaon face located at x={} at t=0. (If the point
x=0 represents an interface betwsesn explosive and air, then
thare will result a backward flow of explozion products in
the -x direction., Thia fiow ia the game ag though the pieton
of the model iz concaived te wove at a comstant wvelocity
sufficient to reduse the presgure on the pizton to the
ambient air pressure.} The Chapman-Jouguat particle wvelgcity
U, is accemmodated to the piston velocity, azmumed to be
legs than U, , by a centred simple wave, i.e. by an unsteady
rarefaction wave. This wave ig described by

X = {¥+e¢) t . . [Z]

Fuorthersore, the so-called Biemann irvariant ¢ ie conatant
throughont thie simple wave., o iz defined as

"B
: 1
g = - dp £3]
{
and at all polints in the flow the followihg cauality holds
5 -oP T =1 -y 143
I I
Hence
_"-P
i1 i
o-1 =S - 4P
i i a e
o P N
By
: 1 8
= S dF a [51
’ I
=
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Eq.[2-5] represent gtandard equations from Riemann s
analysie of nonsteady flowe and describe the propagation of
pressure disturbancee (waves). For the porposes of this
study, it is best to assuwe the validity of these eqnations
and merely to examina their consequences when applied to the
gag expansicn model. Taylor'e znalysie {1348) stazts with
€q.[5]. If deemed necessary, a lerge nusber of textbooke in
fluld dynamica may be consulted on the treatment of unsteady
gaa flows, particulariy those dizcussing wave phenomena and
thelr annlyesiz by the methoed of chavracterietics.

2.2_Tavior Solution For Polviropic Gages

Tayicr derived a solution to =9.[5}1 in the case of poly-
tropio gages. These gnsee are characterized by a constant
adlabatic exponent  as they axpand and their propertics srs
describoed by:
-
P'P 1= conetant -

It can be éhuﬂn that for polyiropic gases the zound speed ig
related to the density as

=1
- 2
lp |
c = -i-——i ir [61
1 !.r‘:' :
Li
Substituting (B) in (5} and inkegrating yields
? F-IE
| [ S
Z o i L2
1 ! i |
L - L (71
1 r -1 o
: G

Using eq.[F] again in [T] and rearranging vielde onpe of the
fundsmental equation of the Taylor wave, namely:

T -1

G+ec =0 +e -1 L TR 3
L 1 o2 -1 -
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This relates the paritlcle veloclty to ites initial wvalue and
dagcribese ite distribution aines 0 iz an implicit function
af x. This eguation in combination with =q.[Z2]

providea 2 coaplete description of the Taylor expansion
wave. If the =sxplosion prodocte. obey a3 polyiropic imm, eqe.
(2 & B] can be solved explicitely. Given ihe adiabatic
exponent ©, fthe resulta can be written in terms of the
reduced diztance aleng the wave —=v/ Tt in the

foliowing form:

1] pd f{=z -~ 1)
— =1 ¢ - : Co [9:1]
1] o+ 1 o
1 1
|D'z - o
C 2 . rM=-1 1
g s | oo [9.2]
c rF+1 r+1 -0 ;
1 [T e
o
2 —_—
; . -t
i oz -0
P 2 r -1 I
T e i e et ¥ £%.3]
P r+1 F+1iDp-0 i
1 ; . ! 1]
2
. -1
i Dz -0
p .2 F- 1 1
. E —r——e + - T LT . [9 . i]
Py T o+ 1 Fr+1 0O-0

Ths method o devivatlen of Lhe above equetions for particle
vaelocity {zas flow welocity), acoustic epesd, gas density
and pressure is ootlined in Sectieon 3. It will be noted that
the particle welocity and acowetic valocity are linear
functione of the reduced distance z. Thie socolation

for the uneteady flow of a polytropic gas behind the
Chapman-Jouwguet detonation is caliled Lhe Tavlor wave. The
eqs .[3] azgume 2 particularly simple form when T=3. Then
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Sam &
4 L, =z - 1]
=1+ - - i [1a.1]
4] 2 ) |
1 r 1 I
Tz -0 i
e 1 1 i
- - :....._..__.u. — + 1| I-: ['IU-E]
o z i o -7 !
i N 1 i
. .3
Mz - 0 ;
r i 1 :
- = - ;' LI B 1. £ ' [ la . 3 ]
r S D -0 : S
1L ? 1 -
Dz -U F
P L ) |
——— = - E mmmres Al mrmem e + 1 . ;i [1{]'4]
2 D=0 :
P ] 1

In this case, the densitiy ie aleo a lLinear fancticn of the
reduacesd distange 2. This particular solutlon ie of
particular interesi bocause Lthe explosicon prodacts of
pondenesed explosives obey, approximaiely, a polyhropic law
with an adiabatic exponent in. the neighbonrbood of 3. It
can, therefore, e expected Yo display the fzatures 2f the
flow aesovgiated with such explosives, particulariy in the
pase nt high brisance explingives, '

2.3 _Physieal [nierpratation of Taplor Wave

in the sbove eguaticons 0 ie the gas velorclty st a given
instant % at the axial location defined by =. AL

thi=z location and at thiz time c.po and F have the vaines
defined by eqgo.[2]. By considering certain boundary
conditione specific to given phyeical situations (e,
axplogive column unoonftined or initiated at a rigid wall),
one can derive a2 general pieture of the nature of gas Flow
from detonatione.

180



i hiEtee

ke

The flew behivnd the reaction zone consizts of a columa of
forward moving explogion producte, the Jeomth of which
Increases linearly wWith time. For eolid cxaploeilves, the
length of thie colomn iz approwisately cne-half¥ the digtancs
traveliad by the detonation front from its point of
initiaticon. KWhen the rear sorface of the explosive is
unconfined and the point %28 representes the inkerface
betmeen explosive and air, then there will slso result a
backward flow of explogion produocie in the negative
x—lvection. The forward- snd backward-woving coivane of
gases are emwoothly joined by a stationary ecolumn of zare gas
velocity and constant pressure. The lepgth of the
backward-fleving column alss inereases in time and its
length {for solid expicsives) ics of the owder of twice the
length of the forward-woving producte. The velocity of the
air/producte interface ie aboul twices the initial valae af
particle velocity io Lhe Chapman—Jouguet state. '

Fig.Z illuatrates the wariation of pressure and perticle
velocity through the Taylor wave for a detonation
originating at a rigid surface (ag. the bottom of a hole).
In the reduced coordinates emploved, the detonsation front is
located =t 1.10. In thisz case ithere is nuo backward movement
of gagez. The particle velocelty decresses linearly along the
length of the forward-moving coiomn of gases which ia
followed by o column of guicsoent gases.

o ¢
Lm o
T !

dimensionlass

ia
E
T

/
a 1 | 1 | A L 1 1 I
oDl S o3 o4 D5 s OF 08 0.9 L.

PR

FIGURE 2: FPrescwre and Particle Velociitv Variation
Pehind a Chapmaon-Jouguiel Dertonaticon
Source: F.E. Shoear (1D
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& gualitative reprecentation of Chapman-Joggnel detonation
and the resuwltant gas flow is given in Fig.3. Here specific
physical terss and the sequence of gasdynamic regicns are
identified. Taylor s goluticon iz aprplicable over the axisl
distance starting at the Chapman-Jouguet plane and ending at
the gas-air imterface.
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FIGURE 2 - Wnalitative Tilustration of Gazs Flow Regions
Fahimd the IDetonatiocn Wave.
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3 Derivation of Taylor Wave Bquations
3 1 Particle Velocityr
The two fundamental equationa are:s
X
D+ ¢ = = U
t
fF+1 .
O+ c =0 + = T a - g oA [1]
13 1 z v 1 !

where the gobsoript 1L denctee the valies mi Lhe 0-J ztate. &

further aupplementary identity from the theory of detonation
iz that

E1b]
1 1

Hence, by austituation in [173

x mr+1 _ .
- =D - ——i0 -0 & 2]
+ 2 Pl E
By sclving [2] for U, and norwallzing to 1ts O-J valize, [2]1
¥ialde
x
- =1
Z t
———— - 1 o s - [3}
1] C+1 D
1 1

Introducing the dimeneioniess distance parameter z=z /Dt
eql 3] may be writien in the fors:

' L4l
=1 + —- o - o

which iz the solution, eq.{8.17.
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2.2, Sound Velocity
Eq.[1} is rearranged to solve for o in tarws of 0O
1 -1 r-1
c =g - + E O n
1 2 1 2

Then by substituiing for 0 . from eq.[4]. and collecting
terns, we obhain :

ﬂ "

e 1 iroorlor-u1 C-1D(z- 1)
...... — - i l. _ .,_| R I. ¥+ 1 I
c C 3 2 Zz r+1 e

i 1 1

Farther sabetitution for 0 in terms of eq.[1lk] and some
tedione algebra, leads to the simplification of the above
equation:

iD°Z -~ ua |
¢ -1 p=-1} 1
_____ — 1 - e —— g —m i..._...._..__,..| o
c f+1 P+L1!D-0 !
1 i 1]
Ds -0
2 F-1 i
o B STt [11)
r+1 r+i1!p-10 '

Eaqa.{1lj] is fhe desgired solution =g.[93.2] of Seotign 2.
d.d Prossure
Prezsure and acouzgtic velocity are related by the

followming relations describing the isentropic expanaion of
polytropic gages:

e . ;._.._ T and N S - 0 [12]
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Combining these relations gives the fellowing relationship
betueen P and <:

I
.......... = i —— | [13]
|

Subatitution of 2g.[21] in eq.[13] ¥ielda the desired Taylor
solution, eq.[8.3].

2.4 Density

Dengity iz related tc sound valauit? as mar bha pe=n from the
firast of ega.[12]: .

Again, by substitution using eq. [l11l] for the sound
velocity, we obtain the Tarvlor seclution for density, namely

eq. [9.4]. [ -
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THE GURNEY MODEL EQUATIONS
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ACCELERATION OF METAL PLATES BY EXPLOSIVES
I1. The Gurney Method

Synopsis

The Guraey method for colculsting the #(arpinal
velocitby of pefal driven by explonives fs ravieaed
and applied Eo the analyels of a plate projected
from the end of 8 column of explosfives. JE is
shown Ehat bhe pethod iz bazed on £he conversion
of & pariicular frackion of the cheaical cnergy of
the expiosive Lo maclanical work. Thiz fractfon

-— often called the Furney energy - iz direclly
related &o the Lhe chapge of internal energy ol
e bongfion product gases as Ghey undecgc lsen -
Lropic expansion. Fasdynaplc calculations saow
thal Lthe ferminal sftals of gases s guito similar
te those asgwesd In the Gurney podel . The domzip
of applicability of the model iz defined, its
Iimitations jdeptified and some examples of fkg
uge srs gosoribuad.

Prepared by
Mvnamic Fhysics Consaltants 00
for.
Mr J.4. Cruigs=
EXPLODE ({Pty) Ltd

May 1903
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ACCELERATION OF METAL PLATES BY SXPLOSIVES

II. The Gurney Nethod

TABLE OF CONTENTS

1 The Gurney Method: An Overview

1.1 Qurney Mfodel faor Bxplosive-Driven Platss
I. .2 Gurney Rguations

2 Explosive Projection of Plates

Z.1 Flat-FPlate (urney Aguationsz
2.2 Derivation of Gurney Egquation

J Physical Interpretations of Gurney Kodel

Jd. ¥ Gasdyvnamic Analysis of Gurney ffas Moded
3.8 Thermochemical Analysiss of Gurney Energy
3.3 Liwitations of the Guernesy Method

{ Applications

Figieires 1-F

Tahles 1
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Notation

LA |
Bl

charge mrRse

L—
(N

detonation velocity

=
1t

Gurney eneprgy

=1
1

Gurney energy

Gurney chareateristic velocity

o
i1

chemical energy (expliozive)

interral energy (gas} at volume V

2
i1

M - metal wase

-
]

yolume

gag velocity
- Gurney velocity of plate

- outflaw valocity (was)

(|

plate velacity
heat of detanation

density

‘?j b - l - el
i o i 21 Jn
i1
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! The Gurney Method: An Overview

A d Gurney Model fopr Explosive-Driven Mefal.

In many practical applications of explosives, the primary
interest lies in imparting sowe particular impulas,
acceleration or velocity to metal which is in vcomtact with
the explosive. Engineering wariables which may be taillored
tn achieve the desired end effects include the shape and
aixe of the syetem, the choice of the asxpiosive mzterial
{including its density} and of the inert (metal) cladding,
and the gecmatrical dispoeition of the explosive/metal
combination.

The motion of metal driven by detonating explosives can be
very accurately cazlculated by computer codes provided an
acturate equation of gtate for the detonaticon products is
available{ =g. HADER and RORY). Gasdynamic models are also
available for wodelling the m¢oeleration of plates by
planar, ncrmally—incident detomation waves (eg. AZIZ).
Gasdynamic caiculations are however limited in their
usefulness for engineering calculations. A change in the
geometry or of the boundary conditiong necessitateg the
formiliation of a new mathexsatical problewm which needs to be
golved independently. ¥ery faw problemz Iead te regults
which can be sxpressed algebraically, and it iz difficult to
compengate for deviations frow the strict fdealizatione
that arise in practical systems.

In the event that the principal parametcr of interazt is the.
finali metal velooity after acceleration is accomplished,
overall energy and momentum balsnce coneideraticong can be
made Lo wield reliable estimates of the velocity. Thizg ie
khe haris of the so-called Gurney podel. It is sufficiently
arcaurate for many endineering aprlications {normailv 10%
unvertaind.

Il 1943, Gurney correlated fragment velocity data from
artillery shells and grenades of a wide variety of sizes oy
assuming that z given expleoslve material will deliver a
charackeristic value of speclfiic energy, different for each

" exploaive, in Lhe form of kinatic energy of the reaction
rroducts and the driven metal. The partitioning of the final
anergy delivered can he eraluated on the basgiz of twa
azsumptiona made by Gurrey. These ares that at any instant
during the expansion of the detonatiova product gases they
possess a spatially linear welocity distritution and their
density is uniform. Figure ! illusbrates these assumptions
for a cylindricel charge in 5 metal tube.
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Metzl, M = total mass in

Detonation the given length
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£ = total wmass
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FIGURE I: Lipear Fas Yelocity Frofile

Gag velocity varies linearly from Lhat of the plate at the
right hand boundary to zero on the arxis of eymmebry. Gas
density in the total volume behind the wetal is uniform [bot
changes in time).

The two aspumptionz of uniform density and spatizally linear
valocity profile may be restated sa8 a gingle requirement --
that of a linear velocity profile in Lagrangian or msterlal
cacsrdinates. {In the bLagrangian scheme coordinate positions
are identifFied with moving particles rather than fixed
epatial locuabions: see KENKEDY and HARDESTY & EAMENT).
Although originally introduced for rearona of sipplicity and
mathematical tractability. Gurney £ assumptions have been
shown Lo repreaent the phyaical aitueation Quite accurately
under a wide range of conditions {ges Section 23,

The Guarney method may be applisd to any explosive/ metal
cambination with a cross-section admitting one directianai
tranglational wmotion of the metal nermal to its surface,
ragardless of the direction of detonaticon. Based on ths
agssumption of a known Gurney energy for the explosive and a
linear gas weloecity distribation, the total energy balance
for any zsimple geometry can be explioitly written out. ¥For
sympetric configurations such as a cylinder or asphere or
flat gandwich, the energy balanwe equation isg sufficieat to
define tha Final z2tate. For asyometric configurabtion=s =uch
as esxplogive betWesn twe plates of unegual sags or an

open sadsioff combination of metal and explosive, the
mopentun balanoe eguation must be solved sioultarecusly with
the enerygy balance squation.
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The resulting equationsg represent the final state of metal
acceleration, that is, when final metal velocity is
attained. For esch geometry, the recult 12 an analytical
axpression representing the final metal velocity ae &
function of the Garney energy and the charde-to-metal ratio,
. M/C. Thie ratio is generally evaluated for a representative
portion of the configuration under conelderation., Thus it
ocould pertain te the volume normal to a wnit area in f£lat
confipgurations, and to 8 unit lengih or solid sector 1n
cylindrical configurations.

The Gurney method afforde a simple but rational approach to
explosive system performance calculaitions where the velocaity
imparted to metal elements iz the primary concern. The porer
of the model derives from itz 2bility to handle a large
variety of engineering problems in a realistic way.
Extanzaions and new applications continue to emerge bacausse
the physical formilation iz intuitively satiefying and
mathematically tractable at various levels of mouphisticatbion
{(JONES et al 1980). Two brouad areas of its appliecationa are
in flyer plate studies of the constitutive properties of
patarialeg and in expleoaive characterization.

{7 : a5 o

Gurney eguations for some comlton aymmpetric and agsymmetrico
metal /explosive copbinatione are diacussed in LGTERNE and
EENNEDY and arce presented in Fig. 2.

In Fis. Z4 symmetric configurations are presented

—— charges of cylindrical, spherical and planar symuoetry.
Congidering cylinders, the kinetic energy balance per unit
area of the expanded cylinder can be written aa

1 1 2
FE o=z— MY S
p % : 4 fu
vherse
E = {Jurney =pergy of axplosive {per anil mass)
M = macas of metal car unit aroa
£ = masrs of charge per unit area
Ve = wvelocity of metal shell

The Factor 1/4 derives from the asgumption of 2 ilnear
velocity profile (as in Filg. i} Selving the above equation
For Vp
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Flate and sphere velocliies may eaally be derived in a
aimilar fashjion. The eguation for ithe #o-called
open-gandwich configuration which 12 of direct iaterest

to this study —- z=ince it is also the basic model for the
projection of a metal plate from the end of a columa of
exploaive -- ia handled in Section 2.2. A derivation of the
asympetric sandwich eqguation is given by ETEBNE.

Conmidering Fig.2, a baslc simllarity of all

Gurney-type equaticsa is evideni: the guantity Vv2E cccurn in
each axprecasilon, and the ratio of final plate volocity to
thim guantity is in all casee an explicit functien of the
metal-to-charge mass ratio. In asymwetriec configurabtions
where n digtinction rman be made betweesn the meksl plale
and caonfinement or tamper H, the metal

velocity ig a function alse of the tamper-to-charge mass
ratio, HN/C. In cmeses where cavities are present in the
charge, with or without metal sleeves, the Gurney equations
wilill include the initial radii of inoner and autar
natal/explogive interfaces.

The quantity 28 hes unite of velacity, and it is known as
the Gurney constant or Gurney characteristic wvelocity. E is
the maximun amcunt of chemical energy {(per unlib mass of
gxploeive) in the initial state that can be cooverted Lo
energy of motion in the floal state. This energy is always
legs than Lthe energy of detonation. The relationchlp betweesn
this quantity and wvore cooventional eseaccres of the atrecgth
of expiosivee is discussed 1n Zection 3.2, In sumamary it can
be sbtated that whereas the guantity v2E was originally an
awpirically measuared paraseter, it can now be acouratoly
predicted by code calculatioms of the caerey of sxpansion of
detonation product gases. '

Tabie 1 ligks the walopes ofF Jurney welocity for acoe Conmon
explosgliven.
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FLAT SANDWICH

' - M
HAAL LA -2— (METAL)

1
C - {EXPLOSIVE) [M 1773
e ] V=ofZE| = + —
C 3]

: M
L7777 —
LTl 7] Mo [METAL) CYLINDER
( C {EXPLOSIVE) | 1
B Mo 11732
v=,z’2£[—+—}
7770777 277 . C z

SPHERE

FIGURE 2 (4): Gurney Equaticns for Svmmetrical
Explogive /Matal Combinalions
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OPEN FACED SANDWICH

3 ——
'Ir | (1+2%) £ .
| V= ./7E Pl
C (EXPLOSIVE) | 6(”&) c
C

LA A M (METAL)

ASYMMETRIC SANDWICH

]
1+ A3 N M7
— —- = /2E [ +— A+ —-]
Vi =, 3{1+ A} C C

008 N (TAMPER) V= AV,

¢ {EXPLOSIVE) —
C

(7777777777777 M (METAL) P

N
1+2—
»

FICORE Z2(RBI: Guraey Hguséions For Acymmotepiong]
Explosive,/, Metul Combinations.

Oeeurrence of and lesses, the Brescncs of parasitic pass, or
the carly fravturing of netal (as in cylindor expanmclon) aay
decresse the affective valuz of V2E by oo wmueh sw 204 . Mo oa
Elven explosive composition, V2E is aisa AEnsitive . the
value of its density and Jhebthoer 3% s rordered, procsed or
cast.

Limite on the applicabi
3.

ity of the Qurney moded are
divousged ln Sociion .

o
3,
~
L
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Tabafe I
Gurney Conagfants

Souroe:
Kimvwsy & Graban (1865} Reonedy (1872} Dohvaiz & Cragfond (1585)
Explouive Denzity Guraey Constani i
EgsITEre R
Apmonivm Hitrate 1.73 1761
Kitromethana 1_314 2078
Fitroguanadine 1.72 2308
NHitroglycerine 1._5H8 Ja7h
Kitrocellulosea 1.67T 2473
ANFO 1.0 2THY
Amatol 1,64 290
Composition B 1.71 28710
Pentolite 1.6858 2970
Octol I.81 2965
BRDX/Wax 03/7 ¥ _E5L 27eT
TACOT 1.681 2I80
THT 1.£3 2T
_ Tritonal {(TNT/ AL S0/20% 172 2320
Exploaive [ 1.72 2137
Tetachaat 1.458 22uN0
BerForeuyess:

1. Gilbert Einmeesr & FenoeTh J. Gradam :
PTOGTIVH BHOCRS TR AL Bpringer-Yerine (5L}

2. B M. Tmmiwratz & F.O. Cramfond
FROFARTIES OF CHERICAL FXPLIATIVES AMD RYPLRIVID STMITANLS

aran

owranee Livermors Mabional Tolmratory KRL-LE2GSY {1500
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2 Explosive Frojection of Plates

2.1 Filag Flate Equaticps

The Fflat-plate explosive/metsal combinaticn is alde referred
to as the opan-faced sandwich, flyer plate, Missinay-Schardin
charge or ballistic disk. Similarly, a nuwmber of deemingly
different analytical formulationsz have bean presented for
the Gurney valocity of such plates.In view of it=s importance
for the present {(PrisarSlug) etudy, the Gurney

analyzis of thia asymmetrical explosive/metal coabination is
pregented in some detail here. o

Tha original ETERRE flat-plate formula La

3 C
— : 5'M [2]
v = . — :
G PCl A
1+ i—| + |/
N s M] 56

where the plate velocilty has been normalized to ."t.he Gurney
characteristic velocity, '

w .
KENNEDY has preseated an alternate derivation wshich yieldwe

3
: M
L+ 27 + :
— oo c’ i : :
4 & : +— v F3]
G 4 b <z
g 1+ -
N C

Eyv expanding the poper, dolng the additicon and collecting
terme, 1t can be ahown that g9 . [3] may be writhen 1n bHhe
form

3 2
d =z + 18z + 12 =z + 2

G B (1 + =}

where ==

3 Wy
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AfLar Fartlicr gimplificaticns Lhe snbove oeguabilon redocss Lo
the form

_ 3 |
Vo= | | r4]
a ' v e
i M Mo '
1+ B+ g
. c 2
N c.

Through algebraic wanipulatione it ocar be showh thot
eqs,.[2] and [4], or the S5TERNE amd KEEHNEDY flat—plate
formulae, are eguivalent. Hg.[4] way aiso be rewriktten in a
form Lhat had been speclfically applied to Mlsanay
—-Bihardin charges: using the same abbreviatlon z as before,
and multiplying both nuaeerstor and depcminator by ity
gquara

¥ = [5]

i = (6]
{z + 1) (= + &)

A further substitution can be made, aasmely

F : s -

I t ’ £oF P
- L :

daensity
thicknesa
exnliogive
plate

whereo F
L.
-

B

Eg.{8] wrilten n terms of material thickneasses amd
densities zeeas to be the beat gulfed te an engineeriap
analysis of the projection of metal plates from the and
of a column of explonive.
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The Gurney mwodel that may be used Lo derive the ETENNEDY
equation, #q.[{3], 1le shown in Fig.3.

EXPLOSIVE
C= MASS/UNIT AREA

——r T T T T T T T - Y=0
b NUMETAL NN M=MASSAUNIT AFEA RN

VOAETAL=Y

FIGURE 3: Gurney Gns Nodel for Upen—Faced Sandwich
ExplogiveMatal Cowination

4 slab of expiovsive is confined on owe aide by wmetal; its
initial thicknessa and deeelty are Yo and fe

respectively. Gas expansion velocoiiy at the bLoubdary
definaed by the metal plate is egual to Lhat of the plate,
nanely, ¥Fp. Ia the opposite direclicon, the

oubllow velocity of gocses in YVo. Bebween Lhose

liwite the veloaoity distribubtics is a livear Tuoociloo of Lhe
Lagrangian cecsrdinats Y, so thal at & general poclition ¥

. : . ¥
V (Y) = ¥ ¥ — .y
I’y .o oo )<
9]

The Gurney enorgy balancs nay be writien s

Y
o
. 1 71 = _ ¥
E ==~ MYV +—p L A A A
P bt 2' = ; oo r. Y (&)
o
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The momentum balanacs eguertion is
r Y .
Lo __d Y . '
MV = p - LY+ Y | =¥ dy
P e | ;oL B Y L
- -0 : G

Integration of these equations between the given limits and
spubstituticn of C/M for the equivalent ratio
g X

-] o

C
M M

violdse by rearrangzunent eq.[3].
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J Physical Interpretations of the Gurney Nodel

2.3 Gasdrpamic dpafwais of Guraey Gaz Model

& gasdynampi¢ model prasented in a previousg study described
the aceeleration of an inert plate by a nerealiyv-incident,
planar detonation wave. Though this treatment is somewhat
overalmplified, it does provide insgight inte the procesa of
plate scceleration. REMNMEDY pregents a compariseon of one -
dimengional gaedynamic modelas and Gurney equationg for the
open-Taced sandwlch configuration. He sghows that as the
expansion of gasey proceeda, thelr state approaches the
Gurney assupmptiocns, that la, a linear velocity proEile ise
egtablished and the gag density is almogt uniform.
FParadoxically it is precisely the phyeical phencmena that
tha Curnay model ignores -- namely, traasisnt wave propaga-
tion -- that lead to the cresation of these conditicns scon
after the detonatlon front is reflected from the plate.

The correspondepnce betreen gaadynamic and Gurney model
prediotionz is shown in Fig 4. Here the fipal

plate valacity is plotted aa function of M/C. Significant
and gyvstematic deviations cecur only at H/C < 0.1.

ln ¥ T T i 1 1 I

f Geosdynamic modal

t :
(norma} detenalion -

incidance, ¥ = 3)

Gurnay modsl

Plate Volocity, v {mm/psec)
-

l F | ] L ] L 1
7V K 3 1 3 36 100
M/C

FIGORE 4 Comparison of gasdeynapic apd GQurpey sodels

For open-Facad sandegich plate valcofty
Sonprrer: Aewewady (1572}
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HOGRIN =% al {1965) correlatsd their experimental

reaults for itubular cylinders and flat-plates driven by Coap
B wvery nigely by Gureney e eguations. Their suxperimental
resulis alsc agree well with Z-dimensicnal! characteristic
coede caloulatione on theee chavge/metal configurations.

Tereinal etakes calouiated by thie code are found to be very
gipniiar to those assumed in the Burney model. Pressure (and
hence denslty) decresses to an alwmost uniform distribution
and the gas velocity is almost linear with distance measured
along the direction of motion of the plate. They also
calculate that the componsant of gas velcecity normal to thie
direction ie at most a fraction (.08 of the detonation
velooity, This wvalue ie congidersbly samaller than bthe
average value of gae velocity ancording te the Gurney
distribution. Furthermore, Lthey confirmed that plate
compreceibllity has very little Influence on the pressuarve
{and hence on plate welocity). Thus a very good estimote of
- plate veloclity can be obitained by replacing it with an -
equivalent rigid sagg-loading on the surfooce of

the explosive, juet as in the Gurney model.

Based on this work and that of EENHEDY, the Gurney modeal
aprroximatione of a cne-dirsetional gas Flow wilitkh linear
velocity distribution and conastant denesity {and proscure)
driving a rigid-plate ie ceen to £it the rigoroaoly
calculated golutlon guibe well,

HOSKIN et al carried out a comparicon betuwesn

Gurney antd 2-dimencional code predichions for plate velogity
in the candwich configeration under two cxtrems ilimiting
conditione: one Face of the esxplosive wae rigidly oconfined
or it wae free, The cowparicson ie shown ig Fig. 5

which plots the efficiency of enerey tranafer e Lhe piate.
It is seen that the Gurney model prediots thie officiency

wer 1,

HOZRIN a4t ol nlsa provide sxperiamental daks oo

plate velocifties measured for cpen-faced samileict
géumctrles. The Qurney aguation, writien o the Porp of
eq.[b], Iits the patiwrt of velocity distributicon verv mell,
Gurney velocitijes are alse within a few perseant of the
rigoroualy caloulated valueuz. These cotparisonr are
prasentod n Fig.f.
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fa conclusion, It seems that the Gurnoey mpode! works well
bacause the assumptions on shich it is founded are
reacsonable siaplifivations of the actual conditions, The
Gurney method allows melal velocities in a wide range of
explosivematal! copbinations to be predicted with o 10%
accuracy. and often much betier when cslibrated for o )
particuler configuration. The Surnesy model is expected to be
leagt wceurate al very low metal-to-charge mass ratios, In
these cases plate acceleration is so rapid that its terminal
velocily becomes sensitive to details of gas flow, aopd to
plate coapressibility and shock phenomena.

3.7 T hemical Analvsi - g .

Let € dencte the efficiency of energy tranafer from the
exploaive to the metal plata. It iz the ratio of the kinetic
energy of the plate to the capergy of the explosive, which is
the product of its specific heat of detonation SHae

and ite mass. T. By introducing the Guraey energy E anid
rearranging, the following definition of efficiency is
obtalned:

. z 2

. : v

; P . g - H: E
£ = i—— — = | i— = —

2 08U B L BT EH

: d L2 BD G d

Following RENNEDY, the above equaticn may be interpreted as
follows .

The first term is the ratic of plate kipetic energy Lo the

GQurney energy of the expiogive. It is solely a Function of

M/C faor /0 where appliczible) as may be assen from

Fig Z, and it can be evaluated explicitly for any

Eiven geometrical configuration, using the appropriate form
for V/ VvZE. '

The secoand term is the ratio of the Gurney =nergy {the
specific enegy converted to mechanical work}! to the specific
chemical espergy of the explosive. The chemical energy may be
identifisd with newal weasures of explosive performance,
sucihh ac heat of detonation and abasciute strength. The
queskbinn of great practical interest is, how is the ratio of
Gurney cnergy Lo the chemicol energy to be determined o
priori for a given explogive?
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TENNEDY hae recommended Lhat ag » Tirst estismate, E may be
related o the heat of detonation aes followe:

E = u.78H
d

This appearas to be apprvopriate mainly to kigh density
explosives undergoing ideal detonation. A pumber of suthors
have demonetrated that the conversion efficiasncy of the heat
of detonation to Binetic ecnergy is ealy =lightly dependent
on the eguation of etate.

The work <of DARDESTY & EENNEDY {197T7T) provides a raticmal
basis for the fermulation of a wguantitative relaticnship
between E and the heat of detonation. '

HARDESTY & REENNEDY propoged that a specific wiifizable
energy (such as the Gurney-energy) iz more sppropriate

for bailistic characterization of exploeives thap
fundamental detoration properties. They argued that while -
and D have tradlticansally been used as indicstors of re=lative
explosive “effectiveness’, the Gurney energy or velocity
provide performance parameters of somewhat more practical
importance to the cxplosive aoer.

Any messure of the energy ontrut of a detenating cxplosive
shoulid be related to the internal energy states obbalned
guring expansion of prodoct gases from the Chapman-Jouguat
conditione. Hardesty & Eennedy used the TIGHER thermochemical
code to calculate detonabiosn shabes and prodocht gas
isentropes for a nunber of C-H-H-OC explosiven, The
difference betwecen the internal energy of the isenbtrople-
ully expanded products snd that of the ynresched cxplosive
Jefines, in khe conbext of Lhe Qurney model, tThe coaverasion
oE chesical energy to kineflc energy. When 2valaated in thie
faghion, Guracsy spneryies kere shoewn B corrslate well wlbh -
code calculations vrovided nbternal cosegy Chaliges weps
limited to a 3-fold expancicn aolong bhe detbtonakicon
lgenkrops. .

Frevioua ztudies {eg. RUEY (1885) have alse indicated that
the accelerabion of metal ia coontact with explosive is
eagentiaily complete after product gases have sxpanded hy a
given {=mall} factor. Any internal energy remaining in the
product gaces after sach a limited expansieon does not
conbribute toward=z the kinetic energy of either the gages or
the metal. Thus, it is not surprising thabt the experipental-
1y determined value of bhe Gurney energy iz slhymificantly
lgps Ehan the avoilable chemical energy of bthe explosive
(eg. ea. [7]).
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Folloming HAEDESTY & KEWMEDY, a functional definltion of the
Gurney energy in terme of gan internel soergy is: -

ZE =z E -g 1 at  — = 3
g 4 Lo v i ¥

Here V¥V 18 volume: the subscript o demotes iniktial

values, and the subecript G is uesed to distingulehr the
Gurney energy freor other internal energy values. Hardesty &
Fennedy explored a number of schemes for correlating the
internal energy states with readily caleunlable or measurable
explugive parameters. They proposed a correlation based on
the po-called Eamlet parameter . However, in 1879, KAMLET &
FINGER argued thet a bottar Lurrelation iz afforded Ly

another eguation, nawely e
Fﬁ\ G'et

2K = 1.887
‘l G Pv

where po is the explosive denaity and @ i the
Eamlet parameter defined by

b.E 0.5
é = MM ] ?

Here N ie the suaber of moles of ghsecus debonatics prodocts
Per anit mags of exploslve, M is the average molocular
welghi of Lhese peodocts, and @ le the heat of detonation.
Data presenled by Lhese asbhors cugpest Lhat Jucney
velocitiee derived by means of ag.{8) diFfar fromn sessopred
valuog by an avarage of 1%.

Lok forfer?

Sloplifying assunplions made cxplicitiy or implicibly in the
Gurney oodel recalb in a restricted range of applicability.
Tie =Ffote of many of Lhese limitatices gap Do adoecnod on
the basiy of physical interpretaticas of bhe @mode]l in torme
of gas dynamics and expanslieon l&t&'lbrt_ﬂ‘ﬂﬁ_._. of produst roanes as
preagentant above,

When gas Jdynamics become important in Che Flow, the Uuraey
modal uvpdeerezbtimetes metal velocities. This vecurs typically
wheng M/C is smalier thao about .1, Under these conditions,
shuck pressures associated gith the detonaticon front
dominate accederabicn behavicur, and the efficlancy of tha
exploslve ik enbanced. A pasdynepico oodel or wove -
propagalion compotations should be uzed at ivw vaiuss of
M/C. In bhis copnection 1t may be noted that adding more and
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more expiosive Lo an open-faced sandwich configurnbion doss
not neceagarily result in a proportionately tncreasiog piate
velocity. Thic may be views=d as a failure in “copmunication”
The influence of additional explesive masos ie propagabed al
the speed of souad, and may not be able to effuet the
acceleration behavicur of the plale before torminal velooity
ioc reached for one reason or anvther. This is particualarly
true when plate veiccity derives from only o limibed
expanasion of the gaees, because of twoe - Jdimensicnal
effects, say. '

Thae Gurney method ignares the shock characteristics of
m=ztais. Thus, a difference in plats velocity may bhe axpected
due to differences in the chock impedance wf diffepent
metalas even though the ratio MAC e held constant,

Shock effects in the wetal plate may also be expected bo
dominate acceleration behaviour at high ¥/C ratioe, that ism
in thick plates hacked by thin slabg of explosives. Varioug
autheors recommend that ¥/C shoald be Iimiled to < 10. AL
larger ratios the metal veloclities and the appurent
efficiency of energy trupsfer will deviate from the Gurney
walueas |

Bubstantial two—dimensional effects [eg. losses Jue Lo
rarefaction waves from the saidez of the chargs) caun causge
the metal velocity to be aomewhat lower than predicted.
EENNEDY haz discussed a pethod fto discount the mass of Lhe
explosive rendersd ineffecitive by a2ide losses. Laplosive
material within 30° of the surface Ltangent alons the sides
cannct conbribute to metal acceleration. In a columnar
charge with a plate at one end, thies methed of Jdiscounting
mass reaults: in a cone of effeckive explnsive moass

backing the plate. There exists thuse o finite charge length
which will drive metal at a velocity which cannot be
sxcecded by further lengthening of the charvoe.

The Gurney method in ita basic form cannol anaiyze the
accoleration dynamics of mstal. [t iz known that final piate
valocity I= attalned wher detonation product  Zocooc bhave
expanded to Detwesn Lwice and seven Times Lhair srigisal
volaome . JOGNES  of 5F pave adapted the Gurney

mrthod to yield time-dependsnt accelaration vaiuce For bBhe
piaie., Thizs method iz scmewhat contvivad and goodynomic
models @cem o predgent a better approach,

The Gurney method is basicalliy a thermcdyvnomic approach
baged on energy conservation. It zannst provide inslzht into
deballs such as the Infinence of tapered plats LhicEnesses,
Lhe angle of lncidencs of the detonabion ware. or Lhe
efifecks of paterial strengths and Fracture or spaillation
hehoviour.
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For the purpecces of the FPrimesrSlhis ztudy, the most

ugeful feature of the Gurney model is itw ability to predict
"slug’ or plate velocity in terws of practical explosive and
design parameters. The appropriate sguation for projection
of a metal plate by an unconfined explomive iz that {or the
asymmebtric opon-faced sandwich. Thlis equation inm,

with = dencvking H/C:

-~
R .
jﬁ

e 3
¥ = JE'E
D iz 2
d =z + 53z + 1

As discussed, come judgement must be exerdiged in the
application of this equation regarding the appropriate
valugs of the Gurney energy and H/C | Thiz equation permits
extenzive parametric studies o be undertaken on Lhe
influence of warious typee of explosives {(through Loe v2E
term} and of the gize and mass of the expiosive and metal
componehtes {(through K/C). Design optimization need not be
gonfined to considerations of plate velocity only. Siven
this velocity, the walues of impulse and kinetic ecncrgy
acguired by the mlate follow immediately snd reach vptimal
values at different combinationc of design pAarameters.

The Gurney energy provides A more direct amd proctical
indicator of the ability of an exploeive o parform
mechanical work ia expansion than other more fandomental
detonation and bhermochemical pruperties {HARDEETY &
EEMMEDRY)Y. A gpecinl merit of the Quiney mothod s that 1o
allowe a quantitative comparisen of the useful ocnergy ocutpat
nf explogives rather than gimply rank-ordering Lhe
explogives. The Gurney velocity may be predicted for o wide
variety of loading conditions nod geosmetries of inberect and
the efficiency of enscgy conversicn derived.

A number oFf suthers have cilbed the use of the Guency sodel
in applications an diverse o3 esaplosive—ivivoa piahos Tor
inittintion studies and for shook physicoo studlics. tha
Favpnehing of a dicleciric plate by elechricenl explosion of &
metal Foil, and the lavnchieg of Fragments and ohher
wiseiles Dy rapid ceabustion events. LENNEDY {1372) ie
varfticulay has glven an cxbensive discugsion of applicalblons
including the following:

- impulzge leading of structures Dy uncenfined amd Lapped
chiaryes

- gifects of confinement on explesive eifficlency

- subkflow wvelociby ofF gases from unconbingd ezplosive
surfaces

- division of gas fiow (with or away Eroon the plate)

- action of propellant chargss oo ’pistonﬁ’. :
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GAS DYNAMICS MODEL EQUATIONS
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ACCELERATION OF KETAL PLATES BY EXPLOSIVES
[. Gasdynamic Kodels of Plate Motion

Synopsis

fAguation of potion of an fncoppressible
inert plate aceelferated by a plane
detonation save Iz polved in terms of
Taylior a solution for the flow of datonation
product gases, Bxplicit formulas for piate
potion are ohfainaed anafyticaliy whan tho
adiabatic exponent T=3. The model iz exfendad
to inoilude the case of & generzl valve for|
and to decribe plate motion axplicitiy in
teprma af bime. Adfustmenits to the nodel
necessitated by the lateral expancion of
gases are also consideresd.

Frepared by :
Dynamin Physins Consultante (0
oy
Hr J. A&, Cruige
EXFLODE {Fty)} Ltd

May 1383
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ACCELERATION OF XETAL PLATES BY EXPLOSIVES
I, Gasdynanic Models of Plate Motion
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Explosive Avceloration

e = o

1O b = er rT B

L |
i

Symbols

gas acoeustic velocity
valorlity of detonation
1éngth of axploaive column
explosive mass

plate mass

gag pressure

time

gas [particle) spead
gpecific volunme

volume

feneral axial coordinate
coordinate at explosive/plate
dangity

adiahatic exponent

Chapman-Jouguet state

Subscript 1 denotes initial walues at the {J atate

Barred parameters are scaled (dimensionlezal} vwaluea
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1 Gas Dynamics Model of Explosively Driven Metal Plates

In many applications of expleosive zystems,. it is orften
useful Lo have a sinmpls method of estimating the veleocity of
explogively-driven platea of inert materiala. OFf particular
interest would be the kinetics of plate acceleratiosn and
displacepent, the amount of energy transwmitted to the plate
and the effects on the energy transmission precese of such
factors as the explusive-to-plate mass ratio, the explosives
anergy and the velocity of detonation. With certain
reasonable assumptions, this problem can be golved exacily
by formulating it as a problem in gas dynamics. This
approach is based on the Tavior solution for the flow of
detonation product gases.

The "ezsential features of the gas dynamics problem are the
following.

The initial physical configuration is shown in Fig.l. The
flow after initiatich at the surface {0, and before the
detonagtion Ffront reaches the plate, is given by a simple
wave centvred at 0O this ie the Taylor aave. When bhea
detonation Front reaches the piston a ghock is reflected.
Beling a weak shock, this is approXximated by a conpieasion
wave. The piston i= assumed to be rigid sc that it

moves as a wholae ag 30on as it is egbiected to pressure.Thus
its initial wvelacity increases spocthly from zero as it is
acceleratad,

The wave diagram thot traces the gas/piston pofion is given
in Fig. 2. Line UA traces the advance of the

detonation front to its arrival at the plate at point A.
Region I iz the #0lid explosive. Begion 11 delineates the
aimple wave (Toyvior wave) refion behind the detonation
front. Region 11 represents the region of interaction
between ths Tavior wave and the wove reflecfsd From the
piston. The bigton i1tsslf accelerates spoothly along path
AB. Path O Ltraces the bacikward flow of gaszes. Whether this
iz inte vacuusm or alr iz unimpportant for the nodel . Since
the reflected moave dees not reach the boundary 00, the
congitions at the boundary cannot give rizse to any signals
infiuencing ths bahaviour of gaszes in region 111,

Figna.1l & 2 define the gas dynamic modei of piston

pation . Altheough It can be zolved asxactly and made to yield
precige values of all paramsters of interest, its basic
validity must be assumed & priord and judged

againat the accuracy of ite predictions.

The model assumptionsg, though simple in concepté. lead to
certain impiicatiopa of fundamental isportance.
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Figure 2: Space-Time Disgram For Meial FPlste & Gas Motion
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The wave apeumption for the reflected shock in Region [I1]1
gases implies that the linearity of the characteristis
egquation of Taylor s solution holde good even behind the
frent of the reflected wave, goe that Lthe egquation

holdes along the piston path. The aszsumption of a rigid
pistorn obviates the necesaity of considering wave
phenowena in the pigton itgelf. In an ineompressible
paterial sound velocity iz infinite, and all parte of the
platon start moving az a whole ipmediately after the
application of pressaure on its surface. The subssquent
motion of the piston is then governed by Newmtons ifawe of
motlon.

! The Aziz-Hurwitz-Sternberg Moda!
2.1 Governing Fauatjons foy Piate Motion

The etarting point for the Aziz modsl ig the TAYLor wave
defined by:

U+c¢ = " 0 13

I
=
+
o

|

|
.

|
=

I+ e {2]

Aziz introeduces dimensionless variables and repilaces jnitial

valner {denoted by the subscript ) wiik their
Chapman_JGuguet valoes, namecly:

D r
g o e o TR
1 o+ i ML
2
© D
r+1 0
o S PR P _ |
1 0T i o+ 1

The above valwes of gas epeed. sound speed., density and
pressure sxict along the line 08 in Fig.l. By introducing
the following dimensionless variablies:
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ot =1
. ¥ . D - i
¥ = - T * - |': 1 ﬂ .= R
L L D
- c - P
e = pu P — i
L
P
o
Aziz writes 2q=.7(,2] in the form
. x
T+ o= 4 [3]
t
. 2 I
o - - — — _=__ , 1 [4]
F+1 - 1

Ea.[4]) Toliows from (2] after some aigebraice manipalstione
n, are yeplaced by Ltheir C-J values and the
parameters are normallzed.

when I, and

The assuaption of the continpuance of the Taylor s¢lution in
Begion I1I permita the motlon oF the plate to be described
by the following equations:

2
U+e = -
t
R S
T+ L
t
d [
e QI e e P
dt m
r
d . _
..... ¥ =0 =
dt.

[6.1]

b

o1

' (5.2]
[E.3]
[5.4]
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F, T, @ are the presoave, gas velocity and gas sound
vaelocity at the piate-explocive interface, I. Becaunae the
piate 1g incompreesible, U is alsc the velocity of the
plate. Eq.[5.2Z] for the pressure followe from the isentrevice
“relation for palvtropic gazeg:

Eq. [5.2] fellows from Lhe above eguaation when the C-J
valuez are sabatituted for P‘ and o).

11t 3 o

Ega.{5j constitnte a set of coupled, simalianecus
differential and algebraic equaticon that muet be solwved
together in order to derive a descripticon of pilate motion.
Ege. [5.1F and [5.2] describe the gases at the surface of
the plate while it 1 being aococelerated; eqe.{5.2] and [6.4]
are the MNewhtonian sgquations of wotion, defining the
aceeleration and velocity as smoobh derivatives of time,
The equatione are eolved with the folloring initial values:

—_ — - 18 —_ —_
0 =043 ¢ .= 1« F = = X =1 = Tt =1
27
The asclution is much simplified when 7 = 3 is choeen (ae

implicil in Ehe inilial value of P sbowve). This is gquite =
good agEumpLion Ginee ot condenged axplosives seewm to
pogeecs a poelyiropic coefficient in the range 2.5 « 7 ¢ 3:
gee Mader and references cited in Aziz.

The final plate velocity ie then daflned Oy a =imsple nand
elegant expreseion:

o
¥
|
-
€3
B3
@

o e e, . P T . 5]

The followine pointec chouald bDe noted about thic solation:
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Explosive dccelsrarion Fape £

& The solution ie derived in ihe iimit of infinite
expansicn, that is, as + ——> oo,

@ The numericzl value=e of F2/27 is'specific ta =4,

¢ Singe " can be expressed ia a number of ways -- in terms
of den=ity, pressure, snergy. particle velocity, sound
velocity at the 0-J state —— the effect of any detonation

parametcer is implicitly accocounted for hy eq . {6].

e It ¢an be ahowr (@ee Agsisy that the Ffractioen of
explosivaes energy transmitted o the plate is a paximom
for a ratio of explosive-to-plaion mass correspondisg to
A1/32. Thiz doez not moean homever that piate anergy
reachez o maxfimim: more a2xpliagsive will alwaya result in
mere plate energy.lIt is the efficiency of energy trangfer
that resaches a3 maxioom,

 General Selution for "= 3

The influoenee of M on plate velocity wa2s derived By Aziz on
the bagis of numerical calculation {that i=, not within hig
analytical formalation). Fig. Y is taken From his

paper_. The interesting fact is that low | explosives are
more efficient than bhose wikbh hih N valuwes. This is all
the wmore intevesting aince =3 exploaives onre gegsrally high
density, high VOD "military” types, whereas MN¢3d values are
assorcisted with pore "commercial -type Toroulations.
Physically, the improved efficiency of low [0 sxplosives can
be understood on the basi=s that the pressure decreages wors
slowly with expansion when [ 16 cmall.

U /D

Fifgure dr Effoect of T on sealed piston velocity. Abseissa
fr)] pilof sxplogive-maaae Fo pighop-mass rofio.
Soproe: Aziz Hurwicz.Starnberg (15510
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Explogive domeferation Free 7

-

The experiwmental work of Deribas et 8 (1867)

appears to. confirm the improved efficiency of low-i™
explogives. By using powdered and low density explogives
with specific gravity of aboui 1, they found that experi-
mental piate velocity valnes were nbout 26X higher than
expected from the Azix cguation. They atbributed

thie to & decrease in the wvalue of T below 3 for the
explosive itypes they used.

In 1986 Yadav et al rederived the Aziz veloccity

equation in a way that explicitely included a genersl value
for . His golution for the final plate velocity is
extremely cumberscme and it iz roproduced below From hie

paper:

m{m — i}m ~ 2}(:1'“ -?j]

= T iaa

IR
mim - 1{m = 2y, fm - (N - {z'--ut;_,_}
IR N =GN -y
E71]
whers
r -3 |
B = e N S
z o+ 1
-
2 ._...
. L . A IS !
F+ 1 = i e+ 1
= - l + e —————— ....._...K o K = e i [ :
Z m 1 1 o+ 1 ro.

and ¥ ia the number of terms within the bracketsz in eq.i77].
{The general solution as given by sa.[71 converges to a
Iimit, and the desired accuracy <an be attained Ly
terminating the number of terme at the proper isvel .
Yadav = Fig.l zugeests that decreacsing waines of T can
change plate velocity by 140-206X, depending on the charge-to
-petal mass vatio.
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Avpiosive doosleration L= 5

When | 7=3 (and hence m=0 and u=0.5) the general sclution,
eq.[7], reduces to a mich sgimpler form, namely:

R S
¢ P :
£ 1 i 2 !
w— =1 - 2 iz -1 = [8]
)] = — 1
where =
32 e
2 = e 1
2T m
P

as for Aziz. The Aziz formula eq_{6] and the Yadav formula
eq.[8] appear to be squivalent and yield the zame numerical
values.

It can be argued that the use of the gamas-—law for
detonation gas expansicons je simplistie, Thi=s lag is
aquivalent to defining the specific gas ensrgy as:

B v

gtrictly speaking, this equation of state is applicabie only
to ideal gases with a constant adiabatic exponant. fn
genegrali, 7 is defined aa

d
- = ——— {(InP) -
d{1lnV)

the derivative being evaluated on the expansison adiabat
{locuz of constant entropy P-V =states). It has been shown
that in the vielnity of the -] state I is aporokimaiely
constant (see Mader for ianstance). The sindy by

Lee, Hornig & RKury indicates that I' is fairly

constant o expansion ratics of 3 at least. Since it can be
shown that the plake acguires most of i%r energy in thias
distance, the guestion of the precise value of [ at large
cexpansions is wore of academic than practical isportance.

4.4 Time-Dependence of Plate Motion

Dther than for the final plate velocity, Aziz formulated hia
golution in parametiric form which is cumbereome 1o use and
does not expilicitly display the changes of plate velooity
and displacenent with time, In 1985 W, fickett

ehomad that the Aziz smodel can be adapted to give a sispler
explicit zaolutisa for plate moticon in tevme of time.
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Explosive Acozleranion Fiagw 4

The following forwulas may be uced for caleuiating the piate
velocity (U} and displacexent {X) asz functions of time (t):

- ' -1
U = (2a+1) ~xy - (x4 1) v L [3]

where ¥ ie & Ionction of time, namely:

R
¥(t)} = I+ 1} - — &
y t
and m
27T p
& = — — QO
32 m
e

(The nuperical factor derives again from the azsumption of
=3.) Plate displacemant iz given by:

- S -1 :
X =0D0¢t+ vy o F10]

Thke same scaled varfableg are used as defined by Aziz, so0
that the plate bagina to move at scaled values of T =1 and
it ie originally located at 1;1.

In 1988 Yadav and Gupta. employing the same Aziz model,
derlved o different equation for the velocity of a Flyer
Plate st any time. The model is based on the integration of
the agquation of potion of the plate , eq. [5.38]:

™
a Lo T
— [ = =P
dat m

B

once the pressure has been defined in terms of the
time-dependent wvalue of sound velocity. Using eq.[5.27 with
Mr=3, the pressure iz defined by

!

— i6 7

P =iz
a7

and according to Yadav and Gupta the sound velocity varies
Iin time a=
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t | a [1i)

The crucial elewment of this appenach ie eq.{11], and itse
validity and accuracy of derivation does need verificabtion.

J Two-Dimensional Fffects

A gtrong assumption of the Aziz modei ix that gas flow in
i-dimensional -- and thus, laplleitly, the lateral extent of
plate and explosive ie infinite and the detonaticn wave is
planar. In practical configurations, ncither of theae
requiremsnts can be strictly satisgfied. Thus the influence
nf the Iateral expansion of gases needs o be copsidered.

The Aziz model was shewn by Lapbourn & Hapkley,

who uged a code based on the method of characteristics, to
give a very good represantation of plate velocity provided
it ig associated with the centre-of-pgravifty of the plate.
Howaver, the model 12 expactad To break down when
rarefaction waves from the sides release the pressure Imahind
the plate. The waork of Lambourn & Hartley may be used to
estimate the extent of deviation from the Aziz velocity rhen
the acceleration Is fullowad bevond some early stage where
the one-dimenzionality of gas flow iz destroyed.

The sarly stftace of plate motlon, depictad in terms of wave
propagation, is ifliustratedin Fig. 4. The flow 1s
i-dimensicnai but the compressibility of the plate is
oonaiderad .

Wnen the datoratior wave peets the explosive-pilate
interface, a shock is transmitted inta the piate and a
rarefacticn g reflected back intoe the detonaticn product
gases . Following the detonation shock freunt is the Taylor
wave Lthat i2 transpitted Iinte the plate as a rarefaction
following the shock. When the shock reaches the free surface
nf the plate, thiz surface atarts moving and a rarefaction
iz reflected back throush the plate to the gzs intarface. It
ig reflected off the interface as a compression and the
interface is acoelarated fteo approximately the zame velocity
as the Free aurtace. When the coppressicon reaches the free
surface, a second rarefaction is generated and thiz process
ot compres=sicn and rarefaction continued fthroughout Ene
Flighi. of the piate, though the masnitude or walocitiy
changes at each reflection gradualiy disiniashes.
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Hi~4

L { MSECE]}
\

:AEFLEI:T ED - \

SHOZK

o

- TAYLOR WAWE
TRAMSMITTE D

RAREFACT QN
SHEHCK
LIMEHQCKED
: EJE#TIGH FLATE 1

T {Cms)

Fig. 4 Wave FPhenomena During Plate Acceleration
Soviroe: Lamboarn & Hartioy (I8E5)

The infiluence of the above reverberations of prescure pulees
in the plate on plate velocity ie illustrated in Fig.5. The
full line is Lhe velocity {(calculated by the wethod of
characteristica) at the explosive-metal interface. The
velocity calonlated aconrding to the method of Aziz is
indicated by the dotted line. The rigid-piston Aziz model is
cleariv a very good approxtmation Lo the averags '
behavionr of the plate.

Lawbourn & Hartley Ffound that the plate acquires 40% of its
final =nergy at the first reverberation, ard B{% by the time
of the third raverberation.

Tt follows that £he Aziz model will tend to overeztimate the
final weliocity {as this requires that the I-dimeansional gas
flow per zists as t——-r o), It is however experclted to ywield
fairiy agccurate values of velocity {(and displacement) in the
early stagen of acceleration provided the time interwal
congidered corregponds to at Jleaat a few traversea of the
plate by preszure waves.

223
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r'_l | — == -« MIGIG PISTON METHDO
2 SO MESH METHOO

i ——— P
|

VELOGITY OF INTERFACE (CMS. rsec™)

L_

o 3
DISTANCE TRAVELLED GY INTERPAZE {CWs)

Figure & Oaleouglated Veloecity of Explosive-Flate Interface
Source: Lambourn & Nartley [I18K85)

To compencate for the loss of accuracy over late-times,
a mumber of schemes have been propesed for adjusting
the Aziz wveloocity.

(1) The acceleration of the plate is artificially terminated
at ar early stage. A comwon practice iz to assume that
rlate acceleraticon is essentially complete when the
goases have undergons a - fold expansion of velume . Futl
in terms of izsentropic rejations for pelytropic gasas,
this statement iz equivalent to:

where i,¥ denote initial and finagl valuez. The
pregsure ratio can alsc be written in terms of ecund

speed!
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Explosive dooeleration T Fage 13

The ratico of sound epeeds, equivalent to the zczled
variable T, enters intec the Aziz podel.

{2) Introduce an empirical factor that defines an
“affective” explozive mass, which is much iess than the
actual value. This in effect compensates for tha fast
that not all the explogive eénergy contributes towards
tha acceleration of the plate. In practice the Azisz
eguaiicona are adjuated by replacing the charge-to-plate
masa ratio with

where tha Ffactor £ is of the order of 0.3
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§ Conclusions

Metal acecelaration driven by detonation waves in condensed
explegives at normal incidence represents a one—-dipensiconal
unsteady hydrodynnawmic problem which haz received
considerable theoretical and experimental conzideration.

The standard analvtical solution to the probiem duc to AZIZ
et al extends the Tavlier =olotion of detonation

gas flow behind the detoration front to descrilbe the flow
after raflaction from the metal gplate. The gas behind the
plate ig conoeived as a2 simple-wave Flow region jin which
wertain {(well-known) rejationz exiat betgeen the velocity
of the gaz, itz sound velocity and pressure. The metal plate
iz congidered teo be incompresaible and to undergn rigid-body
acceleration which is describeable in terms of Newtonian
mechanica. More sophisticated (machine) caleulations have
shoswn this model to be a good approximation provided it is
interpreted as repreasnting the arerags baehaviour

of the whole plate.

The Aziz-podel links the limiting plate velocity (at long
expansiocn times]) to the characterigtics of the explosive
(valocity of detonatinn and adlabatic exponent T of
detenation produoct gases), and to the charge-to-melai mass
ratio. In the simplest {analytical) formulabion T=3 iB
asgumed. A solution wag later derived {YADAVY) that admite a
general value of T'. Model ageations were also refarmulated
by FICERETT to reflect directly the dependence of plate
motion on time.

In the later stages of plate motion edege effects perturbh the
one-dimenasional flow pattern of many practical systems. Thie
necessitates an adjustment to the calculaited velocity of the
plate In order to account for the rapid release of pressure
Oy lateral expansivn waves. AT least two mebhods of an

ad hoo mature exist for carrying out this _
adjustment. E
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SHOCK PHYSICS MODEL EQUATIONS AND CALCULATIONS
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A Shock Wave Model for Explosively Projected
Metal Plate Velocity

Prepared for

Mr J.A.Cruise
John Cruise Mining (Pty) Ltd
Sandton

by
Thomas Szendrei

Dynamic Physics Cansuitants CC
P.0.Box 805571 Bertsham 2013

Abstract

A physical model is presented for calculating the velocity of a metal plete
projected from the end of an expiosive coiumn. In this approach, plate
velocrly is calculated as its free-surface velocity, and it is twice ihe particle
vefocily that arfses at the interface betwesn the detonation wave fromt
gnd the metal plafte. The modei /s used lo predict plate waiociios for
Composifion B, TNT and Speciai Gelignite expiosives. A consequence of

the modef is that the plafe acquires its velocty in & time egual to two
fransifs of the mefal piate thickness by the shock wave.

January 1999
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PLATE VELQCITY -- SHOCK MODEL
Background

Whan a detonation wave sirikes a metal plate at the end of an explosive column,
a shock wave is transmitted into the plate {and a rarefaction is reflected into the
de‘onation products}. Fellowing the detonation wave is the Faylor wave, a
rarefaction centred on the back surface {plane of initiation} of the explosive. This
is fransmitted inte the plata as a rarefaction fallowing the shock. The problam is
formally equivalent to the interaction of a nonuniform shock with a boundary
bBatwaen o media.

Drummond [J Appl Phys 28 {1) 78; 28 (12) 1437 {1957) pointed out thal if the
shock wave is 'wealk', that is, Hird order terms in particle velocity, density and
sound speed changes are negligible, the entropy is unchangad and the flow is
isentropic. In this approximation the locus of states which can be connected by a
shock {the 'shock polar’) is identical lo the states that can be connected by
adiabatic compression. In particular, this means that the flow behind a
forward-facing shock front moving into a region with constant state is a
forward-facing simple wave. Thus the flow behind balh the incident {detonation)
shock front in the explosive and the transmitted shock front in the metal is a
simple wave,

The simple-wave mode! of explosive-piate interaction is valid to pressures of the
orcer of tens of GPa (Drummand).

The state behind the fransmitted shock is characterized by a particie velocity
equivalent ta the velocity of the interface batween the explosive and the

plate. The transmitted shock wave, on reflactian from the free surfaca of the
plate. creates a rarefaction wave tha moves back towards the interface betwaan
the plate and the explosion products. The free surface of the plate is abruptly
accelerated lo twice the particte velocity {(accurate to third order} The plate
begins to move as a 'rigid’ whole as scon as the rarefaction wave razches the
interface. Seen in terms of this phenomenoloagical model, the so-called initial
velocity of the plate is twice the velocity of the interface.

Since the detonation producis are siifl at a high pressure, and the pressure in
the metal has been releasad by rarefaction, a second shock wave of smailer
amplitude is inducad in the moving plate. This shock wave again reflects off the
plate free face and thus increases its velocity. The reverberation of these shack
and rarefaction waves within tha plate continues until the pressure in the gas
reaches a level where further releaga of pressure by the rarefaction wave does
not cause the gas particles to move faster thar: the metal plate.{Yadiv & Gupta
Int J Impact Engng 711} {1988) 71-81). However, the calculaticns of Lamboumn &
Hartley ( 4th Detonation Symposioumn) show that a thin stes| plats is accelerated
1o about BO% of its final velocity after the first reflectian off the interface ! or after
two transits of the plate by shock and rarefaction waves).
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Constdor an ideal one-dimensicnal detonation wave IMpinging upon a metal
plate in a direction normal to its surface. Prigr o contact, the HE benind the
detonation front is at the G-J state. On impact, the detonation wave spiits is two
- one wave panelrates the metal, and the other reflacts back into the HE
reaction products. Continuity at the interface raguires that the two waves have
the same prassure and particle valacity at this lime. Thase values are usually
found on the imersection of the metal’gas Hugoniots. (Chou (1984) DE
-B9007303). Kinalavskii & Trishin (FGV 20(1) (1984) 126-133) provided an
anaiytical approximation to the graphical solution.

Mathematical Farmulation
The following symbols apply:

density { subscript 'e’ explosive; subscript 'p' metal plate)
pressure
detonation velocity
particle velocity
sound speed
subscript Chapman-Jouguet state parameter
subscript metai/fexpiosive interface condition
o velocity constant on linear shock adiabat

linear shock adiabat constant

[ B e Rl P o I = i B i =)

NOTE: Cq and $ are defined by the linear adiabat
Ug= Co* S p
where Uy is the shock velogity and Up the corresponding particte velacity.

We suppose that tha gases satisfy an ideal gas EQS with constant pelytropic
expenent ['=3, +or such a gas
s T I
P B —
p PJ-!:i} .l i . T
T

[

The C-J values are the following:

PJ i P [+
— = 0 — i o
ﬂe“ Mr-1 P e r
] 1 c r
— = 0 - o
[} -1 D M+ 1
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Al the C-J plane

uJ :—l:J = Dig

This value of the Riemann invariant is maintained along the characteristic which
ariginates at the point of contact the metal and pas, so that after reflection from

the plate, the gas is defined by a sound spaed
w=D-¢n

Use dimensionless quantities as defined above for the C-J conditions. From {1),

by rearrangement

P
P .- J 3 -cju
%) By substitution for C-J values,
this equation transforms te:
17 = "}'.3
i or P-2C o, - 2]
ll 27

Al the metal/gas interface, the pressure in the metal is

=P P-U ol L

Introducing the linear shock adiabart
US:C“-I-S-II]II

2
P Fp'Cn'“[*'pp'S'nI 0

[3]
In the gas the pressure IS
16
Py-—¢(u — 3
| I [ 16
E7 or P {1 L
27

[4]

Equating the pressures on both sides of the interface leads to a quadratic
equation (&fter neglecting terms in tha third power since w/D is smail)

L Q9
3 —-m—] “l I 3 l+—R|uI—1 = (o

\ 16 ; voole
where m.:Sp p! and R - ]
S ' p E.]]
&
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Solving the quadratic equation, we obtain

’ 2 -
ifl+—g-RJ ' *, E-m—ll‘ 1+3-R)
A I'nl ]_ﬁ .'l ,Ilﬁ .." l. 15 }

I.II' ' [5]
2'£-m-1;

|16 ;

Given the interface velocity, the interface pressures in the plate and the gag are
given by [3] and [4] respectively. Plate velocity resulting from shock-loading is
{as outlined in the introduiction) twice the interface velocity

Running the Application

Load MATHCAD applications package from the WINDOWS F'rugramme
Manager and opan the file PLATESHK.MCD,

Enfer Data ....

To run the application, first enter explosive and plate parametars on page 1.
(The cefault values are simply edited — deieted and replaced — with your own
values. } You must know at least the following:

Explosive: density; detonation valocity

Plate: density ; sound speed on the shock adiabat {C,); shock adiabat

constant (S}

Calculations

On page 2, the program svaluates constant groupings m and R, and evaluates

eq. [5] for the interface velocity. As a check, tha interface pressures in the metal
and the detonation product gases are calculated — by continuity considerations,
thay must be the same.

The use of the program and the nature of physical deductions made from it are
illustrated i

T. 8zendrei “Veiocry of axplosively-griven metal piate: Maasurements and

theoretical interprefations” Warheads 2000 Seminar. Somchem, Cape, 18-20
Movember 1588,
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. PLATE VELOCITY - 10 SHOCK ACGELERATION:
Disk Fife PLATESHK.MCD

ABSTRACT This decument calculates (initial) plate projection.velacity from
the end of an expicsive ¢column by deriving the particie velacity in the plate
imparted to it by the detonation wavefront. The explosive is characterized by
ite CJ parameters and detonation product gases ara described by a
constant gamma law. Solution is obtained through continuity of pressures
and particle velocities &t the interface. Numerical solution is based on the
approgch of Kinelovskii & Trishin (FGV 20(1) {1984) 1126-133.) For
definition of aquations used in this file refer to file SHKPLATE.MCD.

PREPARATION OF INPUT DATA ...
Enter charge and plate parameters ... Only a single axplosive is considersd.

Type: Comp.B
Density g/cc pe = 1,60
Detonation Velocity ks ?DD =76

. F=3
Palytropic Gamma

NOTE: Equations are specific to an assumed value of T'=3 which does not
appear explicitly,

‘Library of consatants

Type Density  VOD

Comp B 1.60 7.6
TNT 1.9 8.7
Gedignite  1.49 .6

2. Platp i i ik

Type of Materiai Mild steel
Density g/ce pp = 7.8
Sound speaad kmfs (Us-up) Ca - 3.6
5 - .48
Shock adizbat constant

NOTE: constant Co and S define the shock adiabat Us=Co+S*Lip
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File PLATESHK1 MCD page 2

3. Constant groupings

Co 5
r: PPN, PP Po - pe-VOD
pe YOD pe
START CALCULATIONS........
v 2
/ | -
A={1+ R 419 3
B-—|- - m-1:'
\_ 15 3 L Is ]
{ i { ;
C::|l+i~R p-2/2m 1
L\ 16 16 ]
Interface velocity is ........
A+B-C
ap-2" """ Z vop
D
up=0925 km/s
Interface pressure is. ...
In the plate..... P p= pp-Co-u+ppSu Iz
P p =37.198 GPa
Inthe gas ...
14 ’Vﬂﬂ . HII-=|3
Fg ER— -7 .Po
27, vop |
P g =371 GPz
Initial plate velacity: .
¥ po —2a |

Voo =185 kmis
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PLATE VELOCITY - 10 SHOCK ACCELERATION:
Disk File PLATESHK.MCD

ABSTRACT This documnent caleulates (initial) plate prajection velocity from
the end of an explosive columr: by deriving the particla velocity in the plate
imparted to it by the detonation wavefront. The explosive is characterized by
its CJ parameters and detonation product gasas are described by a
constant gamma law. Solution is obtained through continuity of pressures
and particle velocities at the interface. Numerical sclution is based on the
approach of Kinelovskii & Trishin (FGV 20{1) (1984) 1126-133.) For
definition of aquations used in this file refar to file SHKPLATE.MCD.

PREPARATION CF INPUT DATA ..

Enter charge and plate parameters ... Only a single explosive is considered.

1. Explosive
Type: TNT
Density gfcc pe = 1.55
Detonation Velocity km/s YOD - 6.7

I =3
Palytropic Gamma
NOTE: Equations are specific to an assumed value of [=3 which does not
appear axplicitly. _
Likrary of constants

Type Dansity V{jD

CompB  1.60 7.6
TNT 1.55 6.7
Gelignite  1.49 58

Type of Material Mild stes|
Density gicc op .- 7.4
Sound speed kmis {Us-up) Co - 3.6
5% - L6383
Shock adiabat constant

NOTE: constant Co and § define the shock adiabat  Us=Co+S*Up
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Fie PLATESHK1.MCD

3. Constant groupings

R-2P_ 0 Sep Po := pe. VOD?
pe ¥YOD pe
START CALCULATIONS........
. v F
fll g 3 ;
A={1-—R] 49
B-—]"_m-1
Lo16y 3 Lm )
9 ' }
C=(1+—-R;| D':If-?-—-m—l
. 16 _ | 16
Interface velocity is ........
wy JATB-Coop
D
uy=0.758 km/s
Interface prassurs ig.........
p
In the plate..... l'p = pp-Couy+ppSuy
F,=28819  GPa
In the gas .....
i L 3
‘YOD uq
P’g::E.!:_.._ . Ilrﬂ
27 YOD ¢
P g =28.76 GPa
Initial plate vetocity: :
¥ po 2 I

¥ po =1.516 Kmis

pege 2
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PLATE VELOCITY - 1D SHOCK ACCELERATION:
Diak File PLATESHK_MCD

ABSTRACLT This document calculates (initial) plate projection velacity from
the and of an explosive column by dariving the particle velocity in the plate
imparted ta it by the detonation wavedront. The explosive is characterized by
its C.J parameters and. detonation product gases are described by a
constant gamma law. Solution is obtained through continuity of pressures
and particle velocities &t the interface. Numerical solution is based on the
approach of Kinelovskii & Trishin (FGV 20{1} (1984) 1126-133.} For
definition of equations used in this file refsr to file SHKPLATE.MCD.

PREPARATION OF INFUT DATA ...

Enter charge and plate parameters . Only a single explosive is cansiderad.

1. Explogive e
Type: Super Galignite
Density g/cc pe = 1.49
Detonation Velocity kmys vaD - 5.6

. =3
Polytropic Gamma

NOTE: Equati'r;!ns are spacific to an assumed valua of =3 which doas not
appear explicitly.

Library of constants

Type Censity VOD

Comp B 1.60 76
TNT 1.65 B.7
Selignite  1.49 56

2 Plate wririerietbon e b e
Type of Matenal Mitd steel
Density gfcc op - 7.8
Scund speed kmfs {(Us-upj Co:=36
Shock adiabat constani 5 =168

NOTE: constant Co and S define the shock adiabat  Us=Co+5*Up
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ADVANCED DETONICS LABORATORY MEASUREMENTS
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6. ADVANCED DETONICS LABORATORY

Slug, velocity measurements were made at Naschem’s Advanced Detonics Laboratory at
Boskop in the North West Province.

6.1 First Set of Tests

The first set of tests were four tests of a directional primer charge comprising 65 g of
Composition B explosive and a 6 g disc.

The charge details are presented in the Table below.

TABLE A.6.1 DIRECTIONAL PRIMER CHARGE DETAILS

Explosive Diameter (mm) 26

Explosive Length (mm) 60

Explosive Mass (g) 65

Explosive Type Pour-cast Composition B
Velocity of Detonation (ms™) 7600

Disk Diameter (mm) 26

Disk Wall Thickness (mm) 1.6

Disk Mass (Q) 6

Case Length (mm) 150

Case Material PVC

Initiation Y% Powergel 813+n0.6 IED

The measuring instrumentation comprised two 300 kV X-ray heads triggered by an ionization
probe placed over the disc and a 1 mm printed circuit board placed on a steel witness plate
as a timing screen, linked to the same external trigger.

The time-distance data required to calculate the slug velocity is presented in the Table
below.
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TABLE A.6.2 SLUG TIME-DISTANCE MEASUREMENT CALCULATION

CHARGE# DISTANCE (mm) TIME (ns) VELOCITY (ms™)

1 30 1541 2070
248 120.9

2 50.4 2541 2005
201 100.5

3 72.3 35.49 2060
288.5 140.55

4 26.9 10.96 2127
175 80.49
636 315.5

Four charges were fired. Only one usable signal was obtained from the witness plate

shorting screen.

6.2 Second Set of Tests

The second set of tests comprised measurements of nine cartridges of differing masses of
Composition B ranging from 13,7 g to 48 g. The aim of the tests were to determine the slug
velocity for various column charge lengths of nominally from 10 mm to 50 mm which have
resulted in explosive masses ranging nominally from 12,5 mm to 44 mm. Actual explosive

masses were determined by weighing the empty and filled assemblies.

Similar measurements to those undertaken in the first set of tests were taken and the charge
details are presented in the Table below.
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TABLE A.6.3 DIRECTIONAL PRIMER CHARGE DETAILS

Explosive Diameter (mm) 26

Explosive Length (mm) 12,510 44
Explosive Mass (g) 13,7 to 48
Explosive Type Pour-cast Composition B
Velocity of Detonation 7600

Disk Diameter (mm) 26

Disk Wall Thickness (mm) 1.6

Disk Mass (g) 6

Case Length (mm) 150

Case Material PVC

Initiation Y% Powergel 813 + no.6 IED

The instrumentation for the second set of tests was the same as for the first set of tests
except that two timing screens were present — one on the witness plate (as before), and an
additional screen placed between the charge and the witness plate. The measurements
recorded are listed in Table A.6.4. The first two measurements are recorded by flash X-ray
photography and the last two by shorting screens.
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TABLE A.6.4 SLUG TIME-DISTANCE MEASUREMENTS

CHARGE NO. | EXPLOSIVE MASS (g) TIME (ns) DISTANCE (mm)
1 13.7 20 37
80 118
143.5 240
2 19.1 20 40
100 154
403.1 634
728.3 1010
3 26.2 20 44
100 171
465.1 740
662.5 1028
4 315 20 46
100 186
112.3 248
573.6 982
5 323 20 47
100 187
419.2 742
611.3 1040
6 355 20 47
100 193
403.9 741
568.9 1023
7 39.8 20 48
100 192
414.9 740
596.3 1028
8 41.4 20 48
100 200
392.8 742
549.7 1026
9 48 20 47.4
100 189.4
386.6 730
552.5 1020

The slug velocity as calculated from the flash X-ray measurements is presented in Table
A.6.5.
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TABLE. A.6.5 SLUG VELOCITY FROM FLASH X-RAY DATA

CHARGE NO. EXPLOSIVE MASS (g) VELOCITY (ms™)
1 13.7 1350
2 19.1 1425
3 26.2 1588
4 315 1750
5 323 1750
6 355 1825
7 39.8 1800
8 41.4 1900
9 48.0 1900

6.3 Third Set of Tests

The third set of tests comprised measurements of ten cartridges — eight cartridges

containing 65 grams of Super Gelignite and two cartridges containing 93 grams Composition

B explosives. The aim of the tests were to determine the slug velocity for Super Gelignite

and Composition B using an 8 gram disc.

The charge details are presented in the Table below.
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TABLE A.6.6 DIRECTIONAL PRIMER CHARGE DETAILS

Explosive Diameter (mm)

26

Explosive Column Length (mm)

Composition B : 85
Super Gelignite : 110

Explosive Mass (g)

Composition B : 93
Super Gelignite : 65

Explosive Type

Super Gelignite

Velocity of Detonation (ms™)

Composition B 7600
Super Gelignite 5600

Disk Diameter (mm) 26
Disk Thickness (mm) 2.0
Disk Mass (Q) 8
Case Length (mm) 150
Case Material PVC

The instrumentation for the third set of tests were the same as for the first set of tests,

namely two flash X-ray heads and a timing screen on the witness plate.

The slug time-distance measurements and velocity calculations are presented in the Tables

below.
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TABLE A.6.7 SLUG TIME-DISTANCE MEASUREMENTS AND VELOCITY

CALCULATIONS FOR 80 GRAM SUPER GELIGNITE

CHARGE# TIME (1rs) DISTANCE (mm) VELOCITY (ms™)
1 10.5 214 1309
35.7 247
2 10.46 21 1126
55.84 72
393.6 457
3 20.49 29 1131
65.57 80
404.8 447
4 30.49 38 1161
85.62 102
456.3 486
5 40.66 49 1188
108.02 129
301.0 436
6 40.52 51 1185
105.48 128
327.4 421
7 40.58 43 1073
105.81 113
255.15 420
8 50 40/52 1169
126 105.51
420 347.6

Note only the recording for the shorting screen measurement for the first charge failed — the

other seven were successful. Again the velocities have been calculated using the flash X-

ray measurements only.

TABLE A.6.8 SLUG TIME-DISTANCE MEASUREMENTS AND VELOCITY

CALCULATIONS FOR 93 GRAM COMPOSITION B

CHARGE# TIME (1rs) DISTANCE (mm) VELOCITY (ms™)
3 25 20.56 1960
113 65.54
451 249.8
4 87 40.63 2118
225 105.78
398 206.05
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Again, the velocities have been calculated using flash X-ray measurements only.

6.4 Fourth Set of Tests

The fourth set of tests comprised measurements of eight cartridges of TNT explosive. Each
cartridge contained 45 gram of TNT consisting of three pellets. The charge was initiated
using a 30 mm long by 24 mm diameter booster of PETN, which represents 25 gram of
additional high explosive charge similar to TNT. In order to compare results with
Composition B and Super Gelignite in the third set of tests, an 8 gram disc was used.

The charge details are presented in the Table below.

TABLE A.6.9 DIRECTIONAL PRIMER CHARGE DETAILS

Explosive Diameter (mm) 25
Explosive Length (mm) 60
Explosive Mass (g) 45

Explosive Type

Pressed TNT pellets

Velocity of Detonation (ms™) 6700
Disk Diameter (mm) 26
Disk Mass (Q) 8
Disk Thickness (mm) 2
Case Length (mm) 112

Case Material

1 mm Cardboard

Initiation

PETN Booster

The instrumentation for the fourth set of tests was the same as for the first and third sets of
tests, namely two flash X-ray heads and a timing screen on the witness plate. The slug
time-distance measurements and the velocity calculations are presented in the Table below.
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TABLE A.6.10 SLUG TIME-DISTANCE MEASUREMENTS AND VELOCITY

CALCULATIONS 45 GRAM TNT WITH A 25 GRAM PETN BOOSTER

CHARGE NO. DISTANCE (mm) TIME (1rs) VELOCITY (ms™)
1 113 20.64 1636
142.6 100.89
869 553.8
2 14.3 20.73 1457
130 100.85
865 582.56
3 136 25.63 1509
134.4 105.68
870 618.65
4 38.6 30.66 1594
166.0 110.69
770 560.75
5 443 35.64 1511
165.3 115.74
765 486.5
6 488 40.68 1658
181.3 120.59
821 577.6
7 54.8 45.69 1559
179.4 125.63
815 513.75
8 192 150.69 1661
325 230.77
890 592.25

Although shorting screen measurements for all cartridges were recorded, to maintain

consistency with the previous tests, the velocities have been calculated using the flash X-ray

measurements only.
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APPENDIX 7

SHOCK EFFECTS GENERATED BY THE DIRECTIONAL
PRIMER CHARGE
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ANALYSIS OF SHOCK EFFECTS GENERATED BY
HIGH-SPEED METAL SLUGS

Synopsis

Two aspects of the terminal effects of a high-speed metal slug
are examined. The firat is the generation of an air shock by
the supersonic motion of the siug. The charactenatics of
interest here are the veloclty of the shock wave and the shock
pressure. The second aspect relates to the nature of the
pressure pulse or 2ated in rock by the impact of the slug.
Various physical effects arising out of the impact are
identified, and magnitudes and durations of the attendant
pressure pulses are caiculated.

_ Preparad by
Thomas Szendrel Pr Sci Net
Dynamic Physics Consultants
for
Mr J.A, Cruise

May 1999
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SHURIK EFFELCTR U METAL S 1

1. Air Shock Ahead of Metal Slug

1.1 Equations of Shock Transition

. Tha basic shock equations link the state of shocked material to its initial
state. in the flow illustrated in Fig.1, the disturbance corresponding to the
shock front is propagated from left to right with a velocity U, inte the

undisturbad material.

Py [M] E;
Uppmm—> > U,
Pa fo Ee
Shocked State Initial State

FIGLRE 1; Echematic Represantation of 2 Plane Shock Wave in Laboratary
' Coardinates (Initial state at rest)

The: following notatian is applicable:
U, shack velocity

Lip particle- {or mass-) velocity

P density
E internal enargy (per unit mass)
P pressure

0, T subscripts denoting initial {0) and shocked {7) state respectively

In Fig.1 the initial state is characterised by valuas of pressure, density and
enargy dencted by P,, p, and E, respectively. The material is at regt (u,,=0).
The shock front is assumed to consist of a time-independent (staady)
pressure puise. The initial material is accelerated to a particle speed of u,4 by
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METAL SLUG SHOCK EFFECTS )

the passage of the shock front moving at velocity Us, and is compressed to a
dansity p; > pe. The state of the shocked matierial is rejated to tha initial state
. by a set of so-called jump conditions representing the conservation of mass,
mormeantum and energy in the shock transition.

Conservation of Mass
PolUs Pr(Us tp) 1]

Consearvation of Momentum

P-Py=pgUgup [2]
Conservation of Enertrv
1 2
Prup=5Polp +ogUgEr-Eqye [3

the above equations can de rewritten in a form that directly displays the
functional forms of the shocked state parameters, namely:

Shock Velocity
1 Pi-Py
E..—-—-- ] l—ll
Po | —-— [4]
4Po PI
Particle Velacity
.I.-' \ .'I.]. 1 III
'l.lpiz I|\P1—Pn||l—-—{|
: '.,pﬂ p‘]; [5]
Specific Energy
1 ) L
EI_EE‘ =:;I‘_P].+Pﬂ,'l1|_'_'|u
] o PL 6]

‘Piston' Model for Air Shock

The above basic equations can be used to analyse the pressure pulse set up
in a column of air by a rapidly-moving ‘piston’. As long as the piston motion is
steady, that is, velocity changes are slow enough for the column of air ahead
of it to readjust itself te the changes in velocity, the foliowing analysis is valid.
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METAL SLUG STHOCK EFFECTS

We expect the piston to be preceded by a strong comprassion wave when
the piston velocity V is supersonic and much larger than the speed of saund
in the air ahead of it. The resulting shock structure is sketched in Fig.2.

Piston Shocked Air Shock Front Still Air
Llpq =V UW‘ =U
>V ——>Us Po
& Ps

Because at the piston, the particle (or mass} velocity of air must of necessity
be equal to the velocity of the piston (V), the shock wave is such asto
accejerate the initially still air across the front to a particle velocity that
matches piston velocity (i.e. ux=1).

Ag the air is effectively a perfect gas, and may be characterized by a
constant valus of the ratio of specific heats (y). the energy equation [6] can

be rewritten as
1 (L3 I-1

[}

where R is the universal gas constant {287.06 J/kg-K) and T is the
temperature. Furthermore

e
—:=R-To
p

and with the above substitutions the energy eq.[6] may be rewritten as
fallows, yielding the relative density of the shocked air:

oy (T+1}B | +{T-1}P, 7]
— = ]

po (F-13Py+([-1)Py
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METAL 510 SHOCK EFFECTS

By substitution for p, and pin q.[5] where uy, in the presant analysis is set

equai to piston velocity {V), and by a long process of algebraic manipulation,

the following relationship is obtained between V and shock pressure P,..

i e 2
+ lyp—~1 -
( }PD 1‘

The abowe equation may be inverted to exiract the shock pressure as a
functian of piston wvelocity, thus:

l

) N 2
P 1 - 1 || r+ ‘l Illll_l\li"z 2 V_. Ir P E_I..]i-,v!u
Lo gl
o A ¢ 191
Finalfy, the shock velocity is obtained by evaluating eq.[4]
.3 pT |F(1 1},'{?]l +T l-In
UZ=RT A (C+1)o— 1
s Py ! [0

The state of the air shock may thus be evaluated ance the ‘piston’ velacity is
known: For a given V

+ find the shock pressure Py {eq.[9)].
» then derive shock velocity (eq.[10] },and
« density of shocked air (eq.[7]) in terms of the shock pressura P,

{These, essentially algebraic calculation are readily exacuted by means of
MATHCAD.)
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Air Shock Calculations

Values of shack velocity, shocked air density and shock pressure are
tabulated below for slug velocities from 1000 mis to 2000 m/s.

TABLE 1.Characteristics of Air Shock Creatad by Suparsonic Metal Slug

Slug Shock Shook Relative
Veloclty Valocity Pragaaurs Air
{mic) (m/s) (2tm.) Density
1000 1293 16.1 442
1100 1405 19.1 4.60
1200 1515 22.3 4.6
1300 1633 258 4.80
1400 1748 29.6 5.02
19500 1864 3.7 512
1600 1980 38.0 .21
1700 2097 42.7 528
1800 2213 476 5.35
1500 2331 52.8 5.41
2000 2445 53.2 5.45
. It is seen that

1. the slug is praceded by a shock wave travelling about 25% faster

than the siug

2. airis compressed to ahout 5 times its initial valus

3. shock wave pressure is from 16 to 56 afmospheres
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2 Impact Shock of Metal Slug

2.1 Physical Picture

When the initially freely translating slug strikes the bottom of the borghale, a
shock impulse will arise in both slug and rock media. The material respnhse
zones immediately after impact are illustrated in Fig.2. All velocities indicated
are relative to a set of coordinates fixed in the rock. {Since the rock is
stationary, this set is equivalent to fixed, taboratory coordinates). Motation. as
Is customary, p denotes plate-and t denotes target-material, ¢ indicatas the
initial state, and 1 the shocked state. Subsript '/ refers to the intarface or
contact surface between the slug and rock.

B e i U'F —— Y mammm—— U“
U
Ugp = "'u"p ———— Y === = Ugt = U —==—-* Uy = 0
Pe= Pio Py Pa=10
Pep Pip P Dot

Moving interface >
Incoming Elug | Shock in Sivg | Shock in Rock | Undisturbed Rock

FIGURE 2: Shock Strusture for Impact of 2 Metal Piate on Rock

On impact a region of compressed material is formed, bounded by the shock
fronts moving away from the interface into the rock mass o the right, and
back intc the incoming slug from the left. The interface or contact surface
itself maves at soma constant valocity u, to the right. Continuity and

gquitibrium considerations demand that on bath sides of the interface the
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METAL SLUG SHOCK EFFECTS

mass velocities and shock pressures must be equal. Densities and shock
front velocities may however ba different in the two shocked regions.

The velocity of the contact surfaca u, coincides with the mass {or particle-)
velocity behind the shock wave in the rock. Thus

U-Fq=UI

In the plate, the particla velocity behind the left-moving shock front must be
such to reduce the velocity of the incoming slug to the interface value, so
that

Vo - Upp =1y

This ensures that material flow velocities on either side of the contact surface
are the same as required by continuity.

2.2 Equations of Shock Transition

With the above physical definition of the impact shock structure, the jump
conditions can be shown to be the foljowing:

ROCK (t)
Mass Conaervation
Pt Ut =pt [Un - L]
Momentum Conservation:
Pt = pot U 1y
METAL SLUG (p}
Mass Conservation -
fop [UsptVip} = pap [Usp + 1]

Momentum Conservation:

Pyt pa [Use + Wp] [V - U]
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METAL SLUG SHOCK EFFECTS 4

Making use cof tha linear shock-velacity/ particie velocity Hugoniot adiabat,
namely that most materials may be charactarised by two empirical constants
C, and S such that

U; = Gg + S UF
the shock pressures in the rock and slug may be expressed as follows:
Pu= po {Ca + Sy ] uy

Pip = Pop [[Cop + Sp [Vp-u)]] [Vi-u)]

Equating the pressures leads to a nen-inear aquation in the interfaca
velocity. This might be solved by & r::-uf—ﬁnding algebraic technique. They
may also be solved by a graphical solution which consists of plotting the
pressure equations in P-u plane and locating the value of u, as that value of
particle velocity u at which the curves cross. This method is known as
impedance matching.

Tha methad is illustrated by evaluating the impact at 1600 m/s of a steal slug
on quartzite rock. The Hugoniot constants used are:

Ca S
Guartzite 3.68 212
Steel 3.6 1.68

Fig.3 plots the pressure-particie velocity shock Hugoniots. From the
intarsection of the stael and rock curves, the impact conditions are located.
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IMPACT SHOCK Steel
PRESSLIRE GPa
50
: ! . | PRock
- I; . | e
: | .
i i i 4
é -"'ll ! .ﬂ'/
. £ ! | .-’Jlr
I\ 7 - lr/, .
= = . i ;,-'
Paidl ./ L S
T - d
| i / .
s i /’/
S :
ol | i'
o Uil 2
INTERFACE VELOCITY km/s

FIGURE 3: Analysis of shock pressure and intarface velecity for the impact of
mild stesl slug an quartzite at 1600 ms,

Impact conditicns are:
Pressure 17.5 Gpa
Interface Veilocity 1100 mfs
Shock veloeity in rock 6000mds

The full sclution aof steel on quartzite impact is summarised in Tabie 2.
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L0

TABLE 2: Shock Impact Parameters of Stee! Slug on Quartzite Rock

Slug YelocHy interface Sheck impact
{mis) Veloalty ::::::Eu:; Prassure

_ {mvs) {GPa}
1000 702 5.217 9.61
1100 789 . 5.31 10.81
1200 835 545 12.06
1300 901 5.59 13.36
1400 967 5,73 14.69
1500 1033 5.87 16.07
16C0 1098 6.00 17.49
1700 1164 6.15 18.95
1800 1228 6.28 20.46
1900 1293 6.42 22.01
2000 1358 6.567 2359

Results arg displayed graghically in Figs. 4-5.
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"VELOCITY kmy's"

]

1 e "Shock”
6 e —— .n . .-.--—---- T

5
U k)

4
U (k)

3 _ S "Interfags"

1 12 14 1.6 1.8
¥ orlk)

"IMPACT VELOCITY km/s"

[ ]

FIGURE 4: 3hook velority and intarface veloclty in quartzita for the Impact of a stesl
slug at 1000-2000 ms™
"IMPACT PRESSURE GPA

23

22,5

5 Z
1 1.2 1.4 1.6 1.8
V ol k)
SLUG VELOCITY kmv's

FIGURE &: Shack pressure in quarizite for the impact of a steel slug at veloclties
1000 -2000 ms"

12

1
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METAL STUG STEAK FFFLLTS 13

3 Duration and Attenuation of Shock Waves

3.1 Physical Picture

Given the impact pressures as calculsted abeve, the immediate guestion of
importance is how iong does the pressure last? The aitenuation of
imprartanse here is not that due to varicus dissipative effects such as energy
losses by viscosity, heat conduction, etc. — but that dus to geometrical
considerations, the most important of which is the finite size of the metal .slug.
To illustrate the effects of finite size vis-a-vis impact shock structure,
cansider Fig. 5.

A right circular, and essentially flat-ended ‘rod’ impacts a target which is
lateraily unbounded (e.g. rock mass). At the moment of impact (on the scale
of nano-secands) shock waves are created which propagate away from the
contact surface in both directions, as derived above. But because the rod is
finite in lateral axtent, the shock wave ia reflected as rarefaction waves from
the free boundaries around the periphery of the rod and propagata back
towards the axis of symmetry of the rod. The rarefaction waves reduce the
pressure in the shacked regions and allow material flow to take place. The
expansion waves from the sides lead to zones of plastic flow radially in the
frontat zones of the rad, the most prominent feature of this being the
farmation of 2 mushroomed rod tip. These effects are illustrated in Fig.9..

¥While the stress is being reliaved at the contact surface by release waves

_from the sides, the shock wave propagatses upstream in the rod. However, it
does ﬁnt outrun the release waves. On fundamental grounds, if can be
shown that any disturbance (€.9. release wave) behind the shock will always
propagate faster than the shock wave, and thus a rarefaction wave will
always overtake the shock front in the rod. When this happens the high-
pressure shock conditions in the rod are destroyed.
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FIGURE 6: Wave structura In tha high-velacity Impact of a metal rod

SHOCKED PROJECTILE SHOCKED TARGET
MATERIAL {COMPRESSED) MATERIAL{COMPNESSED)

PERIPHERAL

. PROJECTILE
RAREFACTION WAVE Va f SHOCK Wwaye

C{ [~ pnmEcmLE/ 5:}.
EJECTA -——-—3¢. {} o

] Hrs f.}-!’f C

’ \&é"j Q)z?; e 4

IMPACT INTERFACE—' — TARGET SHOCK WAYE

Faap

. {a) JUST AFTER IMBACT

IMPACT ~——

PROJECTILE

INTEFFACE . SHOCK WAYE
l‘lr_-E- E)
“Uh Vg e

. l «*

&e . o* .

EJECTAw——— !
PROJLCTILE

f : TAAGET

ot

RAAEFACTION

|
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FIGURE 13: Wave Structure in High-Valoclty Rod Impact
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From the above considerations, two approximations can be made for the

duration of the high-pressure shack conditions:

{1) the time reguired for the release of shock pressure along the contact
surface by rarefaction waves from the side, and

{2) the ime: required for the release waves o catch up with the shock wave
propagated upstream in the rod,

3.2 Rarefaction Waves along the Contact Surface

For impact velocities below the elastic wave-speeds of the rod and target
materials {approx. 4000 mis for both steet and rock), the shock waves may
be considered as being weak. In this case, we may consider velocities in the
acoustic limit, and the speed of propagation of release waves from the sides
is thus to a sufficlent degree of accuracy given by the bulk sound speed, If
the diameter of the rod is d, release waves will reach the centre of the rod in
a time

At=fip/K)-di2

whete Kis the bulk modulus and p is the density. For steel, K = 180 GPa; rod
diameter at the leading tip Is typically 10 mm, thus

At =1.1 fus]
+.3 Rarefaction Waves behind the Shock Front in the Slug

Ravid et af has given a detailed analysis of wawve propagation in the vicinity
of tha impact surface - refer to DPC Contract Report Analysis of Shock
Effects in High-Speed impact (July 1993,

The duration of the shock-dominated phase of impact is taken to be the time
for rarefaction waves, generated at the periphery of the contact surface, to
catch up with the shock wave traveling away from the contact surface. The

Ravid analysis assumes that rarefaction waves travel at the adiabatic speed

14

264



BTAL SLUG ST IOCK, BETECTS 15

of sound in the shockad material, Application of the Rawvid modal to the case
of mild steel 'rod’ striking quartzite rock at 1600 mfs yields the following
results {as calculatad by MATHCAD):

interface Veiocity = 1098 m/s
Shock Velocity {rod) = 4483 m/s
Shock Velacity (rock) = 600o
Rarefaction Welocity {rod) = 5020 mfs
Shock duration t, = 1.61 ps
Rod deformation length in ¢, = 6.3 mm
Loss length (rod) intime t, = 0.8 mm

Advance of interface

This analysis thus shows that rarefaction wavas destroy the shock wave in
the rod in time t,= 1,612 and reduce the impact pressure to some lower
value (which is to be defined in the following section). in this time the shock
wavwve had progressed 6.3 mmup the rod, and the rod had uadergone
shortening by 0.8 mm due to flow of rod material laterally as the rarefaction
waves arfived from the sides. The rock/metal interface had advanced 1.8 mm

under the influence of shock prassure. |

Analysis of transient impact conditions are summarised in Table 2 below for
slug velocitias from 1000 m's to 2000 m/s.

Table 3: Analysis of Impact Shock Attenuation for Slug Impact on Quarkzite

Blug Valeeity Rarsfacton Wave Shock Duration t, Advance of
mis} Speed (Mis) lps) rock/metal
interface (mm)

1100 fpop 1 4765 1.74 1.22
1100 4806 1.72 B EEE
1200 4848 1.70 1.42
1300 4890 ‘ 1.67 I 1.50
1400 4933 165 160
1500 4377 1.64 1.69
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1600 2020 1,61 1.77
1700 5064 ’i,59 1.85
1800 2100 1.57 1.83
1800 5153 -1.55 2.00
2000 51¢8 1.93 2.08

3.4 Penetration Pressure; Transient Phase

As described above, rarafaction waves release the high shock pressures at
the contact surface between rod and rock, and also in the rod away frarm the
contact surface. The tima required for this is the tirme t, defingd in Tabla 3.
The further evolution of contact pressure depends on the impact velocity in
conjunction with the relative strengths of target and rod materals.

Tate {1869} has shown that for a given targel/rod combination, there axiats a
minimum impact velocity below which the rod ceases to deform and procesds
to penetrata as a rigid body. This limit velccity is defined as:

III'l"rmiﬂ = {E{YF'R‘I” |:"t}”2

whare Y= plastic flow strength of penetratar = 0.9 GPa for mild steel
Ri= resistance of target material to penetration = 0.3 GPa for
strang rock :

o= targat density = 2650 kg/m® for quartzite
The calculated limit velocity for mild steel impacst on quartzite is 670 m/s. This
is well below experimentally measured values. Thus we may expact that
following impact shock and its attenuation, the rod will penetrate the rock in a
non-rigid or deforming fashion. In fact, the rod will penetrate in the =so-called
hydrodynamic mede which is characterized by the erasion of the rod from its
tip as its penetrates and the fermation of a characteristic mushroom-bulb

The importance of this conclusion i twofold. It defines a transition period
dominated by plastic flow, and identifies the final pressure abtained by the
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readjustment of contact surface pressure as the to the quasi-steady stata

hydrodynamic penetration pressure,

Tate (1987) has argued that the transition from shock-deminated impact
phase to the hydrodynamic mode of penetration involves the gross plastic
distertion of the rod as it forms the tip mushroom. These distortion waves
propagate at the shear plastic wave velocity. The details of this stage can be
very compiex, but as an approximation it may be assumed that the final
steady-state penstration pressure is not realized until the piastic waves reach
the axis of the rod.

tn contrast to various speeds relevant to impact shock {such as interface
velacity, and shock- and rarefaction wave velocities), plastic shear waves
propagate at much lower speeds on the order of some hundreds of metres
per second. The phase of plastic deformation and pressure reduction is at
least a2 long as the initial transient shock phasse, and prebabiy significantly
lenger. in the context of the information given in Table 3, this phase is

assigned a duration of 5 ps.

The Ravid et al analysis described above shows that rarefaction waves
reduce the shock pressure at the contact surface 1o 20% its peak valusg. This
remaining pressura is then further reduced during the phase of plastic flow of
the rod to a value corresponding to the steady-state panetration pressure.

3.5 Penetration Pressure— Steady Phase

The penetration pressure (often called the stagnation pressure) prevailing at

the rod/rock interface during steady-state penetration is definad by
Pra= 112 U + Ry

where U is the penetration ualuﬁ:ity. that iz, the rate of retreat of the crater
bottom. R again denotes the strength of the rock {in units of GPa). Even for
strong rocks, its value is relatively low compared ta the magnitude of the first

'dynamic’ pressure term. The penetration velocity is defined by

U=V +(pdpa))
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In the hydrodynamic penetration maodel, the rod enters the penetration zone
at impact speed V while the panetration zona advances at spaeed U. The
differance between these velocities is the rate of erosion of the rod. The
duration of the penetration event is thus defined by the time it takes for a rod
of length L to be consurmed, Thus

Atna = L7 {V-LH

With L = 15 mm {as measured by FX), V=1600 m/s and U =- 1012 m/s, the
duratian is 25 us. ?’E&",.,.

The analysis of hydrodynamic penetration pressure history is summarised in
Table 3 for rod velocitias from 1000 mfs to 2000 mfs.

TABLE 4 Hydrodynamie Penatration Paramaters for Stesl Slug On CQuartzits
Rod Length 15mm

Slug Penetration | Penetration Duration

Valocity Velocity Pressure (ns)
{mis) (ms) (GP2)
1000 632 0.53 247 40,7
1100 696 0.64 227 | 47
1200 759 0.76 L 34
1300 @2 | o088 - Y
1400 885 1,04 Fra 24
1500 949 1.183 18 | 27
1600 1012 1.35 15" _?J; 'y
1700 1075 153 |y
1800 1139 172 15" 273
1800 1202 1.91 Az s
2000 1265 212 12- zp)i;
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3.6 Impact Pressure Pulse Profile

The general shape of the pressure pulse generated by the impact of a high-
velocity metal slug on rock is defined in Table 5.

TABLE S: Pressure Pulss Time History for the Impact of Steal on Quartzite
Legth of Slug =15mm

o} ‘;a‘-““'-—-","'. _M.,;;.;'.HE': B

I;1;p:=t Halunll:y = 13400 mv's

impact Shock 08 1.74

Piastic Flow 1.8 5

Hydratiyriamic flow

X —n-—-uﬁ“_
[mpact Valacsity = 2000 m/s

Impact Shock 236 1.53
Plastic Flaw 4.7 5
Hydradynamic Flow 2.1 7 2ok
S — e
Zheald T Tk ;_'T:_::'? _ e :
i —r

The pressure profiles are plotted in Fig. B far impact velocities of 1000 mis
and 2000 my/s.
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APPENDIX 8

UNDERGROUND TEST MEASUREMENTS AND FREQUENCY
DISTRIBUTION GRAPHS
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Village Main Tests

Four series of tests were undertaken at Village main gold mine. The tests were of a
comparative nature. Rounds would be blasted containing different explosive configurations
of directional primer charges. These were interspersed with rounds containing no directional

primer charges. These were termed standard rounds.

The first series of tests compared the results of directional primer charges containing 20 g,
35 g and 55 g of Compaosition B explosive.

The second series of tests were a continuation of the first but with 75 g and 95 g of
Composition B explosive.

1. Summary of First and Second Series of Tests

The test number in the first column denotes the type of mass of explosive used.

The alphabetic letter denotes the explosive type i.e. b represents Composition B, STD
represents a standard charge without the directional primer charge. The associated humber
is the mass of explosive in those charges using the directional primer i.e. B20 represents a
charge containing 20 grams of Composition B. The last figure is the test blast number of
that charge i.e. B20/3 is the third stoping face of 20 gram Composition B to be blasted.

MEAN SOCKET LENGTH
TEST NO. SAMPLE SIZE
PER ROUND PER SERIES
STD/1 26 208
STD/2 18 94
STD/3 21 73
STD/4 12 103 120
STD/5 24 119
STD/6 14 326
STD/7 12 147
STD/8 43 113 176
170 148
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Standard rounds nos. STD/1 TO std/4 were drilled 900 mm long and standard rounds nos.

STD/5 TO std/8 were drilled 1200 mm long. As the majority of directional primer charge

rounds were 1200 mm, standard rounds STD/5 TO STD/8 have been used for comparison.

SAMPLE SIZE
TEST NO. (NO. OS HOLES / MEAN SOCKET LENGTH (MM)
BLAST)
B20/1 22 121
B20/2 18 66
B20/3 13 125 104
MEAN SOCKET LENGTH (MM)
TEST NO. SAMPLE SIZE
(NO. OF HOLES / PER ROUND PER SERIES
BLAST)
B35/1 22 136
B35/2 29 44
B35/3 23 68
B35/4 30 62 78
104
SAMPLE SIZE
TEST NO. (NO. OS HOLES / MEAN SOCKET LENGTH (MM)
BLAST)
B55/1 120* 120
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SAMPLE SIZE
TEST NO. (NO. OS HOLES / MEAN SOCKET LENGTH (MM)
BLAST)
B75/1 15 97
B75/2 12 65
B75/3 26 96 86
SAMPLE SIZE
TEST NO. (NO. OS HOLES / MEAN SOCKET LENGTH (MM)
BLAST)
B95/1 32 78
B95/2 12 53
B95/3 22 85
B95/4 22 68 71

Summary of Third Series of Tests

SAMPLE SIZE
TEST NO. (NO. OF HOLES / BLAST) MEAN SOCKET LENGTH
STD/9 22 252 mm
STD/10 42 122 mm
STD/11 28 131 mm
STD/12 17 50 mm
STD/13 16 94 mm
STD/14 23 126 mm
STD/15 20 73 mm
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SAMPLE SIZE
TEST NO. (NO. OF HOLES / BLAST) MEAN SOCKET LENGTH
B85/1 18 212 mm
B85/2 40 161 mm
B85/3 75 73 mm
B85/4 76 79 mm
B85/5 58 46 mm
B85/6 56 50 mm
B85/7 45 37 mm
Summary of Fourth Series of Tests
SAMPLE SIZE
TEST NO. (NO. OF HOLES/ MEAN SOCKET ZERO
BLAST) LENGTH

STD/16 23 229 mm 6

STD/17 50 170 mm 11

STD/18 63 155 mm 24

STD/19 52 147 mm 14

SAMPLE SIZE
MEAN SOCKET ZERO
TEST NO. (NO. OF HOLES/ LENGTH
BLAST)

SG/1 38 101 mm 21

SG/2 28 68 mm 20

SG/3 27 32 mm 18
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APPENDIX 9

SLUGSHOT PHOTOGRAPHS
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APPENDIX 9 PHOTOGRAPHS

PHOTOGRAPH 9.1

Photograph 9.1 shows the Slugshot Hang-up Clearance Charge with its accessories
underground. The yellow bar is the support bar which is a modified Arrow prop with a
universal support in which the 10 kg Slugshot is placed. A telescopic sight is placed on the
Slugshot with the sight parallel to the axis of the Slugshot. The sight is removed after aiming
and prior to firing.
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PHOTOGRAPH 9.2

Photograph 9.2 shows the Slugshot set up in an ore-pass with the detonator and fuse
attached.
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APPENDIX 10

ADVANCED DETONICS LABORATORY PHOTOGRAPHS
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APPENDIX 10 PHOTOGRAPHS

PHOTOGRAPH 10.1

Photograph 10.1 shows the components of the directional primer charge. Four directional
charges are shown — two lying on their side and two standing so that the contents can be
viewed. The top standing charge shows the metal disc positioned inside at 35 mm stand-off.
The bottom standing charge shows the contained Compaosition B explosive.

Also shown are three cartridges each of three different types of explosive, namely from left
to right ammon dynamite, Powergel 813, ammon gelignite. These three were used in
addition to dynagel and an emulsion explosive called EMEX as the booster for the high
velocity of detonation charge Composition B.
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PHOTOGRAPH 10.2

Photograph 10.2 shows the detonation chain. The directional primer charge is facing to the
left i.e. the toe of the hole would be to the left of the charge. The charge is approximately 25
mm in diameter. The stand-off distance exists from the left end of the tube to where the
metal disc is crimped into the tube at a position 35 mm from the left end. The high velocity
of detonation explosive Composition B has been cast against the metal disc to
approximately the position of the tape with the number 17 written on it. The charges came
as a single unit to which were added the initiator of lower velocity of detonation and the

detonator to the initiating explosive.

The detonation chain is thus from the detonator to the lower velocity of detonation explosive
to the high velocity of detonation explosive. The high velocity of detonation explosive then
drives the metal disc forward to the toe of the hole as a high velocity metal slug.

— .

R, Ty A
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PHOTOGRAPH 10.3

Photograph 10.3 shows the set-up of one of the experiments to determine the optimum
stand-off distance using witness plates. The directional primer charge is mounted on the
witness plate and is shown just prior to the insertion of the detonator into the lower velocity

of detonation explosive, which in this case was ammon dynamite.

323



PHOTOGRAPH 10.4

Photograph 10.4 shows the partially exploded directional primer charge. The detonator
initiated the lower velocity of detonation ammon dynamite, which in turn did not initiate the
high velocity of detonation Composition B. The unexploded explosive Composition B can be

clearly seen in the partially destroyed housing.
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PHOTOGRAPH 10.5

Photograph 10.5 shows the deformed slug embedded in the witness plate. These two slugs
are the result of directional primer charges containing no high velocity of detonation
explosive. They are the result of ammon gelignite and Powergel 813 driven disc

respectively.

Although they have forward punching power, it is not sufficient to penetrate the witness
plate.
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PHOTOGRAPH 10.6

Photograph 10.6 shows the hole made through a 12 mm steel plate by a directional primer
charge containing the high velocity of detonation explosive Composition B.
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PHOTOGRAPH 10.7

Photograph 10.7 shows the indentation made by the slug which passed through the 12 mm
steel plate shown in Photograph 7.6 on the plate below the witness plate.

The hemispherical nature of the indentation can clearly been seen as can the remains of the
slug which has been removed from the indentation and placed next to it.
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PHOTOGRAPH 10.8

Photograph 10.8 is the same as Photograph 10.7 except that the slug has been overturned

to show its base.

Note that although the slug has passed through a 12 mm steel plate and has been
embedded in the steel catch-plate, it appears to have maintained its mass in a single slug

and has not broken up into a jet of smaller fragments.
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PHOTOGRAPH 10.9

Photograph 10.9 shows an embedded slug next to a slug-made hole. The splaying out of
metal on the circumference of the impact site can clearly be seen. Also the raised center of
the impact zone can be seen in the case of the embedded slug.
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PHOTOGRAPH 10.10

Photograph 10.10 shows a foreign object, in this case a stone being placed in the stand-off
void.
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PHOTOGRAPH 10.11

Photograph 10.11 shows the effect of the stone shown in Photograph 10.10. The
penetrating effect into the plate is diminished. However, there is still considerable forward

punching power.
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PHOTOGRAPH 10.12

Photograph 10.12 shows another type of foreign matter, namely sand, being placed in the
stand-off void.
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PHOTOGRAPH 10.13

Photograph 10.13 shows the result of many experiments of the stand-off distance on one
plate. The top right indentation is that shown in Photograph 10.10 namely the stone in the
stand-off void. The second from the right at the top is the indentation shown in Photograph
10.9. The result of the sand in void hardly shows in the position immediately below the top
right indentation. The white area in the bottom row was made by a directional primer charge
with no stand-off distance. All it has achieved is to remove the rust and scale from the plate.
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PHOTOGRAPH 10.14

Photograph 10.14 shows the reverse side of the plate shown in Photograph 10.13. On the
top left can be seen the bulging of the plate of the three indentations with embedded slugs.
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PHOTOGRAPH 10.15

Photograph 10.15 is a close-up of Photograph 10.13 showing the flow metal around the
circumference of the holes.
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PHOTOGRAPH 10.16

Photograph 10.16 is the underside of the plate of Photograph 10.15. Again it shows the
characteristic of metal flow at the circumference of the hole after the slug has passed clean

through.
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PHOTOGRAPH 10.17

Photograph 10.17 shows a witness plate after a series of tests were undertaken using
different column lengths of Composition B from 50 mm down to 10 mm in 10 mm steps, and
using two different explosives for initiating the Composition B namely an emulsion EMEX
and a watergel Powergel 813. All combinations punched clean through the plate (apart from

one charge which misfired).

In addition, two charges which did not contain any Composition B, but were solely EMX or

Powergel were fired (see top right hand corner). These did not penetrate the plate.
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PHOTOGRAPH 10.18

Photograph 10.18 is the reverse-side to the plate shown in Photograph 10.17.
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PHOTOGRAPH 10.19

Photograph 10.19 shows a Powergel-initiated directional primer slug placed on a concrete
floor.
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PHOTOGRAPH 10.20

Photograph 10.20 shows the crater formed by the charge in Photograph 10.19.
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PHOTOGRAPH 10.21

Photograph 10.21 shows a directional primer charge placed on a concrete block.




PHOTOGRAPH 10.22

Photograph 10.22 shows the nature of the fracturing caused by the charge in Photograph
10.21. Clearly shown is the catering effect at the surface of the black, the penetration of the
slug for a certain distance into the block and then the formation of an umbrella-crack at the

limit of the travel of the slug.
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PHOTOGRAPH 10.23 AND 10.24

Photograph 10.23 and 10.24 show the results of Photograph 10.22 from different angles.
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PHOTOGRAPH 10.25

Photograph 10.25 shows the Flash X-ray Radiography set-up. The board on the left is
shielding the large sheet of X-ray film. The directional primer charge is secured in a
horizontal position parallel to the X-ray film. As can be seen by the blue-wrapping, the
initiating charge is Powergel. Also seen in the foreground are the conducting wires from the
ionisation probes which are placed in the directional primer charge in order to trigger the

timing mechanisms for the camera.

In front of the charge about a metre away is a large cylindrical steel catch plate in front of

which is a graticule of wires which serve as a timing screen.
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PHOTOGRAPH 10.26

Photograph 10.26 is the same as Photograph 10.25 but taken from a slightly different angle.
On the right is the bunker with the aperture for filming the formation and flight of the slug.
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PHOTOGRAPH 10.27 AND 10.28

Photographs 10.27 and 10.28 similar to Photograph 10.25 and 10.26 and show a different
series of tests of the directional primer charge.
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PHOTOGRAPH 10.29

Photograph 10.29 shows the damage that the detonation of the directional primer charge
does to the wooden board which protects the X-ray film (as shown in Photograph 10.25).

The ladder of reference lines can clearly be seen where the board has been blasted away.
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PHOTOGRAPH 10.30

Photograph 10.30 is the after photograph of Photograph 10.27 and 10.28. It shows the
impact indentation of the slug in the catch-plate. The remnants of the shorting screen can

be seen.

In addition, the effects of the shrapnel from the minor break-up of the slug in flight is shown

as minor indentations in the catch-plate.
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PHOTOGRAPH 10.31, 10.32 AND 10.33

Photographs 10.31, 10.32 and 10.33 show the set-up of the testing of a similar device to the
directional primer charge. These are shown to illustrate the multiple shorting screens can be
used. Photograph 10.33 is a view taken from above which clearly shows the bunker with the
photographing aperture and the extent of the explosive damage to the reinforced concrete

wall.




PHOTOGRAPH 10.34, 10.35 AND 10.36

Photograph 10.34, 10.35 and 10.36 show the slug indentations on the catch-plate for
differing explosive configurations i.e. for EMEX and Powergel and 10 mm, 30 mm, 50 mm

charge lengths of Composition B.
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APPENDIX 11

FLASH X-RAY PHOTOGRAPHS
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Camera Trigger

Shorting Wires X-Ray

Slug Fully Formed Graticule

Immediately After
Detonation

Dished Disc
At Rest

UG 14

Fully Formed Slug
After Traveling 150 mm

Shadow Images Dished Disc
Of Directional At Rest
Primer Charge

Tail Debris From Slug

FLASH X-RAY IMAGES NO.1

SHOWING DIRECTIONAL PRIMER CHARGE FORMATION AFTER 15 ns AND 75 s
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Stand-Off
25 mm
| | Slug Fully Formed Within Stand-Off

| | Distance of 25 mm

Tail Debris
Slug At 250 mm
From Rest Position
FLASH X-RAY IMAGES NO.2

SHOWING DIRECTIONAL PRIMER CHARGE SLUG FORMATION AT 15 ns AND
125 ns AFTER DETONATION
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Tail Debris

Slug At 60 mm From Rest Position

Tail Debris

Slug At 380 mm From Rest
Position

FLASH X-RAY IMAGES NO.3

SHOWING DIRECTIONAL PRIMER CHARGE SLUG FORMATION AT 30 ns AND 190
nms AFTER DETONATION
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APPENDIX 12

UNDERGROUND TESTS PHOTOGRAPHS
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APPENDIX 12 PHOTOGRAPHS
PHOTOGRAPH 12.1

Photograph 12.1 shows the standard explosives used underground on Village Main Gold

Mine namely Stopecord 9 igniter cord, 8D detonator capped fire and Tovex 220 watergel
explosive.
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PHOTOGRAPH 12.2

Photograph 12.2 shows a typical socket left after a blast. Note the radial cracks emanating
from the hole which indicates that the hole has been blasted.
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PHOTOGRAPH 12.3

Photograph 12.3 shows a hole which has been blasted to its full length with the
characteristic ‘wit koel” at the toe of the hole. The wit koel is the “white shot” of the crushed
rock at the toe of the hole. To have a face full of wit koels means that the round has broken
out to its full length and will mean the minimum of face preparation for the next blast —
minimum of fractured face rook to be barred down and removed and no pumping out of

sockets.
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PHOTOGRAPH 12.4

Photograph 12.4 shows a misfired hole. Note there is no crushed annulus or radial cracks
emanating from the hole. This misfire was caused by detonator failure.
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PHOTOGRAPH 12.5

Photograph 12.5 shows a misfired hole which has only partially exploded. The primer is still
evident in the hole and could have been caused by out-of-sequence firing with the following
hole going off before this one, thus severing the charge column.
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PHOTOGRAPH 12.6

Photograph 12.6 shows the socket of a blasted hole of an apparently efficient blast. The
socket length is the order of one caliber or 30 mm.
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PHOTOGRAPH 12.7

Photograph 12.7 shows an end hole broken out clearly to its full length. The end of the hole
is clearly visible and the radial fracture at the toe of the hole, perpendicular to the axis of the

hole is clearly in evidence.
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PHOTOGRAPH 12.8

Photograph 12.8 also shows good break out with a minimum socket.
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PHOTOGRAPH 12.9

Photograph 12.9 clearly shows the wit koel clean break and the perpendicular fracture at the
toe of the hole.
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PHOTOGRAPH 12.10

Photograph 12.10 shows the clean break of a hole with the break-out of rock to the right of
the hole in advance of the toe (negative socket effect).
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PHOTOGRAPH 12.11

Photograph 12.11 shows circumferential cracks around the hole indicating the effect of a
high velocity of detonation explosive crushing the rock immediately adjacent to the hole.
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PHOTOGRAPH 12.12

Photograph 12.12 shows circumferential or concentric cracking close to the hole and radial
cracking further away from the hole. Again minimal socket.
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PHOTOGRAPH 12.13

Photograph 12.13 shows the hole not only breaking out to its full length but also breaking
away from the toe in a typical umbrella crack, giving a face advance greater than the hole

length.

Of interest in this photograph is the presence of the remnants of the metal slug impacted into

the toe of the hole.
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PHOTOGRAPHY 12.14

Photograph 12.14 shows the toe of the blasted hole with the typical umbrella fracture.
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PHOTOGRAPHY 12.15

Photograph 12.15 shows a hole which has broken out further than the toe of the hole. The
half barrel of the blasthole can clearly be seen, as is the toe of the hole and the extent of the

additional breakout to the right of the hole.
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PHOTOGRAPHY 12.16

Photograph 12.16 shows another hole which has broken out beyond the toe.
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PHOTOGRAPHY 12.17

Photograph 12.17 shows a blasthole broken out to its full length leaving no socket.
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PHOTOGRAPHY 12.18

Photograph 12.18 shows a top hole which has broken out to its full length. Note minimal
blast damage to hanging wall.
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APPENDIX 13

COMPARISON OF THEORETICAL MODEL CALCULATIONS
OF DISC VELOCITIES WITH MEASURED VELOCITIES
FOR VARIOUS MASSES OF EXPLOSIVES
AND DISCS
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A.13.1 A.D.L. TEST SERIES |

COMPOSITION B MASS
DISC MASS

65 grams
6 grams
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A.13.1.1 GURNEY MODEL
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GURNEY Test Data: Seres | - page 3

. Diskfite Patage2
Explosive Type: Comp B
Test ID: #1 Series ]
VOD mve: - b =7800
Plate mass g: . m =8
Charge Mass g: =65
Measured Velocity Vg =2070
DISPLAY RESULTS....... ...
Gumey constant E g =2700
Reduced Gurney constant | _
E g = 1918.33
Particle speed in gas HF =1900
CM ratio | zf —10.833
Velocity:standard Gurney V g =3823.98
Velocity: reduced Gurney Ver=2716.39
Valocity:momentum transfer Vpp =1603.9
Valocity: modified Gurnsy | ¥ gm = 3155
Measured Velocity v, ,=2070 mis

Scroll to page 4 for derivation of efficiency factor f ...

378



GURNEY Tast Data: Serias [ No.1 page 4

Derive afficiency factor for effective explosive mass....standard Gurney madei..

2 3-=2-12

F =FEF =
¥ & (fz+1)(fz+4)
Check: |F{f) =3824 Should equal ¥ g= 3824

Plot variation of calculated plate valacity with efficiency factor f:

————

6 = {Fey £-0.01.1 Hf) -V,

Variation cf calculated velocity with factor

Shan calculated
/
I '
& / i measurad
ol bl
NP T
i
n H . I r
0 f 1

Efficiency factar

Pick value of f clase to the roat of G{H)-H{f)=0

F-01

Refine guess of f by iteration to locate root:

£ = roat((G(f) - H().S) £-0.163
The efficiency factar is f=01863

This is the fraction of axplogiva mass that contributas to the
standard Gumey velocity of the plats,
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GURNEY Teat Data’ Sarisa | Na.1 : page 5

Derive efficiency factos for effective explosive mass....madHied Gurney model..

f=1
2 :
2 3z fz 2
F(fy=E_~ 14
D Gy T
Check: .JF({f) =3155 Shauld equal V. =3155

i

Plot variation of caleuiated plate velocity with efficiency factor f:

GU) = AF )

f:=0,01..1 B =V,

Variation of calculated velocity with factor f

5004 _,..-J-""’- calculated
//
G’(ﬁ/ maasured
Ayl |
‘RN e
0 Fi 1
Efficiency factor

Pick valua of f clase to the root of Gifj-H{\=0

=01
Refine guass of by iteration to locate roct:

I =root((G(f) H(f).p) - f=0.132
Tha efficiency factor is r=0.132

This is the fraction of explosive mass that comtributes to
the modified Gumey veiocity of the plate,
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GURNEY Test Data: Serles |

Explosive Type: Comp B
Test ID: #2 Series | :
VOD m/s:

Plate mass g:
Charge Mass g:

- Measured Velocity

DISPLAY RESULTS..............

Gumey canstant

Reduced Gumey constant
Particle spead in gas

C/M ratio
Velocity: standard Gurney
Velocity: reduced Gurney

Velocity:momentum transfer

Velocity. modified Gurney

Measured Velocity

page 3
Diskfiie Plategs2

D =7600

C =65
¥ =2005

Eg==2?00 |
EET=191B.33

UP = 1800

zl =10.833
 ,=3624
V gp=2717

Vpp=1604 .

V g =3155

V3=2005 m/s

Scrol! to page 4 for derivation of efficiency factor f ...
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GURNEY Test Data; Series 1 No.2 page 4

Derive efficiency factor for effective explosive mass. . standard Gurmey model:,

2 3Lf

FH-E -
n £ (fz+1y(Fz+4)
Check: 'JJFUJ = 3824 Should equal ¥ 5 = 3824

Plot variation of calculaled plate veiocity with efficiency factor f:

- Iren
€0 =FD f=001.1 H =V

Variation of caleulated velocity with factor f

caleutated
aoon
/
/’
i _ ' measured
o / z |
I
ux : L i : 0
o f i
Efficiancy factor

Fick value of f close to the root of G{f)-H{f)=0

F=01

Refine guess of f by iteratian to locate ront:

£ = root((G(f) - H(Y) . f=0.154
The efhciency factor is F=0154

This is the fraction of explasive mass that contributes to the standard
Gurney velocity of the plate.
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GLRNEY Tast Data: Saries | No.2 page &

Derive efficiency factor for effective explosive mass_._modified Gumey model..

F=1 | |
g 2 3247 2
F{fy = Eg,. A e i, lf’pp
(fz+ 1y {fz+4}
Check: JFU‘) =3155 Should equai ng =3155

Plst variation of calculated plate velocity with efficiency factor §:

G{f) = A F
0 J v F=0,01.1 Hf) = V

L

Variation of calculatad velocity with factor f

3000 caiculated
_.--""f‘
;
T
measured
f) Pl
o I :
D 5
g I 1
Efficiency factor

Pick value of f close to the root of G{f)-H(f)=0

f- 01

Refine guess of f by iteration to [ocate root:

1 = rooe({G(f) - H() /) f=0.115
The efficiency factor is F=0.115

This is the fraction of explosive mass that contributes to the
maodified Gumey velocity of the plate.
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GURNEY Test Data; Series |

Expiosive Type: Comp B
Test (D: #3 Seriag |
VOO mis: '

Plate mass g
Charge Masas g:

Measured Velocity

DISPLAY RESULTS.............

Gumey cﬁnstant

Reduced Gurney constant
Particle speed in gas

C/M ratio
Velocity:standard Gumey
Velacity: reducad Gurrey .

Velocity:momentum transfar

Velocity: rmodified Gurmey

Maasured Valacity

page 3 .
hskdie Fiategs2

£ =7800

m_ =6

P

C =65
¥ =2060

Eg=2?ﬂﬂ'-

E . =1918.33

£

UP=‘1QDI‘.]

zf =10.833
Vg =3824

V gp=2717

Vpp=1ﬁﬂ4

ng=3155

V,=2060 mis

Scroll to page 4 for derivation of efficiency factor f ...
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 GURNEY'  TestData: Series | No.3 page 4

Carive afficiancy factar for effective explosive mass... standard Gurney model:.

Fepnp 2 3L
) = E g
fz-1y(fz+4)
Check; ,.JFE =3824 Should equal V' =3824

g

Piot variation of calculsted plate velocity with efficiency factor

G - {Feh

£-0.01.,4 Hf) -V,

Variation of calculatad velocity with factor f

_—_ calculated
//
/ i measured
G ; =
{f@ﬂfs N
J
0 S 1
Efficiency facto

Pick value of f close to the root of G{f-H(f}=0

Sf-01

Refine quess of f by iteration io locate raat;

I =rot((G(F) - BN O f=0162
The efficiency factor is | f=0162 |

This is the fraction of explosive mass that contributes to the standard
Gurmey vedacity of the plate.
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GURNEY Test Data: Saries | Nc.2 _ page 5

Derive efficiency factor for eflective explosive mass....madified Gurney made!:.

f=1
2
Z 3.z !2 2
F = E 1 + V
o ¥ (Fre1)(fzedy PP
Check; JFU) = 3155 Should squal ng.=3155

Plct variation of calcutatad piate velacity with efficiency factor I

6 - Jrg | |
- dr F-0,0.1.1 HYp -V,

Variation of caiculated velocity with factor f

calculated

--./_’_,-_------------ measured
GU}/

|
! B

i

:
j
1
i

0 f 1
Efficiency factor

Pick value of f closs 1o tha root of G{f}-H{f}=0

F=0.1

Refine guess of f by iteration 1o |ocate roct:
f=roat{{G(N - HM N f=0.129
The efficiency factor is F=0129

This is the fraction of explosive mass hat contributes to the
modified Gumey velocity of the plate.
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GLIRNEY Test Data: Series | page 3

Diskfiie Plategs2
Explosive Type: Comp B
Tast {D: #4 Series |
VOD mifs: D =7600
Plate mass g: m , =6
Charge Mass g: =65
Measured Velocity Ve=2127
DISPLAY RESULTS..............
Gumey constant E g =2700
Reduced Gumsy conatant - Egr =1918.23
Particle spead in gas 7 p= 1900
/M ratia z7 =10.833
Velocity:standard Gurney V g =3824
Velacity: reduced Gurney Vgr=2717
Velocity:momentum transfer FPP — 1604
Velocity:modified Gumey V am = 3155
Measured Velocity V 5= 2127 mis

Scrall to page 4 for darivation of efficiency factor f ..
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GURMEY Test Data: Series | No.4 page 5

Derive efficiency factar for effective E!xp.lnsive mass.... modified Gurney model:.

£
2
2 3lf 2
Fifh - E 2 -V
N Egr (Frryifzr 4y PP
Check  JF(f)=3155 Should equal ¥, = 3155

am

Plot variation of calculated hEata valocity with efficiency factor f:

G = FU)

£=0,0...1 H{f) - V

Variation of calculated velocity with factor

—_— l calculated
L=
L
[t
/|
"’/--i---"----“-—" measurad
G_U?/ | .
rp| 1 e
i P!
| : : |
0 : : )
o f 1

Efficiency factor

Pick value of f close to the root of G{T}-H{f)=0-

F=01

Refine guess of f by iteraticn to locate roct:

£ - roet((G(fy H(N.N F=0.148
The efficiency factor is F=0.148

This is the fraction of explosive mass that contributes to the
modified Gumey veiocity of the plate.
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GLRNEY Test Data: Series | No.4 : page 4

Derive efficiency factar for effective explosive mass....standard Gurmey modal;,

§ (fzDifz+ 4
Chack: JF(f) =3824 Should equal ¥ , - 3824

Plat variation of calcutated plate velacity with efficiency factor f:

61 = JF) £-0014.1 A -V,

_ Variation of calculated valoeity with factor {

. calculated
3000 : '
|/
o 1111
| H
ﬂ/: .
o s 1
Efficiency factor

Pick value of f close to the root of G(fi-H{f)=0

F-01 |

Refine guess of f by rteration to locate root:
= roa((G(f) - ) L) f=0172
The efficiency factor is F=0172

This is tha fraction of explasiva mass that contributes to tha standard
Gurnay velocity of the plate.
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A.13.1.2 AZlZ MODEL
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AZIZ et al Data Source: Sariee| Diskflle Plateas page 3
DISPLAY RESULTS . Tes:: #1 Series |

Explosive = Caemp B

Mass g € =865

VOD kmfs D=76
Polytropic

r=3

Plate mass g ", =6
Measurad velacity km/s V=207
Efficiency factor =1

CIM ratio (actuai) €M1 =10833
C/M ratio (effective] Cmz=10833
Detanation Velocity mis RSTE
Aziz velogity km/s {f=1) V=438
Aziz velocity (effective mass) fo=4_33
Measured Velocity nﬁg V,=2.07
Plate Energy, calculated kJ Ep= 57.547
Plate Energy, measured kJ E pm= 12.855
Explosive energy kJ E_=23465

Enérg;-.r Efficiency, caiculated E I 0.245
Energy Efficiency, measured E fm =0.055

Fraction Effective explosive mass . f,=0.223

Energy efficiency calculations suggest that only & fraction
fp=0223

of the loaded axplosive mass contributes to the Aziz-type cne-dimensional gas
expansion and piate accaleration.

Scroll 1o paga 4 for determining efficiency factor f ...
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AZZatal TestData: #1 Series | page 4

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY ......
£=001,01.1 |

|I,r32
=| = CM2-f- 1)}
WD g7 MY
Feny = p 301
w z(f) + 1 Gif) =V

Plot variation of calculated velocity with f ...

e Yelocly Calculated
| ! R
/ _
. P
“{_K---__““_j_j__ Measured

S

Pick a a value aof T close {0 the root of F{-G(f)=0

f=02 ...first estimate of root
f=reot F (D - GUH| f=0.186 _..the roat
The efficiency facor is f=016

This i3 the fraction of expiosive mass that contributes to the one-dimansional
gas expansion accelerating the plate to its final velocity.
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AZIZ ot Al Drata Source: Series | Diskfile Plateas Dage 3
DISPLAY RESULTS .. Test: ¥ Series|

Explosive = Comp B

Mass g =65
vOD kmfs D_78
Polytropic
Plate mass g : :=36
P

Measured velocity km/s V,=2.005
Efficiency factor F=1
C/M ratio (actuah CM1 —10.833
CiM rahio (effective)} &M= 10.853
Datenation Velocity mis b= 6
Aziz velocity kmis (f=1) Vp=438
Aziz velocity (effective mass) fo= 438
Measured Velocity m/s V¢ =2.005
Plate Enérgy, calculatad K. EP =57 547
Plate Energy, measured kJ E pm = 12.06
Explosive snergy kJ E ,=234865

Energy Efficiency, calculated E I 0245
Energy Efficiency, measured E fm —0.081

Fraction Effective explosive mass fo=021

Energy efficiency calculations suggest that only a fraction
' f=0.21

of the Inaded explosive mass contributes to the Aziz-type one-dimensionai gas
expansion and plate acceleration.

scroll to pags 4 for dedermining efficiency facter f ..
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AZIZ et al Test Data: #2 Series | ' page 4

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY
£-001.01. 1

—_—

192 cagas 1)
D -| [ g 1))
F =ﬂhj:{_.il‘}t -1
0 zify + 1 G -V

Plat vanation of catculated velocity with f ...

Plate Velccity
3 | T R Calculated

Measurad

Pick a a value of f close tq the rogt of F(A-Gi{fiI=0

f=02 _._first gstimate of root
o= root{ {F(fy - GUH f=0.152 ...the root
The efficiency facor is F=0152

This is the fraction of exglosive mass that contributes to the one-dimensicnal
gag expansion accelerating the plate 1o its final velocity.
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AZIE ot al Cata Source: Seres |
DISPLAY RESULTS ... Test: #3 Series |

Diskfile Plateas page 3

Explosive = Comp B

Mass g C =65
VOD km/s D76
Polytropic
Flate mass g r=s
"5 =5
Measured velocity kmfs V=206
Efficiency factor =1
C/M ratio (actual) CHi =10.833
C/M ratio {effective) bz =10.833 -
Detonation Vatocity m/s D=6
Aziz velocity ks (F=1) Vp=438
Aziz velocity (effective mass) Vv o= 238
Measured Velocity m/fs V=206
Flate Energy, cafculated kJ Ep- 57 547
Plate Energy, maasured kJ E pm = 12.731
Explosive enerﬁy kJ E _ =23465
Energy Effictancy, calculated E I 0.245
Energy Efficiancy, measured E fr =0.054
Fraction Effective explosive mass fo=0221

Energy efficiency calculations suggest that only a fraction
F,=0221

of the loaded explosive mass contributes to the Aziz-type one-dimensional gas
expansion and plate accesleration.

Scrofl to page 4 for determining efficiency factor f ...
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AZIZ et al Test Data: #3 Series | page 4

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY......
£:-0.01,01 1

-‘."32 o
1= —--CMII+1
-
(-1
Fifiy=D
m zm+"f GU) = FE

Plot variation of calculated velocity with £ ..,

Piate Velocity
" : o Calculated

Measured

T
1
i
!
1

B A I A
r
L
|
L
|
1
|
|
|
]
|

1I

Gy

[
i

Pick aa valu'e of f close to the roct of F{N-G(H)=0

f=02 ....Tirst estimate of root
£ = root(: F(H) - GH| N f=0.1589 ...the root
The efficiency facor is f=0.158

This is the fraction of exgrlosive mass that contributes to the one-dimensione
gas expansion accalerating the plate to its final velocity.
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AZT ot al Caata Source. Seres |

DISPLAY RESULTS ... Test : #4 Series |

Diskfie Plateas page 3

Explosive = Comp B

Mass g =65
VOD kinfs D=76
Polytropic
F=3
Plate mass g m =6
Measured velocity kmfs V. =2127
Efficiency factor f=1
C/M ratio (actual) (M1 =10833
C/M ratio (effective) (M2 =10833
Detonation Vetocity mifs F=iE6
Aziz velocity kmis (F=1) Ve =4.38
Aziz velacity {effective mass) V o 4.38
Measured Velocity m/s V, =2127
Plate Energy, calculated kJ E p=57.547
Flate Energy, measured kJ E pm = 13.572
Explosive enargy kJ E , =234€5
Energy Efficiency, calculated E = 0.245
Energy Efficiency, measured E fo =0058
Fraction Effective explosive mass f.=0.236

Energy efficiency calculations suggest that only a fraction
fe=0.236

of the loaded explosive mass contributes to the Aziz-type
pne-dimensional gas expansion and plate acceleration

Scroll to page 4 for determining sfficiency factor f ...
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AZ1Z et al Test Data: #4 Seres | page 4

DERWE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY......
F=001.011

() - Ii[';32.c.uz,|;+ 1.1"[, .
Sy ¥
-
2(fy +1 G{H =V

Plot variation of caiculated velocity with T ...

Plate Velocity
3 ! —— Calculated
2
-
|| |
_ R i DR i Measured
rol DL
anl f |
d
0 f 1

Pick a a value of f clese to the root of F{-G(H=0

F=02 ....first estimate of root
f=root(|F(fy G N f=0.168 __the roat
The efficiency facor is f—0.168

This is the fraction of explosive mass that contributes to the one-dimensional
gas expansion acceierating the plate to its final velocity,
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A.13.1.3 FICKETT MODEL
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FICKETT

Tost Data#1 Sanes |

Explosive Type: Composition B

Diskfle PLATEVF page 6

Charge Length I. =80

Charge mass g C =65

VOD kmis D-76

Polytropic F=3

Rlte mass m=6  Sound speed kmis C ;=36
Measured Velocity mis V.. =207C

oxp

PRINT RESULTS OF CALCULATIONS (2) wresstrstttthrtiiriss

ue

T 8117 ]
| 8339
8.561
- B.784~
- 3.008

'="g20g | ?

9.45
9,673
. 0895
10117
10.339
' 10.561
10.784
11,008
11.228
11.45
11.673
11.895
12.117
12,339

Time from
detonation

at start of
expiosive column

us rmm
[ 0.222 | 0127
u.444;l 0.438
0.667 | 0.869
0.889 1.386
1.111 1.967
1.333 Xgee ™| 2508
1.556 3.269
1.778 3.973 |
2 4703 |
2.222 5456 |
| 2.444 £.229
- 2667 | 7.019
2.889 . 7823
3111 564
3.333 ' 9.468
3.556 10.306
. 3.778 . 11.154
4 12 009
| 4.222 | 12872
| 4444 | 13741 |
Time from Plate
start of displacement
plate
accaleration

[ 1049 ]
1704
2154
2484
2736
2936
3097
3230
| 3341
3436
3517
3587
3642
3703
3751 |
3794 |
3832 |
3866 |
. 3898 |
| 3926

o
i

Plate velocity
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FICKETT Test Data: 31 Seres |

page 7

DISPLAY RESULTS OF CALCULATIQNG smmsnsssrssasirsans

Define axparimental value of plate velocity as a constant- value

function of time...

Vir Vﬂ.‘kp f=t,.,.-001
TIME VARIATION OF PLATE VELOCITY
Velocity mfs
4000 ! e
i : o a i )
; —
.
K1) ..f’F i
I - k%x
T f |
/ :
N 4
Y
. 2]
° 5
Time [us)
Plot time on logarithmic scale....
[~ 'B!Hu
f r.-
Ja
o
MiEY <
el I e e e 1 3 R e
F“]ﬂ. : :r/ ’
uJ A
.-'"k/
4] —
0.1 1 10
L.
I
Time {us)

>0

Calculated

Measurad

Calculated

Measured
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FICKETT Tast Data: #1 Series | page 8
Plat velocity against. numbar of prassure reverberations in plate....

i=1.N ...must be > 0 for logarithmic axis
A ...n is the number of transits ..
72
i denctes reverberation number, i.e. number of time increments as
defined in secticn (1) under CALCULATIONS

Plate Veiccity mis

4000(

i ; _',,L«-*""' Calculated

¢ i
9 S el T LI Measured
7

ol | | |

",
J

Number Raverberatians

Plot indicates that measured plate velocity is attained shortly bafara
the SECOND passage of the pressure pulse through plate thickness
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FICKETT Test Data#2 Sares | DiskAle PLATEVF page 5

Explosive Type: Composition B

Charge Langth I =60
Charge mass g C =65
VOD kmis D-T6
Palytropic re3
Plate mass n=6 Sound speed km/s € 5 =36
Measurad Vealocity mis ¥ oxp = 2005
PRINT RESULTS OF CALCULATIONS (2) = btk
us us _ mm mis
[ 817 | 1 0.222] 0127 [ 1049 °
8.339 0.444 ' 0.438 1704 !
8.561 0,657 ‘0.869 | 2164
8.784 0.589 1386 | 2484
9.006 1.111 . 1.967 2736
= 9298 | facc=| 1333| Xame™| 2598 ¥P= 2936
9.45 | 1.556 3,269 3097
96873 1.778 3.973 | 3230
9.895 . 2 4703 3341
10.117 - 2222 5456 3436
10.339 | 2.444 6.229 3517 :
' 10.561 | 2.667 . ' 7019 3587 |
10.784 2.889 7.823 3649
' 11.006 P 3111 864 3703
11.228 3333 | | 9.468 3751
11.45 | 3 556 10,306 | | 3794
11673. . 3778 11.154 . 3832
11.895 | 4| 12,009 | 3966
12117 | 4.222° | 12872 3898
12.339 ! 4.444 P 13.741 | 3926 |
Time from Time from Plate Plate velGoity
detonation start of displacement
at start of plate
explosive column acceleration
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FICKETT Test Data: #2 Series ! page ¥

DISPLAY RESULTS OF CALCULATIONS

ciricireririnine

Define axpenmentat value of plate velocity as a constant- value
function of time. ..

¥ty = Fﬂq, 1=t e+ 0.01 =0
TIME VARIATION OF PLATE VELQCITY
Valocity mis
4000 : - . R Calculated
T = i !
S
i '
KD fr . ,
; NE— iR ——
v ; i : ; » | Measurad
e
/ : ;
- i .
' 1'
ol ! | | ];
o Ij 3]
Time {ps)

Flot time on logarithmic scale.

4000 - ,,ud“"# : Calculated
o~
N
.'H
]
Mo W
_ i s B Bl Measzured
by, B :
=f s -
u g .
0.1 1 10
I.
r)
Time {us)
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FICKETT Test Cata: #2 Saries | : page &
‘Plot velocity against number of pressure reverberations in plate....

j=1.N  ..mustbe > 0 for logarithmic axis

) ....N is the number of transits ....
;o2
n denotes reverberation number, i.e. number of time increments as
definad in section (1) under CALCULATIONS

Plate Velocity mfs

4000 I o] Calculated

' e | N R N A A Measured
&

N |
]
Number Reverberations

Plot indicates that measured plate valocity is attained shortly befurg
the SECOND passage of the pressure pulse through plate thickness
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FICKETT Test Data #3 Series | Diskfilz PLATEVF page B

Explosive Type: Compasition B

Charge Length I =60
Charge mass g € =65
VOD km/s D=78
Polytropic =3
Plate mass m=6  Sound speed kmis C,-3.6
Measured Velocity m/s v exp =2060
PRINT RESULTS OF CALCULATIONS (2) **
us us MiIm m/s
[ B.117 | 0.222 [ 0127 [ 1049 |
8.339 0.444 0.438 1704
8.561 0.667 0.869 2154
8.784 0.869 1386 2484
9,006 1111 1.967 t 2736
=| 9228 | Yacc™| 1.333| Xace™| 28508 P 7| 203
0.45 1.556 3.269 3097
9673 1778 3973 3230
9.895 2 4703 1 3341
10.117 2.222 5.456 3436
10.338 2.444 5.229 3
10.561 | 2667 | 7.019 | 3587
10.784 | 2.869 7.823 . 3649
11.006 - 3111 864 ' 3703
11228 3.333 9.468 3751
t1.45 3556 | 10308 . 3794
11673 3.778 14.154 | 3832 :
11895 4 12.009 | 3866 |
12117 4222 | 12,872 ' 3898 |
| 12.339 | | 4.444 13741 | 3926 |
Time from Time from Plate Plate wvelocity
detonation start of displacement
at star of plate
expiosive column ateeleration
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FICKETT Test Data: :#3 Series | page 7
DISPLAY RESULTS OF CALCULATIONS

Defire experimantal value of plate velocity as & constant- valus
function of time...

V(D) = ¥ gy t:= 0+ 0.01 >0

TIME VARIATICN OF PLATE VELOCITY
Velacity mis

4000 j : e Calculated

¥ - | |
s T : Measured
' |

0 ' !
0 ::, g

™

Time (us)

Plot time on logarithmic scale.. .

4000 : - . - Calculated
: :HM '
S S Rl
(443 . yﬁ{/n : :
il K - i PR | Maseured
ij : ,I/ - _ _ ;
// .
o : e
o
Q.1 1 10
t.
J
Tirme {u8)
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FICKETT Tast Data: #3 Saries | pagea 8
Plot velocity against number of pressure reverberations in plata__

J=1.N ...must be = O for logarithmic axis
A ... ia tha number of transits ...

n denotes reverberation numbear, i.a. number of time increments as
defined in section {1) under CALCULATIONS

Plata Velocity mvs

4000 Calculated

Measured

n
J
Number Reverberations

Plot indicates that measured plate velocity is attained shortly before
the SECOND passage of the pressure pulse through plate thickness
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FICKETT

Test Data %4 Seres | Diskfile PLATEVF page 6

Explosive Type: Compuosition B

Charge Length . =860

Chafge mass g O =65

VoD km/s D-76

Poiytropic =3

FIRIS Mass m=6  Soundspesd kmis C ;=36
Measured Velocity m/fs V =227

PRINT RESULTS OF CALCULATIONS (2)

us

8117
8339
8.561
8.784
9.006

7 9228

| 945

9673

9 895

10.117 |

10.339 |

| 10.561

| 10784

11.006

11.228

11.45

11673

11.895

2117 !

12.339 |

Time from
detonation

at start of
explosive calumn

exp

us mm m/s
[ 0.222 | 0127 % 1049
0.444 0.438 | 1704
| 0667 0.869 | I 2154
0889 | . 1.386 | 2484
1111 . 1.967 2738
i 1.333 ace = | 2,598 Yo = 2938
. 1.586 3.269 3097
L1778 3473 . 3230
} 2 4703 | a341
| 2.292 5456 | - 3436
| 2.d44 6229 | 3517
' 2.667 7.019 3587
. 2,889 7.823 3649
3111 864 | . 3703
. 3.333 9.468 | . 3751 |
| 3556 10.308 3794
| 3.778 11154 | 3832 |
4 12.009 | 3866 |
4222 12.872 3898 |
4.444 13744 | 3926 |
Time from Plate Plate velocity
start of displacement
plate
acceleration
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page 7

FICKETT Test Data: :#4 Series |
DISPLAY RESULTS OF CALCULATIQNG s rirrirb st
Define axparimental value of plate valocity as a constant- value
function of time. .. :
Vin - V-z:xp | t::r‘m_—[}.{]‘! ={
TIME VARIATION OF PLATE VELOCITY
Velocity mds
4060 ' a-r'*‘:"rﬂ— : Caiculated
= T
! = 3 ;
- |
» i
K R o,
;:' *“_‘*_";* R — Measured
ANE :
-a IllI i 1
! ; I
. i
i
1) :
0 1} &
Tima [us)
Flot time an logarithmic scale. ...
4000 - ! Calculated
HHM
ﬂ_.ll'
o
. E
o]
FH} ® Ko it/.' el b el
- et : Measured
Vp. r
F A
-=- s
o
0.1 1 10
Ei
Time {u=)
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FICKETT Test Data: #4 Series | ' page B
Plot velocity against number of pressure reverberations in plate....

j=1.N _...must be > O for Ingarithmic axis
_J .1 ig the number of transits ...

1 denotes reverberation number, i.e, number of time increments as
defined in saction (1) under CALCULATIONS

Plate Velocity m/s
4000 i __,_,_.--* Calculated
i / I
- | |
| ' : .
fE} L f(/ u—g_"_-_-_n—w—u—w-u-u-mm Measurad
1
s
1 10
"
Number Reverberations

Plot indicates that measured plate velocity is attained shortly before
the SECOND paasage of the pressure pulse through piats thickness
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A.13.2 A.D.L. TEST SERIES |l

12,5 TO 44 grams

COMPOSITION B MASS
6 grams

DISC MASS
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A.13.2.1 GURNEY MODEL
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GURNEY Test Deta: Sares il Diskfile PLATEGM page 3
DISPLAY RESULTS. ..

Gurney Constart E g =2700 més
Reduced Gumey E ar= 1814 mis

Particle speed i) p= 2000 ms

Plate mass m F=E g
—  — PLATE VELOCITY———
Standard Reduced Mamentum
Charge C/Mm Gumey ........ Gurney Transfer
Mass g
10 1667 20051 [ 1347 | [ 909
20 3,333 2765 1858 1250
30 5 3182 2138 {1420
40 6.667 I 3448 2316 1538
=!5ﬂ ﬂ=a.333EV=3532 V=E44El V=1e13
| 60 10 | ¥ 3ves & | 2532 PP | 1667
“ 70 11.667 | - 3873 2602 1707
| 80 | 13,333 | 3956 2658 1739
9@ 15 4023 [ 2703 1765
100 | 16.667 | . 4079 . 2740 | 1786
Modified Gumey plate velocity (Wickart et al modal);
C/M Ratia Velocity Effective C/M
/s
1667 . . 1625 1667
3323 . 2239 | 3.333
5 2571 | 5
8667 | 2780 6667
| B3 , LB | eae
10 ; &M | 3031 . 10
11,667 | 312 | 14,667
12.333° 3176 | 13.333
15 3228 | 15
| 16.867 ; | 3271 | | 16.667
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GURNEY Test Data: Sedes || page 4

Compare caiculated Gurney valocitias and maasured values &s a function
of C/M mass ratio.

Plate velocity versus chafga—ln—plata mass ratio
Calculatad xoooooxx -experimental

mis
3500 i 35C0
"1 ap00

7 2500

b gm; / | 2000

V. K

x! x X 1500
i
i 1000
| 500

0 :
0 z.IFzzj 15
Charge/Plate Mass Ratio
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GURNEY Test Data: Seres it

Paga 5

' Compare calculatad and measured piate velocities at the experimental

valuer af C/IM masza ratio,___

z=edf
| 3.7% i
T A B e
T8 | Jze 1)z 4y
Madified Gumey ...
— =
Vem= ||V * fo-rz);!
Rl = :"] RZ -
8/
c/M . Maasured
ratio velocity
[ 2283 ] [ 1350 ¢
3.183 1425 |
4367 1588
3.25 1750
z=| 5383 |  p_=| 1750
5917 | 1825
6.633 1800
6.9 © 1900
8 . 1900 |
Velogity
ratios ....

>
; .
|

U

V .
P WL+ 2]

ap

...SBtandard Gumay

_ [ 32
Veg=Eg |
Vs | ..velocity
nglf ratios
Modified Gurnay Standard
velocity Gurney Vel.
1906 [ 2351 ]
2199 2716
2464 3048
2608 3229
V o = 2627 Vg= 3253
2697 3341
2777 3443
2804 3477
| 2900 | 3600 |
0708 ] 0.574"
0.648 | 0.525 . -
0.644 ‘ 0.521 |
0.671 | 0542 !
Rz-|06861  gr=| 0538
0677 | 0.548 |?
0.648 | 0.523 |
0676 : 0.546 l'
| 0685 | 0528 |

416



GURNEY © Test Deta: Series!l . page &

Derive EFFICIENCY FACTOR for effactive explusiv&'mass ..... modified
Gumey model :

Number of valocity measurements: N=9
Pick & number (i} 0 to N-1: ' i=0  TOL =001
L= z.i lep i Vm‘- Vs:: Vsi
2 32p ) _
F = - i y 3
% Egr U‘-z+1)-(f-;,4]+ 2y ~F{f) =1.806-10

Plot variation of F{f) with D<f<1___.

Gty = AFeh)

Ff=0011 HH =V, ¥ =1350
Calculated velocity ........... maasured velocity
3000 :
j
§ ()
H{f)
oL
0 f 1
Pick a value of f clase 1o the roct of G{H-H{=0
Ff=02 ...ostimate of root
f = root(| G(f) - H(AY P f=0335 _.root "
The efficiency facior is F=0.335

This is the fracticn of explosive mass that contributes
to the Gumey velocity of the plate {modified Gumey modal).
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GURNEY Test Data; Series || : Paga 7

Dariva EFFICIENCY FACTOR for effective explosive mass.. .. standard

Gumey model
Number of velocity rnaasurements N=2
~ Pick anumber (i) 0 ta N-1: $:=0 TOL:= 04
S ££3 52 fi=1 ... default
2 3/ { 3
F E . Fify =2.351-10
D - - 9
Plot variation of F(f) with 0<f<1....
G ={FY)  F-0,01.1 Hfp =V, V, =135
Calculated velogity ... measured velocity
3000 | G(f)
]
G{f} il H
— . S e B 0
B e | 5
: ! | I
5 1
0 s 1

Pick a value of f close to the root of G{f)-H(NH=0

f=02 ..estimate of root
£ = roat(| GO - HYY .H f=0.382 .00k
The efficiency factor is Jf=0.382

This is the fraction of explosive mass that contributes
to the standard Gurney velocity of the plate.
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GURNEY Test Data: Seties li page 6

Derive EFFICIENCY FACTOR for effective explosive mass..,..modified
- Gurnay model

Number of velocity measurermnents: N=9
Pick a numbar (i} O to N-1: i:=1 TOL = 0.01
z= VPF = V-H’E : VS;: Vsi
2
g2 3 2 —
FO B o tyifa ) PP JF(f) =2.199.10°
Plot variation of F(f} with 0<f<1.._.
G{f) = n,!l (f} .
F=001_1 H{n:: VS V.i':1425
Caiculated velacity ... . measured vealogity

G(f)
H{T}
¢ i ' ! ,
1) f 1
Pick a value of f close to the root of G{f)-H{)=0
=02 ...estimate of root .
£=root{|G(H - BUH O f=0.199 ..root
The efficiency factor is f=0.18%

This is the fraction of explosive mass that contributes
to the Gurney velocity of the plate (modified Gumey modat).
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GURNEY Test Data: Series I ' Page 7

Darive EFFICIENCY FACTOR for effective explosive mass.. ... standard

Gumey model
Mumber of velocity measuraments; N=9
Pick a number (i) 0 to N-1: =1 TOL - 0.01
F z:=22, F=1 ... default
F(fy=Eg 377 JF(f) =2.716:10°

£ @ 1)2f+9)
Plot veriation of F(F) with O<f<1....

Gy = {FH  £=0,01.1 Hf) =V, V =1425
Calculated velocity .......... measurad valocity
3000 — G(f)
L
6 T T | HO
a7
0 r :
o - f 1

Pick a value of  cluse to the root of G(f)-H(f)=0

f=02 ...estimate of root
f=root(1G{f) - HN| H £=0.297 _root
The efficiency factor is F=0.297

This i= tha fraction of explosive mass that contributes
to the standard Gurney velocity of the plate. '
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GURNEY Test Data: Series |l page 6

Gumey model

Numbar of velocity measuraments: N=9
Pick a number (1) © to N-1: =2 TOL =001

g 2 344 2
il eyl JF(f) =2.464-10°

Plot variation of F{f) with D<f<1....

LN = JF(D
f=0,01.1 . HU) = Fi Vs=1538

Calculated valocity maasurad velogity

3000 |

] G(f)

H(f)

]
0 f t
Pick a value of f close to the root of G(f)-H{)=0
f=02 ..estimate of roct
- root(:G(H - HH| H f=0.167 ...root
The efficiency facior is F=0167

This is the fraction of explosive mass that contributes
to the Gurney velocity of the plate {medified Gumey model).

421



GURNEY Test Data: Series |l Page 7

Derive EFFICIENCY FACTOR for effective explosiva mass.. .. .standard

- Gurney madel
Number of velocity measuremerits: N=D2
Pick a number (i) 0 to N-1: i=2  TOL-0.0
* z -z o1 .. default
2 i .
Fify - E % s f~ - JF(H =3.048.10°
EGfryfed
Plot variation of F(f) with O<f<1....
GH=JF(py  £=0,01.1 H(fy =Vg V¥V, =1588
- Caloulated velocity ... measurad velocity
3000 Gif)
) H{f)
A
o
0 f 1
Pick a value of f clase to the root of G{f)-H{f)=0
fF-02 ...estimate of root
I reot( (G - HH| N £=0.256 ...rock

The efficiency factor is £=0256

This is the fraction of explosive mass that contricutes
to the standard Gumey velocity of the plate.
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GURNEY Tast Data; Seriss || page &

Derive EFFICIENCY FACTOR for effective explosive mass _ modified
Gumay model
Number of velocity measurements: N=0

Pick a number (i} 0 to N-1: i=3 TOL - 0.01

z= L V pp = VPP; Vs V’i
' 2 312f2 . 2

Fh -E. 2 s

D =B iityirandy o JF() =2.608-10

Plat variation of F{f} with O<f=<1,...

HERIT) |
f=0,01.1 HN =V, V¥ =1750

Calculated velocity ............ measurad velocity

3000
G{f)
At H(D
8 ?
0 f 1
Pick a value of f close to the rogt of G{f}-H(H=0
f=02 ...estimate of root
f - rect{ G - H{f): .H f=0187 ...root
The efficiency facior is F=0187 |

This is the fraction of explosive mass that cnh!ributes
to the Gumey velocity of the plate (modified Gumey madel).
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GURNEY Test Data Series Page 7

Deriva EFFICIENCY FACTOR for effactive explosive mass.. ...standard
Gurnay modal :
Numbper of velocity measurements: N=9

Pick a number (i} 0 to N-1: =3 Tol =001

o zi- 22 7-1 ... default
32 — e :
F(f)-E 2 Z2f AF(f) =3.229-10°
B (gf+ 1) (zf-4)
Plot variation of F{f} with 0<f<1,,.,
-
G - {FUH fF-8,01.1 H(fy =V, V. =1750
Calculated velocity ... measured velociy
3000 G(f)
&N H(f)
i
a
0 f 1

Fick a value of f close to the root of Gi(f)-H{f}=0

f-02 ..estimate of root
£ - rooct{|G(f) - H(} P f=025 ...root
The efficiency factor is f—0.25

This is the fraction of explesive mass that contributes
to the standard Gumey velocity of the plate.
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GURNEY Teat Data: Series |l page 6

Derive EFFICIENCY FACTOR for effective expiosive mass.....modified

Gumay model
Number of velocity measuraments, N=9
Pick @ number (1) 0 to N-1: i=4  TOL:=001
5=z VPF = VPPE V.! ‘= V_'g‘.
- r Szz.fz 2 .
FO =By e tyfeay PP JF(f) =2.627-10°
Plot variation of F({f) with 0<f<1....
G = \F(f
£=0,01_1 H(fy =V Ve =1750
Calculated velocity ............ measured velocily
3000) ;
| i G(f)
H(f)
i f _
0 f _ 1
Pick a value of T close to the root of G{fi-H(f)=0
=02 ...estimate of root
f-root(| G  HN| O f=0178 ..Foot
The efficiency facior is F=0178

This is the fraction of axplosive mass that contributes
to the Gurmey velocity of the plate (modified Gumey model),
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GURNEY Tast Data: Series Ii Page 7

Derive EFFICIENCY FACTOR for effective explosive mass.. ...standard
Gurney modet

Number of velocity meagurements: N=9
Pick a number (i) 0 ic N-1: é&=4  TOL:=001
o z -2 S ... default
2
F(fy -E 2 3Pf JF(p -3.253.10°

8 (zf+ 1)(ef+4)
Plot variation of F(f) with D<f<1....

G(f) = 4 F(f} £=0,01.1 B(fy=V, V =1750
Calculated velocity ... measured velocity
3000 ? /-/' ; G{f)
! W 5 :

anf LT H(7)
ol S1 I

0 ' ! 1

Pick a value of f close td the roct of G{H-H({f)=0

F=02 ...estimate of roat
£ roat{ | G(f) - H(H| P F=0.244 ...root
The efficiency factor is F=0244

This is the fraction of explosive mass that contributes
to the standard Gumey velocity of the plate.

426



GURNEY _ Test Data; Serias |l page &

Derive EFFICIENCY FACTOR for effective explosive mass. ... modifiad
Gurney model

Number of velocity measurements: N=9
Pick a number (i} O to N-1: - &5 TOL:=001
z:i=Z, VPP = VPP& V= V,I
2 3Lf7 2 e
Fh =E__ i = B 3
R L P
Plot variation of F(f) with O<f<1_...

&(f) = JF(fH .

| f=0,01.1 HY)=Vs Vs=1825
Calcutated velocity ............ measurad velocity

P i "
B A HE)

0
0 L
o F 1
Pick a value of f close to the raat of Gif-H(f)=0
f=02 ' ...estimste of root
¥ -root(|G(f - H(fY £=0183 ..To0t
The efficiency factor is f=0183

This is the fraction of explosive mass that contributes
to the Gurney velocity of the plate {modifisd Gumey modal),
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GURNEY | Tast Data: Series |1 -

Derive EFFICIENCY FACTOR for effective explosive mass. . standard

Gurnay modal

Number of velocity measurements: N=8
Pick & number () Oto N-1: i=6  TOL:-00
4 o _
z:-z2, f-1 ... default
2
Fif) - E;- sdf JF() =2.341.10°
{(zf+ 1) (zf-4)
Plot variation of F(f) with O<f<y
G = JFU] F=001_1 Hf =V, V=185
Caloulated velocity ... measured velocry
3000 Gi{f}
G ; H(f)

£ o1

Pick a value of f close ta the root of G{A-H{H=0

£=02 - ..estimate of root
F-roat{ G(H B O F=0238 ..root
The efficiency factor is F=0238

This is the ‘raction of explosive mass that contributes
to the standard Gumey velocity of the plate.

Page 7
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GURNEY Test Dota: Saries il page 6

Derive EFFICIENCY FACTOR for effective explasive mass.....modified
Gurnay model '

Number of valocity measurements: N=9
Pick & number (i) O to N-1: i=6 TOL = 0.01
Ei=2‘- VH,:: V-ppi V:’:: V.S‘,

2 3:2_(2 2

Fify = : [ 3
0 EF {f=+1).[fz+4)+VPF NFH =2.77710

Plot variation of F{f) with 0<f<1....
G{f) = AF(f)
0,011 H(H=V, Vv, =1800

Calculated velocity ............ measured velacity

G(f)
H{f}
o - -
8 f 1
Pick a value of f close 1o the root of G{f-H{f}=0
f=02 ...estimata of root
f - root(|GUR - BH O f=0138 ...rook
The efficiency factor is f=0138

- This is the fraction of explosive mass that contributes
ta tha Gurney velocity of the plate {modified Gumey model).
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GURNEY Test Data: Series | Paga 7

Derve EFFICIENCY FACTOR far effective explosive mass.. . standard
Gumey model
Number of velocity measurements: N=0
Pick a number (i) G to N-1: i-8 roL = 0.01
L § f-1 ... default
i —
Fi(fy-E>% .. zzfz ....... _ S F(f) =3.443-10°
E (gf+ 1)(2f+ 4)
Plot variation of F{f) with O<f<1....
G -dFH  7-0081.1 Hfy -V, V¥, =180
Calculated velocity ... measurad valacity
3000 ! : i G{f}
I
'z B R H(
ol S
. : : e _
n./ ; |
o Fi t
Pick a valug of f closa ko the root of G{R-H{H)=0
f=02 _..astimate of root
£ oroee(| GUH - HD O f=0207 ...To0t

The efficiency factor is =027

This is the fraction of explosive mass that contributes
o the standard Gurney velocity of the plata.
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GURNEY Tast Data: Serles |l page b

Derive EFFICIENCY FACTOR for effective explosive mass . ._modified
Gurney modal

Number of velocity meastiraments: N=9
Pick a number (i) 0 to N-1:- =6 TOL = B01
I = Z‘. VPP = VPP.- Vs:-' V"j‘
F(fy- E % 324 LV 2 — 3
B (fr+ 1) (fz+ 4y PP JF{f) =2.804-10
Plot variation of F(f) with O=<f<1._..
—
G{) = 4 F(f)
: F=0,01_1 HAH=V, ¥V =1900
Calculated velocity ............ measured velocity
3000 |
-‘""-———'d
— | G(f)
e N )
O N
o
0 J 1
Pick a value of f closa ta the root of G(f)-H(f)=0
f=02 ...astimate of root
1 reot(| Gy - HD! =017 ...Foot
The efficiency factar is =017

This is the fraction of explosive mass that contributes
to the Gurney veleety of the plate (modified Gumey model)
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GURNEY Test Datar Series || Page 7

Derive EFFICIENCY FACTOR for effective explosive mass. .. standard

Gumeay model
Number of velocity measurements: N=9
Pick a number (i} 0 to N-1: i=7 Tod. - 0.0
# -2, -1 ... default
2 .
T LI | Jrp —3.47716°

E (zf+ 1)y (zf+4)
Plot variation of F{f) with Q<f<%__.

G ={FI)  f-001_1 By -V, V =190
Calculated velocity ...  measured velocity

3000 ///I | G(f)

i
G R H{f)
H(f) | :
o
f 1

Pick a vatue of f close to the root of G(N-H{f=0

f=02 ...estimate of root
f - ract(| G - HD F=0219 ...root
The afficiency factor is S=0219

This is the fraction of explosive mass that contributes
to the standard Gurney velocity of the plate.
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GURNEY Tast Data: Series 1l _ page 6

Cerive EFFICIENCY FACTOR for effective explosive mass. .. madified
Gurney model :

Number of velocity measurements: | N=9
Pick a numbar (i} 0 to N-1: i=8 TOL = 0.01
2 38f 2 ——
FH=E_°~ V 3
o) gr Utz+1].ur_z+4:,+ or JF(H) =2.9-10

Plat variation of F{f) with O<f<1._ ..

G = wF(f)
F=0,01.1 H{) =V Vo =1800
Calculated velocity ........... ~ measured velocity

G(f)
H{f)
4]
0 I 1

Pick a value of f close to the roect of G{f}-H(f}=0
f=02 ...estimate of roct
£-roat( |G - B H f=0131 - . root
The sefficiency factor is f=0.131

This i= tha fraction of expiosive mass that contributes
to the Gurney velocity of the plate {modifiad Gumay model).
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GURNEY Tast Data: Ssries Il Page 7

Derive EFFICIENCY FACTOR for effective explosive mass.. . standard

Gurney modal’
Mumber of velocity measuremenis: N=8
Pick a number (i) O to N-1; i=8 TOL - 0.
S TS - J-1 .... default
2 .
Fepy-E 232 s JFip =3.6.10°

E (zf - 1)(zf+ 4)
Plot variation of F{f} with OQ<f=1___.

G ;:..\JF(,F) £=0,01.1 H(fy=V, V =1900

Calculated velogity: ... measurad velocity

3000 | | G(f)

G'_m"__-""l-_-_—_; ____ _____ M)
ol f

D f 1

Pick a value of f close to the root of G(fi-H{f)=0

f=62 ..estimate of root
Froat(|G(H - HPH P f=0.189 -..root
The efficiency factor is f=0.188

This is the fraction of explosive mass that contributes
to the standard Gurney velocity of the plate.
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A.13.2.2 AZlZ MODEL
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AZIZ et ui Test Data:Sariag |l Dixkfilm PLATEAM — page 3
DISPLAY RESULTS ... '

1 Velocity
Charge Mass Charge/Plate mass ratio: ' Plate velocity
{a) loaded ... effective calc. (m/s}
10 1.667 1.667 2.022
15 25 | 2.5 2518
20 3.333 2.333 . 2.887
25 4167 4.167 3177
C=|. 30 =l & CM2=5 VF-_ aMs
: 35 5.833 5833, 3614
- 40) 6.667 6.667 . 3.784
45 7.5 75 | 3.833
| 50 8333 | 8333 | | 4.063 |

2 Compare meaasured and calciiated velociles —eeece .

lmgth(Valug) =0 N < length(Vslug)  j=O.(N- 1)

Fa = FP Fe - Vﬂ.ﬁg ... ks

Plate velocity versus charge-to-plate mass ratio
Aziz madal oo méasured

Velocity ks
5 a
Va.
[
7
. _| xﬂ‘. X
L4
" =
o
o ' CMI, CM3, 10

M retio
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AZIZ =t al

3 Energy Efficiency

Test Data: Saries ||

page 4

' 034
| 0.251
| 0.346
| 0.336
Ep : 0.323
C 031
' 0.208
- 0.286

. 0274

Efficiancy

[ 5.111 ]
0.088
0.08
0.081
0.07¢
0.078
0.068
0.072
0.063 |

Efm = F fe .. variables for plotting

calculated

meas i red

. Caleulatsd. ... ... ..
Valacity kmis Energy kJ
2.022 - 12.263
2518 19.015
2 887 25.001
3477 30.287
VP= 3.415; EP= 34.58
3.614 39.178
3.784 42,962
3.933 43.397
| 4.063 ; | 49.535 |
DU . .= - 11 ¢ s |
Valocity mis Ensrgy kJ
1.35 | 5468
1.425 6.052
1.588 7.565
1.75 | 9188
Palup =| 1.75 Em—' 9.188
1.825 ; 9.982
i: 1.8 I 9.72
19 | 10.83
| 1.9 10.83
Ef-Ep
Efficiency of Energy Transfer tc Plate
0.5
i ~
R
o
a CBEL LM, 10
CM Ratio

| 0241

0.325°
0.252;
0.231

0.244
0.251
0.227
0.254
0.228
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AZIZ et 2t Test Data; Series | page 5
4 Charge Mass Efficiency .............

Number of velocity meaasurements: N-9

Pick & number from § to N-1: i=0
Prepare variables for plotting: (M - CM3, V= Vslug,
Piot vaniation of calculated velocity with 0 <f<1
f=0,011
32 . .
- T CMfr
W 127 I v - pE0 ]
wNH+ 1
V=133 H(fy =V,
Plot variation of calculated velocity with f ...
Plate Velocity
3 j ]
; |
. ; _/l/f Calculated
= -
i I
ol | 17
HU'} _ _' o271 Measured
oy . - :
1] f 1
Pick a a value of f close to the roct of V{f-HIf=0
f:- 04 _..first estimate of root
oot | V(N - Hif3 O F=0.388 ...the root
The efficiency facor is f=02¢e8 at  OM=2283

This is the fraction of explosive mass that contributes to the one-dimensional
Qas expansion accelerating the plate to its finat velocity.

438



AZIZ et 2t Test Data; Series | page 5
4 Charge Mass Efficiency .............

Number of velocity meaasurements: N-9

Pick & number from § to N-1: i=0
Prepare variables for plotting: (M - CM3, V= Vslug,
Piot vaniation of calculated velocity with 0 <f<1
f=0,011
32 . .
- OMF
N M vy - 0301
wNH+ 1
V=133 H(fy =V,
Plot variation of calculated velocity with f ...
Plate Velocity
3 j ]
; |
. ; _/l/f Calculated
= -
g i
wl |21
HU'} _ _' o271 Measured
oy . - :
1] f 1
Pick a a value of f close to the roct of V{f-HIf=0
f:- 04 _..first estimate of root
oot | V(N - Hif3 O F=0.388 ...the root
The efficiency facor is f=02¢e8 at  OM=2283

This is the fraction of explosive mass that contributes to the one-dimensional
Qas expansion accelerating the plate to its finat velocity.
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AZIZ et al Test Data: Series /| page &

4 Charge Mass Efficiency ... .

Number of velocity measurements: N=%
Pick a number from Q to N-1: i=1
Prepare variablas for ploting: CM:=(CM3, V,:=Fshg,
Plot variation of calculated valocity with O <=1 ___
Cf=0,011
i - —CMf+ 1 _
U 27 vy p 3
whHo 1
Fo—1.425 Hify =V,
Plot variation of caloulated vekocity with f ..
Plate Valocily
3 P ‘/I/.
: )/ Calculated
Hm"r_7_§"§__§"é““;“ Measired
4]
0 I 1
Pick a a value of f close to the root of V{f)-H(f}=0
f:-04 ....first eszimate of root
£ orect(|V(H - HD| N F=0.301 ...the root
The efficiency facor is F=0.301 a CM=3183

This is the fraction of explosive mass that contributes {a the one-dimeansional
gas axpansion accelarating the plata to its final velocity.
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AZ1Z at al Test Data: Reries | page 5

4 Charge Mass Efficiency ..............

Number of valocaty measurements: N-g
Pick & number from 0 to N-1.; £=2
Frapare variables for plathing: CM - {&lﬁ'l. V= Vilug,

Flot varigtion of calculated velocity with 0 < f < 1
F=0,01.1

32
E{,ﬂ l {—~ﬂhff+1 zm -4

'2? - PR

g ¥iH Dz{ﬁ "

Ve=1588  H{} -V,

Plot variation of calculated velocity with f ..

Plate Valocity
T LA |
: P
' Do Calculated
Co '
oz B
Measured

Hf)

D f 1

Pick a a value of f close to the root of VIR-HIN=0

F-04 ....Rrst estimate of root
£ - root{| V(Y - H(f D fF=0258 ..the root
The efficiency facar is f=0258 at (M =4367

This is the fraction of explosiva mass that contritertes to the one-dimensional
0as expansion accelerating the plate to its final valocity.
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A2Z et al Test Diata: Series || page 5
4 Charge Mass Efficiency ...

Number of valocity measyurements: N=9

Pick & number from 0 o N-1: i=3

Prepare variablas for plotting: CM - CM3, V¥V =Vslag,

Plat variation of caiculated velacity withO < f=<1 . .

£=001_1

. ||F32
I(ﬂ - qﬁ-mf-'_ 1 v nz{{) _1_

N+
V=175 Hfy =V

Plot variation of caloulated velocity with ...

Plate Velocity
= Col
D]
| : Calculated
Maasured

1N

g

o f 1

Pick a a value of f close to the roct of VIf)-H{f=0

F=04 ....first estimate of root
- roet(| VO - HIAL A =025 -..the root
The efficiency facor is F=025 at (M=525

This is the fraction of explosive mass that contributes to the one-dimensional
gas expansion accelerating the plate to its {inal velozity.

442



AZIZ et al Test Data: Seres |} page 5
4 Charge Mass Efficiency .. ... .

Number of valocity measurements: N =9

Pick a number from O ta N-1: i=4

Prepare variables fcr plotting: €M .= (M3, V :=. Vslug.

Ptot variation of calculated velocity with 0 < f =<1 ...

F=001 1
32
df) - |=CMf+1 _
427 Vi - D.M

-1

Ve=175  H(f)= ¥,

Plot variation of calculated velocity with f ..

Plate Velocity
3 ; !

| | ! Calculatsc

Measured

Pick a a value of f close to the rogt of V{f)-H{f)=0

f:-04 .. first estimats of root
£ root{| V(fy - HH N f=0244 ...the roct
The effiGency facor is f=0244 at CM=5383

This is the fraction of explosive mass that contributes ta the one-dimensionai
gas expansion gccelerating the piale to its final velocity.
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A2iZ ot al Test Data: Series || page 5
4 Charge Mass Efficiency ...........

Number of valocity measurements; N=9

Pick & number from 0 io N-1; i=5

Prepare variables for plotting: CM .= CM3, V¢ .= Vsiug,

Plot variation of calculated velocity withQ <f< 1

f=001.1
a2 .
WhH - - CMf1 1 W) -1
’ 2? = i
J gy ﬂ:{f]+1

Ve=1825 Hify =V
Plot variation of calculated velocity with £ .

Plate Velocity
3

i
B

/ : ' Calculated
AEENEN

H / L K Measured

Fick a & value of f close to tha root of V(-H{f)=0

f=04 ..first estimate of root
F-roa(iV(H - HO D £=0.237 ...the root
The afficiency facer is F=0.237 at CM=5917

This i= thae fraction cf explosive mass that contributes to the one-dimensisnal
gas expangion accelorating the plata ta its final velocity,
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AZIZ et al Test Data: Series i page 5
4 Charge Mass Efficiency ... ..

Number of velocity measurements: N=9

Pick a number from 0 to N-1: [=6

Prepare variables for plotting: CM - CM3, V= Vsag,

Plot variation of calcutated velocity with 0 < f<1 ...

F£=0.01_1
32
1f) - 2L emsf )
N + 1
V=18 H(f) =V

Plot vartation of calcuiated velocity with f ...

Plate Velacity

Calculated

Measured -

1

.Pick a a vaiue of f clase 1o the ract of VIf)-H{f)=0

f-04 ...firgt estimate of root
f root(| V(N -H(OHH f=0.207 ..the roct
The efficiency facor is F=0207 a M =6833

This is the fraction of explosive mass that contributes to the one-dimensional
gas expansion accelerating the plate to its final velocity.

445



AZIZ at al Test Dats: Series 1 page 5
4 Charge Mass Efficiency ..............

Number of ve!o:ﬁity measuraments; N=8

Fick a number from 0 to N-1: i=7
Preparg variables for plotting: CM = ﬁMi‘. V.= V.n‘;.lrglE
Plot variation of calculated velocity with D <f <1
f=001_1
R
zH o CMf A
- —_— . t -
A27 Vg);_ﬂ."m 1
z(H 1
Ve=19 Hify =V,
Plot variation of calculated vetocity with ...
Plate Velocity
3 Calculated
)4
//
7 Measured
Wi/
H() /
= ! _
fi N
' N
EREE
u " ! a 1 . ! I
D If 1
Fick & a value of f close to the root of V(F)-H{f}=0
FEE ...first estimate of oot
T Forost([V(H - HDLLH f=0217 ..the root
The efficiency facor is f=0.217 ata CM=-69

This is the fraction of explosive mass that contributes to the cne-dimensional
gas expansion accelerating the plate to its final velocity.
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AZIZ etal Test Data: Series || page S
4 Charge Mass Efficiancy ... ... .

Number of velocity measurements: N=9

Pick & number from 0 to N-1: i=8

Prepare variables for plotting: CM - E‘Elﬂj Vg ~ Falug,

Plot variation of calculated velocity withD <f< 1 ...

F=0,01.1
32
Em - JIECMf1 1 Vm . Dz_{'{)__‘l
' z{fy : 1
Ve=19 H{fy - Vg

Plot variation of calculated velocity with f ..

Plate Velocity
3 1 I i Calculated
e e Measured
Hh / A

r 1

Pick a a value of f cicas fo the reot of Vifj-Hifj=0

f-04 ... first estimate of root
£ romt( V() - HH N F=0187 ...the root
The efficiency facor is 0187 @ al M-=8

This is the fractian of expiosivea mass that contributes to the one-dimensionzl
fas expanston accelerating the plate to s final velogity.
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A.13.2.3 FICKETT MODEL
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FICKETT Test Data#1 Seres |l Diskhlz FLATEVF page 6

Explozive Type: Compoasition B

Charge Length =125

Charge mass g Co137

VOD kmis B=76

Polviropic r=3

Fldia fmass m =86 Sound speed kmfs (', =386
Measured Velocity mfs Vo, . =1350

=p

PRINT RESULTS OF CALCULATIQNS {2) srewereeeees

us us mm mis
[ 1.867] 0,222 0.118 996
. 2.089 0.444 [ 0.382 | 1400
| 2.311 0.667 | 0.726 | 1669
| 2.534 0889 L1447 { 1841
2756 | 1.111 | 1.54 1955%

=| 2978¢ Tuce™| 1333 Xaee™| 13885 ¥ =1 2041
52 | 1,556 2,448 2103 |
© 3.423 1.778 | 2918 2450
| 3.645 D2 ? 3401 | 2187
' 3.867 2202 389 | 2218
" 4.080 | 2444 | 4385 | 2240
4311 | 2.667 | | 4885 ' 2259
| 4.534 z_aael 5389 2275
4758 3111 5896 2289
| 4978 | 3.333 | | 6,406 - | 2300 ;
‘ 52 | 3.556 | | 6.918 . | 2310
| 5423 | i 3.??5| I 7.433 | 2319
| 5645 | A | 7.949 | 2326
| 5.667 | " 4292 8.467 | | 2333
6089 | | 4444 | 6385 | | 2338 .

Timea from Time from Plate Plate velocity

detonation . start of dispdacement

at start of plate

explosive calumn acceleration
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FICKETT Test Data: #1 Series |l page 7
DISPLAY RESULTS OF CALCULATIONS

Defire expenmental value of plate valocity as & constant- valus
function of time. ..

iy =V V=t gor t 0.01 ~0

€xp

TIME VARIATION OF PLATE VELOCITY
Valocity m/s

4000 Calculated

5!) a—pr-a :
Maasurad

)
A

L3
X
A
A

A
X
A
N
E 5

i,
g
Time (us)

Plct time on logarithmic scale....

4000 !

I Calculated

- LT 1 Messurad

a1 1 1Q
J

Tiene {ys)
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FICKETT Test Data: #1 Sariss || page B
Plat velocity against n.mber of pressure reverberations in plate. .

i-1.N ....must be > 0 for logarithmic axis

) ...N is the number of transits ....

;2
n denotes reverberation number, i.e. number of time increments as
defined in section {1} under CALCULATIONS

Piate Velocity mfs
4000
e} o B Calculated
5— __.--"'-'-_"_._-_-_-
- | "
lfi}
= % B R Measured
Q
1 10
"
Number Reverberations

Plot indicatas that measured plate veiocity is attained shartly before
the FIRST passage of the pressure pulse through plate thickness
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FICKETTY Tesi Data:#2 Sanes ||

Explasive Typs: Composition B

Diskfila PLATEVF page 6

Charge Length L=17.4
Charge mass ¢ € =151
VOO kmfs D=76
Polytropic .3
Plate mass m=6  Soundspeed kmis ;=36
Measured Velocity mifs V op = 1425
PRINT RESULTS OF CALCULATIONS {2}
Lis S ' mm ms
[ 2.512§ [ 0.222 1 {0.121 978
2.734 | 0.444 0402 | 1501
2.556 0.667 0.774 1821 |
3.178 0.889 1.204 2034 |
- 3.401 SEREE 1673 2184
= 3603| ‘tacc™| 1333 KXaee™| 2172 VP = 2285
3.845 1556 ' 2,691 2378
. 4067 1778 3,227 2443
4289 2 3.776 2495
4512 2.222 4.335 | 2536
4734 | 2.444 | 4,503 | 2571
4.956 2667 5.477 | 2509
' 5178 + 2.689 . 6057 2623
| 5,401 C 3111 | 6643 2643 |
5623 | 3333 7.232 2661 *
5.845 . 3.566 7825 | 2676 |
6.067 | 37781 8421 | 7689 |
6.289 | 4 | .02 ‘ 9700
6.512 | 4272 : 2 621 I . 2710
5.734 | L 4.444 | 10224 ] : 2?19|
Time from Time fram Piate Flate velocity
detonation start of displacement
at start of plate
expiosiva codumn acceleration
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FICKETT Tast Data: #2 Series || page 7

DISPLA‘-Y RESULTS OF CALCULATIONS

Define experimental vaiua of plate velocity as a constant- value
function of time. ..

M) - ¥ g t=of g+ 0.0 =
TIME VARIATION OF PLATE VELOCITY
Velocity m/fs
4000
P i el Calculated
o b
iy |
+'Tﬁx:x::x:c<xxxxxixi::x Measiwad
I
¥
v t:f g
Time (ps})
Plct time on Iﬂgarithmic scale..
4000 ! Pt ] :
P | : (il
Eime e s
- P Calculstad
SRR A= :
i} . P ™ ? H
o L ial : L
o SRR ol i |
- DR el it | | l Measured
3 [ \ . | il
L b ; |
i ! i
| M
i f w ]
i uE
al i ' ik
0.1 1 1
g
Time {us)
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FICKETT Test Data: #2 Series Il page B
Plot velocity against number of pressure reverberations in plate....

JF-1.N ....must be > 0 for logarithmic axis

I ....n s the number of transits ..

o2

n denotes reverberation number, i.e. number of time increments as
defined in saction (1) under CALCULATIONS

Pliate Velocity mis

4000}

- Calculated
213 /",,-
.

V. -
j/
X 4 ¥ RooX ¥ ox oW o X XWX XA

Measurad

W

Mumber Reverberations

Plot indicatas that measured plate velocity is attained shorily befare
the FIRST passage of the pressure pulse thraugh plate thickness
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FICKETT . Test Data#) Series Il Dickfile PLATEVF page §

Explosive Type: Composition B

Charge Length L=24

Charge mass g C=262

VOD kmiés D76

Pelytropic r-3

IR EIass m=6 Sound speed kmfs C 5 =386
Measured Velocity m/s . Fap= 1588

PRINT RESULTS OF CALGULATIONS (2) *rsasemtmmnsmmviias

us us mm ' mis
(338 [ 0.22] [ 0123 | [ 1004 ]
3602 | | 0.444 | 0.415 1573
3.&25| ' 0.667 ' 0.807 | 1936
4.047 | | 0.889 1267 | 2187
4269 | I 1.111 4772 ] | 2368
= g491| larT| 1333 KaeeT 2318 ¥P = 2504
4713 1.556 ' 2.885 © 2610
4936 |- 1.778 3.474 2693
5,158 2 4,081 2761
538 2222 | | 4 70 2816
5.602 2444 5332 | | 2862 :
| 5.825 2667 15972 | 2001 |
i 5.047 2.889 | 8621 I ! 2934|
| 6.269 3111 7.276 | | 2062 !
| 6,431 1 2333 7.937 l 5967 |
5713 2,556 | 8603 | 3008
6.936 3.??3% 9.074 3027
7.158 4| 9.948 3043
7.38 4222 10.626 3058
7602 4444 11.307 ual
Time from Time from Flate Plate valocity
detcnation start of displacement
at start of ke
Explusive cotlummn acceleration
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FICKETT Tast Data: ‘43 Series || page 7

DISPLAY RESULTS OF CALCULATIQNSG W asas

Define experimental value of plate velocity as a constant- value
furiction of time. ..

SHE Vﬂw t =t -00 >0
TIME VARIATION OF PLATE VELOCITY
Velocty mis
4000 !
|
i _HD.-E--D','FrH‘_ﬂ Ba
u .‘;rrﬂ ! Calculated
N 1 7
uan . . ;:
bp. ;‘a s
= x;r.-f-:'-:::::: ::ﬂ%rxxx::txx Maas [
J i
o
Q fj &
Tima {ps)

Plot time on logarnthmic scale. .,

s T A
! e : i
L ERARE
¥ . b : i ! . I‘-
bit) : il ; il
i | . . =.-1:‘-ir H i
¥ ' ' ! i
:-" * e 1 L TIVEVEY NECHI I i
| L : i i Measured
P i : P
| ik
Lo ] ] [ I
0 [ H : R
01 1 10
L,
f
Time {us)
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FICKETT Test Data: #3 Series || page 8
Plot velocity against nurnber of pressure reverberations in plats....

j=1.N ..;austbe > 0 fdr legarithmic axis

) ....01 is the number of transits .. .
Iz
n denctes reverbaration number, i.e. number of fime increments as
defined in saction (1) under CALCULATIONS

Plate Velocity mvs

40040y

L T

|l

] Caleutated

0 ]
VP} /

f

Measured

"

Nurmnber Reverberations

Plot indicates that measured plate veiccity is attained shortly before
the FIRST passage of the pressure pulse through plate thickness
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FICKETT Tesl Datz: #4 Saries 1| Ciskfla PLATEVF page 5

Explosive Type Compasition B

Charge Length L=287

Charge mass g C=315

WAL kow's D=76

Palytropic r=3

Plate mass m=0 Sound speed kmis C p=38
Measurad Velocity m/fs 4 exp = 1750

PRINT RESULTS CF CALCULATIONS {2}

s s mm s
[ 3.609 | 0.222 [ 0,125 | - 1022
4.221 0.444 0.423 1615
4.443 - 0.657 _ 0.828 2001
4.665 0.889 1.304 2270
| 4887 1111 1 B34 2468
' 514 face™ 1333 Xace™| 2307 P =| 2618
5.332 1,558 2993 2735
' 5554 1778 | 3612 2830
5778 2 | 4,243 2907
| 5.999 2.222 | 4902 2570
. 6.221 2.444 . 5.568 3023
© 6.443 2 667 6245 | 3068
5665 | 2,889 . 5.632 3106
. 6.867 | 3.111 . 7.626. 3140
71 3333 . 8.327 | | a168
' 7.332 | 3.556 | 9.034 3194
 7.554 ! 3778 | ©.746 3215
?.??5i 4 . 10463 | 3238
- 7.999 | 4.222 " 11.184 3253
- §221 | 4.444 ©14.308 | 3260 |
Time from Tirmne from Plate Plate velocity
detonation start of displacement
at start of plate
exphosive column acceleration
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FICKETT Test Data: 14 Series | page 7

DISPLAY RESULTS OF CALCULATIONS st animn

Deafine experimental value of plate velocity as a constant- value
function of time. .. '

V() =V oxp F=tgne +0.01 »Q
TIME VARIATION OF PLATE VELOGITY
Velocity mis '
A58
:r.p—ﬂ'—ll—'“’-'_H
}fﬁ' Calculated
_ e
wl A
R o e e !
& ; Measured
|
]
0 I 5
J
Time {ps)
Plot time on logarithmic scale....
4000, . Loy it
i RS .
IR |
SR Wit |
i i : = e i
; : - : Calculated
! | n"r ;
W) ' L[ !
- . '-
Ve *o— ] r1:e-~-su--:—1-1--t~|n| Ay ! :
= AT ; |1 ' Messured
b ; ¢ i I
o I . [
AR |
I i : P 5
ol Pl Ll
0.1 i 10
V]
Time {us)

459



FICKETT Test Data: #4 Series il page &
Plot velocity against number of pressure reverberations in plate....

ji=1.N ....must be > 0 for 1dgarithmic axis
i J ....n 18 the number of transits ...
} 2
n denotes reverberation number, i.e. numbar of time Increments as
defined in section (1) under CALCULATIONS

Plate Velocity mfs
4000
_-——"'"_--
] |
1
/f*"” | Galculated
W) i
= // ;
Ar M e 2]
o ' Moasured
0

i
Number Reverberations

Ptot indicates that measured plate velocity is attained shortly before
the FIRST passage of the pressure puise through plate thickness
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FICKETT

Test Data: #5 Serieall

Explosive Typa: Composition B

Charge Length L=204
Charge mass g =323
Poiytropic r=3
Flate mass RS
Measured Velocity m/s

PRINT RESULTS OF CALCULATIONS {2)

us

40091
4313
4.535
4757

_ 4.98

t=lg5o02. ¥

| 5.424
| 5.646 |
5.886 |
6.091 :
6.313 -
6.535
Efa_?s?i
6.98
7202
| 7.424 |
. ?.EdBI
| 7.8658 |
I 8.091 I

ll 8.313 I

Time from
detonation

at start of
sxplosive column

ace | 1,333

. Us

[ 0.222 ]
0.444
0.667
(.839
1111

1.556
1.778
2
2222
2.444 |
2 667 |
2889
3111
3.333
3.556 °
. 3.778
4
' 4222
.'4"444_

Time from
stant of
plate
accelaration

Dizkfila PLATEVF page 5

mm

[ 0.125

0.424
0.83
1309
1.839
2,408
3.007
3.63
4271
4929
56

& 281
6.973
7672
8378
9.09
5.808
10,531
11257
11.988

Plate
displacement

Sound speed kmvs € ;=36
= 1750

mis

[ 1024 |
1820
2009
2281
2481
2633
2753
2845
2926
2990
3044
3090
3129
3163
3192
3218
3241
3261
3279

| 3295

Piate velocity
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FICKETT Test Data: #5 Sarias Il page 7

DISPLAY RESULTS OF CALCULATIONS

Define experimental valus of plate velocity as a censtant- value
function of time ..

V() =V gy 1:=¢ .- 0.01 =0
TIME VARIATION OF PLATE VELOGITY

Vealocity mis

4000
- i _H_F._,_.g_-b-ﬂa—n
e Calculated

o
I-’pj I
= _j ; Measured

ol

0 5’ &
Time {u&)

Plot time on logarithmic scalz....

o o P LT
I I 11 . | o
oL s |1
i MF :
if | |: ,-"“J Calculated
ol 0 D] A
& E*‘jﬁ‘?i‘*l A et | ||
f 3 :, } Meastred
Ly 1 S S 1
oL e 3 P
! | P : !
b Co -
N i |
f.1 1 10
| y
Time (ps}
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FICKETT Test Data: #5 Series || page 8
Plot velocity against number of pressure reverberations in plate.. .

i-1.N ....must be = O for logarithmic axis
7 ....N is the number of transits

2
n denotes reverberation number, i.e. number of kima increments as
defined in section (1) under CALCULATIONS

Plate Velocity m/s

4000

// : Calculated
—;:E] _,../ -
Ve ?éq—g—q—u—u—g—g—;—u—ﬁl , * E1 T

Measured

M.

J
Number Reverberations

Plot indicates that measured plate velocity is attained shortly before
the FIRST passage of the pressure pulse through plate thickness
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FICKETT

Test Data: #& Seres |

Explosive Type: Composition B

Diskfile PLATEVF page 6

Charge Length L=223
Charge mass g C=355
VOD kmis D-76
Palytrapic Fe3
Flale mass m=6  Soundspead kmis Cp=36
Measured Velocity m/s V exp = 18256
PRINT RESULTS OF CALCULATIONS (2)
us us mrn mfs
[ 4.472 : 0.222 [ 0.126 ] [ 1031 1|
4694 | 0.444 0.428 1638 |
4917 0.667 0.83% 2037 |
5.139 | 0,889 1324 2318 |
5.361 1.111 1.863 2526 |
'=| 5583 ‘Tacc™| 1333 XaceT| 2443 VP =| 2685
5.806 1.556 3.054 2011
6.028 1.778 3691 2012
6.25 2 4347 2694 -
6.472 2222 5.02 3063
6.694 2.444 5768 3120
8.917 2.657 §.407 3170
7.139 2.889 7116 3212
7 361 | 3111 7.834 3248
7583 3.333 8.559 3280
7.808 3.556 8291 3308
B.028 3778 10.G29 3332
8.25 4 10.772 | 3354
B.472 4222 | 1162 | 3374
8.684 4444 12,271 | 3391
Time from Time fram Plate Plate velocity
detonation atewt of displacament
at start of plate
explosive column acceleration
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FIGKETT Teast Data: #6 Seriea || page 7

DISPLAY RESULTS OF CALCULATIONS s+ttt

Define experimantal value of plate velecity as a constant- valua
function of time.._.

Vg = Vﬂp =t gee + 0.01 =0
TIME VARIATION OF PLATE VELOCITY
Velodity /s
4000
)_/." Calculated
./
Ve M-
= F _ Meaaured
/
- —
0l
n 4 8
Time {us)
Plot time on legarithmic scala. ...
4000 ! NEEE : i ;
| 5 ik
S il
L Lee T
e Ll Caleulated
] ; o ;
k() i .
- ! g i Y
va R ;, 1—:—1:-+~+l—tmT‘-(§
- | . I ;
L ! | i | Measurad
s L ! ! i !
R T
: P i !
| |t 1
ol |1 | |
0.1 1 10
I
7
Time {us)
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FICKETT Test Data: #5 Series il page 8
Plot veiocity against number of pressure reverberations in plate....

j=1.N ....must be > D for !dgan‘thmic axis
g d ....Nn is the number of transits ...

n denotes reverberation number, i.e. number of time incremants as
defined in section {1) under CALCULATIONS

Plate Valocity m/s

4000

' / Calculated
Kt)
-

Measured

A
4

Number Revarberations

Plot indicates that measured plate veiocity is attained shortly before
the FIRST passage of the pressure puise through plate thickness

466



FICKETT

Test Data: #7 Sayiesz Y

Explosive Type: Composition B

Charge Length L =362
Charga mass g C-358
VOD kmis D=786
Polytropic r=3
Plate mass =6
Measured Velocity mis

PRINT RESULTS OF CALCULATIONS {2}

(B)]

4,988
5.208
5.43

5.652
5.874
= 6.006 [y
6.319
5.541
5.763
5.985
7.208
7.43

7.652
7.874
B.098
8.319
B.5d1
B.763
8.985
9.208

Time from
detonation

at start of
axplosive cofumn

&

Lis

- 0,222 ]
- (0.444
. 0.667
| 0889
| 1.111
1.333
1.556
1778
2 '
2222 |
2444
2667
i 2 BAY
| 3111
13333
3.556
3778
4
4397

| 4444

Tume from
atart of
plate
acoeleration

Sound speed kimfs €3 =36

¥ gxp = 1800

mm

0.427
0431
0.848
1.341
1.801
acc ™| 2483
3.108
3.76
4.433
5.124
5,83
| 6.548
| 7.279
. BO19
- B.767
- §.521
' 10.283
' 41.05
| 11.822

| 12,599

Plate
displacemert

1038 |

| 4307
| 3347
| 3382
| 3412
i 3439
' 3504

Diskfiie PLATEVF page 6

18597
2067
2359
2577
2744
2877
2084
3073
3148
3208
aze4

FPlate velocity
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FICKETT Test Data: #7 Series |l pagea 7

DISPLAY RESULTS OF CALCULATIONS

Define experimental value of plate velacity as a constant- value
function of ime... :

Vity = ¥ gy E=tgoo + 0.01 =0
TIME VARIATION OF PLATE VELOLCITY
Velocity mis
4000 [
] n__nﬁ"_&_ﬁ' B
..|"'Hr
I.J-
Caiculated
. o
i
Vﬂj t?’xﬂt-ﬂ{—x—u-:-:-:::::: i
-w- / hMaasured
A S—
2
q '_r -3
Time [ps)
Plot time on logarithmic scale. ..
4000 | T | ]
[ L
| N b ' b
L T
i i /ﬂ,,n'fi ’ : Caiculated
l"'{t} . I : ..-"'1{ 8 H
- — S ez '
[ P o u——u—t—u—u-w I
i IR S Y SRR Mezasured
AR o
L™t 1L L2 L
R En
RN i b
0 | ‘ N ; I i
0.1 1 10
¢
fi
Tirme {ue}
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FICKETT Test Data: #7 Sarins | page 8
Plot velocity against number of pressure reverberations in plate....

J=4. N ..mustbe > 0for logarithmic axis
a ...t is the number of transits . ..
Ja
n denctes reverberation number, i.e. number of time increments as
defined in section (1) under CALCULATIONS

Plate Velocity m/s

4000

e, Calculated

i
ij 7&* ot " L I L R B R R X L Measurad

"
Number Reverberations

Plat indicates that measured plate velocity is attained shortly aftar
the FIRST passage of tha pressure puise through plate thickness
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FICKETT Text Data: #8 Series Il Diskfile PLATEVF pagse 5

Explosiva Type: Composition B

Charge Length L =377

Charge mass g C—414

VOD kmv's 0-76

Polytropic =3

Plate mass m =8 Sound spaed kinfs (', =3B
Measured Velocity m/s ¥ op = 1960

PRINT RESULTS OF CALCULATIONS (2}

us us mra : mfs
[ 5.153] [ 0.222 ] [ 0.127 ] [ 1039 ]
5.405 | 0.444 | 0.432 1661
5.627 i 0.667 ] 0.85 2076
5.849 0.868 | 1.346 2371
B.072 1111 | 1.898 2592
= 52041 ‘facc™| 13331 XaeeT| 2434 | P 2783
6.516 1,556 | | 2124 | 2898
6.738 1778 378 | 3007
6.961 2 4459 | 3098
7.183 2227 5156 | 3173
7.405 | 2444 5868 3237
' 7.627 2667 6554 3291
7849 2889 733 3338 |
| 8.072 3114 : 8.077 33?9@
| 8.294 | 3333 | 8832 3415 |
| 8515 | 3.556 | 9.594 3447 |
| 8.738 i 3778 | 10.363 3474
| 8961 . i 11.138 3495 |
| 9183 | 4222 11918 3522 |
| 9.405 | | 4.444 | 12703 | 3542 |
Time from Time from Plate Plate velocity
detonation start of displacement
at start of niate
expiosive colurnn accefgration
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FICKETT Tesl Diata: #8 Sarias || page 7

DISPLAY RESULTS OF CALCULATIONS

Define experimental value of plate velocity as a constant- value
function of time. .. '

¥ty = Vﬂp tat .+ 0.0 >0
TIME VARIATION OF PLATE VELOCITY
Valocity mis
4000
PP =it Calcutated
il
-
"
M) A
e
Vp i Measured
pvi
ol
1} ‘} L
Time {us)
Plot time on |ogartthmic scale. ..
4000 RS T T
' RN ;,,AJ““”H 2 | Calcutated
C ol D
e ]
v, = j/ X ol “Eﬁm! | Measured
aran ! : !
R
oL L L
0.1 1 10
k.
i
Time {us}
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FIGKETT Tast Data: #3 Serles || page &
Plot velocity againat numbar of prassure reverberations in plate....

J=1. N ....must ke > O for logarithmic axis
. i ....N is the number of kransits ...
=2 ;

n denotes reverberaticn number, i.e. number of kma incremants as
defined in section {1) undar CALCULATIONS

Plate Velacity m/s
A000 . i
#___#____,J--- Calculated
"
v //
vy = & Measured

».
J

NMumber Reverberations

Plot indicates that measured plate velocity is atiained shortly after
the FIRST pasasge of the pressure puise through plate thickness
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FICKETT

Tarst Data: #9 Series I

Explasive Type: Compasition 8

I =44

Charge Length

Charge mass g € =48
VOD kmfs D=76
Pelytropic =3
Plate mass wt =6
Measured Velocity m/s

PRINT RESULTS OF CALCULATIONS (2} *

¥

8012
6.234
§.455
B.678
© 5.901

= 7423 | !

' 7.345
| 7.567
7789
. B.012
| B.234
8456
8678
89M
9123
9.345
. 9.567
. §789
| 10.012
| 10234 |

Time from
detonation

at start of
explosive calumn

LS

[ 0.222]
0444 |
0.867

' 0.88%

1,111

ace | 1,333 !

1.556
1778
,
P 2222
. 2.444
2667
2 8BS
3111
3333
| 3.556 |

3.??3}

4 |
, 4222 !
4444 |

Time from

start of
plate

accelaration

Diskfte PLATEVF page &

Saund speed kmie (', =386

V

X

e = 1900
mm m's

[ 0.127 ] [ 1042 ]
0434 ! 1676
0.856 2103
1.36 2411
1.923 2644 |
ace =} 2,531 ¥p - 2824
L a17s 2969 ;
3848 | 3087 |
4545 . 3184

5 262 . 3266
5.995 | 3036

| 6.744 | 3398
7.505 | 3448
8.276 3493 |
9057 3533
| 9.846 . 3568 |
10643 ' | 3600
+1.446 | 3628
12.255 I 3653

| 13,060 | | 3676

Piate Plate velbeity

displacement
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FICKETT Tast Data: #9 Saries Il page 7

DISPLAY RESULTS OF CALCULATIONS

Define experimental value of plate velocity as 2 constant- value
function of time...

Vity- ¥V F-t g1 0.01 =0

2xp

TIME VARIATION OF PLATE VELOCITY
Velocity mis

4000 [
..m—a %14
e Calculated
=-.E_'_.I!" I
—r
|
M) 4
—— rllﬂ
Vp- " ﬁ;'ﬂ 1 Y IR Y] B Measured
11 (0 R T S
||III
o
0
g 5 8
Time {us)
Plot time on logarithmic scale
4000 i : R : 1 1 !
N l HE:E;: Catcuiated
S .y
i I . -u:rlu i
i N i
e ‘
Kit) : E,l/; i :
x ' A 1 P
Ve. i3 L E A TR o xoobesedeac: | T : Measured
. : M H i - i . :
o’ : ; ,z‘ﬁ: I If i :
T S b ;
I b
] ' nE
i L [
G ! | H . | 1
0.1 1 10
L.
i
Time {us)
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FICKETT ‘Test Data; #9 Series || page 8
Plot velocity against numbaer of pressure reverberations in plate....

J=1. N ....must be > 0 for logarithmic axis

nood ... is the number of transits ...
J o
n denctes reverberation number, i.e. number of time increments as
definad in section (1) under CALCULATIONS

Plste Velocity mis

4000
I Calculated

W

=R ST PO B il - B B 2 WTE T
vy, = ¥ Measurad
v}
1 19
¥
Number Reverbarations

Plot indicates that measured plate velocity is attained shortly after
the FIRST passage of the pressure pulse through plate thickness
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A.13.3 A.D.L. TEST SERIES IlI(a)

93 grams

COMPOSITION B MASS
8 grams

DISC MASS
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A.13.3.1 GURNEY MODEL
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GURNEY  TestData: Seriesil | page 3

Diskflle Plategs?

Explosive Type: Composition B

Test ID: RT #3 Series [l _

VOD my/s; ' s

Plate mass g: my, =8

Charge Massg: C=93

Measured Velocity V=1860
DISPLAY RESULTS..............

Gumey constant E . =2700
Reducsd Gurney constant E 4, =1918.33
Particle speed in gas U, =1800
C/M ratic = 11.625
Velocity:standard Gurney v 4 =3871
Velocity: reduced Gurmey V gr =2750
Velocity:momentum transfer FPF — 1821
Velocity:modified Gurney V gm =3192.36
Measured Veiocity V= 1960 mis

Serali to page 4 for derivation of efficiency factor f ...
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GURNEY Tast Data: Senes ||| BT #3 page 4

Dariva efficiency factor for effective explosive mass... standard Gurney modal:.

2 3f

F(H-E % —
DB g g

—
Check:  (F(f) =3871 Should equal Vg =3871

Flot variation of calculated plate valocity with efficiency factor f:

{
0 = o
D=afh g0 1 H) -V,

Variation of calcl.ilatad velocity with factor f

Velaclty
3000 [ / 1 i calculated
, z
A |
re '_ T A _ measured
&}

Efficiancy Factor

Pick value of f closa o tha root of G{f)-Hif}=0

F-01

Refine guess of f by iteration to losate root:
Fi-ool{((GLH - BN O f=0138
The sfficiancy iactor is f=0138

This is the fraction of explosive mass that cantributes to the standard
Gurney velocity of the plate.
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GLIRNEY Test Data: Series HI RT# 3 page 5

Derive efficiency factaor for effective explosive mass....modified Gurmeay model;,

f=1
2
Fy Rt SEL Ly 2
B (Fze)ifz+ 4y P
Check:  JF(f) =3192.36 Should equal = 3192.36

&m

Plot variation of u:ail,culated plate velocity with efficiency factor f:

G = JF ()

f-0.01.1 HN =V

5

Variation of calculated velocity with factor f

Valocity
T calculated
3000 f_,.--" ]
/-"
va
et L | measured
i f}
H(H
E ; .
!
B N :
n) I: : : ' 1
o I 1
Efficiancy facior

Pick value of f close t¢ the root of G{N-H{H=0

F=01

Refine guess of f by iteration o lacate root;
= root((G(f) - HUD) N £=0083
The efficiency factor is fF=0.083

This is the fraction of explosive mass that coniributes to the
madified Gurney velocity of the piate.
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GURNEY

Test Data: Serias I

Explosive Type: Composition B
TestID: RT #4 Saries Hi
VOD rmy's:

Plate mass g
Charge Mass g

Measured Velacity

DISPLAY RESULTS.............

Gumey constant

Reduced Gumey constant
Particle speed in gas

CM ratio
Velocity:standard Gumey
Velocity: reduced Gurney

Velocity:momentum transfer

Veloeity:modified Gurney

Measured Velocity

page 3
Diskfile Plategs2

D =7800

m_=

¢ =93
Vv, =2118

Eg=2?ﬂ'D

Egr =1918.33

UP=19|DD

o =11.625
Vg='38?1

V gp=2750

VPP = 1621

ng=3192

V5=211E mis

Scroll to page 4 for derivation of sfficiency factor f ..
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GLRMEY TestData: Sangs Il BT #4 . page 4

Derive efficiency factor for effective explosive mass..._standard Gurney mads:.

2 3-22-12

i Ef Iffz +1{Far 4)

Check: . F(f) = 3871 Shouid equal ¥, 3871

Pict variation of calculated plate velocity with efficiency factor f:

i) = JF(p)
N =¥ £-0,01.1 H{f) =V

Variation of calcutated velocity with factor

Yelocity
3000 / ! calculatad
}Ir
—t ) 4—| —--1-
/ ‘; measured
au)
mwal o
- i b
B B i
ol ! : I
o I 1
Efficiency fachor

Pick value of f cioze fa the root of G{fl-H(f)=0

F-01
Refine guess of f by iteration to locate root:
1= roos((GU) - HCAY) ) f=0.159
The efficiency factor is F=0159

This is the fraclion of explosive mass that contributes to the standarg
Gumey velacity of the plaie. '
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GURNEY Test Data: Series IWRT# 4 page 5

Derive efficiancy factor for effective explasive mass._modified Gumey moded:,

£
2
2 327 2
Fih:=E_ F
2 v (f-z+1}-(f—z+4)+ PP
Check:  F(f) =3192 Should equal V., =3182

Am

Plet variation of calculated plate velocity with efficiency factor §:

G - \F()
0 {FY) f:0,01.1 H() =¥

5

Variation of calculated velocity with factar f

Velocity
calcutated
3000 #_,,--'
_,/"
L~
/) .
. measurad
&
HU) L !
| P i
1 I T
i i !
L !
B e E—
ol ISR
a Fi 1
Efftcdency factor

Pick value of f close to the root of G{N-H{f=0

f:.01

Refine guess of f by iteration to locate root:
foroot{{G(HH - H{HLAH F=0132
The efficiancy factar is F=0132

This is the fraction of axplosive mass that contributes to the
medified Gumey veiacity of the plate.
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A.13.3.2 AZlZ MODEL
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AZIZ et al Data Source: Series (Il Diskfile Platess page 3
DISPLAY RESULTS ... Test | RT#3 Serias Il

Explosive = Camp B

Mass g C=33
VOO kmis D =78
Polytropic 1
Piate mass g m:js
Measurad velocity kmvs V=196
Efficiency factor f=1
C/M ratio (actual) M1 =11.8623
C/M ratio (effective) Mz =11625
Detonation Veiocity mis b=r6
Aziz velocity km/s (f=1) Vp=4462
Aziz velocity (effective mass) fo:4,452
Measured Velocity m/s V=196
Plate Energy, caiculated kJ EP — 79 B46
Plate Energy, measured kJ E pm = 15.366
Explosive snergy kJ E = 535.?3
Energy Efficiency, calculated E = 0237
Energy Efficiency, measured E fm —0.048

Fraction Effective explosive mass fo—0193

Energy efficiency calculations suggest that only a fraction
' fp=0.193

of the loaded explosive mass cantributas to the Aziz-type one-dimensioral gas
axpansion and plate accaleration.

Scrolt to page 4 for datermining efficiency factor f ...
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AZIZ et al Data Source: Serkes 1l Diskfile Plateas page 3

DISPLAY RESULTS ... Test ' RT#4 Series Il

Explosiva = Comp B

Maszs g =93
VOO0 kmfs pD=76
Polytrapic
=3
Ptate mass g m—
#
Measured velocity kimis Ve=2118
_Efficiency factor F=1
M ratio {actual) M1 =11.625
CM2 =11.625
C/M ratio (effective)
Detonation Velocity mis =68
Aziz velocily knvs (F=1) Vp=4.462
Aziz velocily [effective mass) ¥ Pf=4,462
Measured Velacity m/s V. -2.118
Plate Energy, calculated kJ E, =79.646
Plate Enargy, measured kJ E pm = 17.044
Explosive energy k. E ,=335.73
Energy Efficiency, calculated Ey= 0237
Energy Efficiency. measJred E Fn =0.0563
Fraction Effeclive explosive mass Fo=0225

Ensrgy efficiency calculations suggest that only a frachion
fo=0225

of the loaded explosive mass contributes to the Aziz- type one-dimansional gas
expansion and plate acceleration.

Scrall to page 4 for detarmining efficiency factorf .
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AZIF et al Test Data: RT# Serdes || _ page 4

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY. ..
£-00101_1

}32 o y
= —CM2F+ 1]
W= | [z M)

Py - p iU
W o+t Gf)=V

¥

Plot variation of calculated velocity with f ...

Plate Velocity
3 Calculated
/
___)f________________ Measured
o
2

——

Pick a value of f close to the raot of F(f)-G{f=0

F-02 .. first estimate of root
F=root( | FU) - GUH: N F=0.156 ...the root
The efficiency facor is  f=0.156

This is the fraction of explosive mass that contributes to the one-dimensional
gas expansion accelerating the plate to its final velocity.
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A.13.3.3 FICKETT MODEL
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FICKETT Test Data:RT #2 Series || Digkkle PLATEVF page &

Explasive Type: Camposition B

Charge Length I =85

Charge mass g C=93

VOD kmis p=786

Paolytrapic r=a

Fedle mass m=8  Sound speedkmis €, =35
Measured Velocity m/s V exp = 1950

PRINT RESULTS OF CALCULATIONS (2) *+* et PR

us us mm mis
11.462 ] [ 0.278 ] [ 0.152 . 1008
11.74 0.556 D.527 . 1652
12.018 0.833 1.052 - 2102
12.295 1.111 1.684 | 2436
12.573 | 1.389 2.388 ! 2694
=1 12.851 | facc=| 1867 | Xaee™! 3178 P~ o899
13.129 1.944 | 4.006 - 3087
13.406 2,202 L 4.877 3205 |
13.684 25 5.784 3302 |
| 13.962 2778 . 6.721 3422
' 14.24 3.056 - 7.684 3508
14.518 3.332 . 8.669 3583 .
14795 | 3611 9674 3648
. 18073 | 3.889 | 10695 3706
| 15.351 - | 4167 : 11.732 3758
15.629 | 4.444 . 12.783 3804
15.906 4722 13.845 3845
16.184 L5 14.918 3883
16.462 . 5.278 , 16.002 3817
1674 . 5.556 - | 17.095 | 3048
Time from Time from Plate Piate - velocity
detonation start of displacernant
at start of plate
explosive column acceleration
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FCKETT Test Data: RTE3 Senes Il

DISPLAY RESULTS OF CALCULATIONS

Define experimental value of plate velocity as a constant- value
furction of time...

Finy - V £ -2 .+ 0.01 >0

exp
TIME VARIATION OF FLATE VELOCITY

Velocity mis

4000 e

— B

K )
-

.IJ.
Time {ps)

Plot time on [ogarithmic scale. ...

Yalocity
40005

T

o1 1 10

[

Time {u5}

iiririnie driededr inlindy .

page 7

Caleulated

Measured

Calculated

Measurad

490



FIGKETT TestData: RTH#3 Series I page 8
Plot vaeiocity against number of pregsure reverberations in plate....

J-1.N -...must be > 0 for logarithmic axis

w.-2 . --nisthe number of transits ...

42
n denotes reverberation number, i.e. number of time increments as
dafined in section (1} under CALCULATIONS

Plate Velocily m's

4000 —— Calculated

Iy
—P-{%} # - : Measured
4

"
Number Reverberations

Plot indiicates that measured plate vela::.ity is attained shortly after
the FIRST passage of the pressure pulse through plate thickness
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FECKETT Test Data:RT #4 Series I Diskfile PLATEVF DEQE b

Explosive Type: Composition B

Charge Lengih I. =85

Charge mass g c-93

VOD km/s p=78

Palytropic r=a

Plate mess m=8  Soundspeedkmis Cj-36
Measured Velocity mis V_ _=2118

axp

PRINT RESULTS OF CALCULATIONS (2)

us us mm més
[ 11.452 | ; 0.278 P 0152 | 1008 |
1174 © 0.568 | 0.527 1652 '
12,018  0.833 | 1.082 2102 -
12.205 L1111 | 1684 9436 ,
12573 1.389 | 2.398 2694 |
¢=| 12851 | facc™| 1867| Kace™| 3176 VP =l 2899 !
13.429 1.944 | 4.006 | 3087 -
13.406 2.222 | 4877 | 3205
13.684 25 | 5.784 3322
13.962 2.778 | 6721 - 3422
14.24 3.056 | 7684 | 3508
| 14518 3.333 | 8669 3583
14795 3619 | $674 | | 3648
15.073 3889 10.695 | 3706
15.351 4.167 | 11.732 ° 3758 |
15.629 4.444 | 12.783 | 3604
15.906 | a2’ 13.845 3846
16.184 , 5 14.919 3883
16.462 | 5278 16.002 | 3017
16.74 . 5.556 17.085 | 3948 |
Time fram Time: from Plate Plate velocity
detonation start of - displacement
at start of plate

explosive column ancekeration
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FICKETT Test Data: RT#4 Series |l page 7
DISPLAY RESULTS OF CALCULATIONS

Define expearimental value of plate velocity as & constant- value
function of time .

Vi) -V $i=t g+ 0.01 >0

exp
TiME VARIATION OF PLATE VELOCITY

Valocity mis
a000] ! R S Calculated
T i
e S R LTI -u.-q,..-h.-..-__.a'-‘q-_.-_” et e e e
¥
L
/n/-"!r
) -]
i
PE) ﬂ—ﬂ—,‘gﬁﬁ-“'\ e —
l’p _.'"'r Measured
f) o
- .-"i
/
ol
Y 1 &
J
Time {ps)

Plct time on logarithmic scale.

Velocity

4000 T aEe T ﬁ - Calculated

Kb : ;
- : | Measured
VP} L 4
- L 3
. | :
- ';i
L ]
i
o ; C
B4 1 10
i.
I
Time {5}
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FICKETT Test Data: RT#4 Series Il page B
Plot velocity against number of pressure reverberations in plate. ...

j~1.N ....must be > 0 for logarithmic axis
nod ...1" i§ the number of transits .. ..
I 2
n denctes reverberation number, i.e. number of time increments as
defined in section (1) under CALCULATIONS

Flata Valocity m's
4000] ' w*” Calculated
. 1
.--'-'j
.Ei_r} / B e e R I P M-I HE 4 Measured

s

Number Reverbarations

Plot indicates that measured plate velocity is attained between ONE and
TWQ passages of the pressure pulse through plate thicknaess
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A.13.4 A.D.L. TEST SERIES I11(b)

65 grams

SUPER GELIGNITE MASS
8 grams

DISC MASS
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A.134.1 GURNEY MODEL
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GLURNEY ‘T'est Data: Series Il page 3

DiskNe Plategs?
Explosive Type: Blasting Gelignite
Test |D: Average Series It
VOD mis: D = 5500
Plate mass g mp =8
Charge Mass q: C =65
Measured Velocity Fg=113C
DISPLAY RESULTS.............
Gurnay constant £ 2 = 2000
Reduced Gurney constant E - 1428
Particle speed in gas [ p= 1400
CiM ratic &f =8.125
Velocity:standard Gumey Ve =2676
Velocity: reduced Gumey V or=1911
V. . =1123
Vaiocity:momentum transfer rP
Velocity:modified Gumey : Vam = 2217
Measured Velocity V,.=1130 mys

Scroll to page 4 for derivation of efficiency factor f ..,
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GURNEY Test Data: Saras Il BG (averaga) ' page 4

Derive efficiency factor for effectiva explosive mass....standard Gumey model..

2 327

Fiiy-E_~ .-
¥ B (fz+ 1y(fz 4)

Check: ,j';(fj = 2676 Should equal g =2676

Plat variation of calculated plate velocity with efficiency factor

GU) = {FLh
0 - Ir) F-001.1 H{f - Vg

Variation of calcutated velocity with factor £

Velocity
3000
AT
'.r_._.d-'
/”’ calculated
Ve .
LY VRN |
2 / ] ____ o measyred
J
ﬂ ; H : |
4 f 1
Efficiency factor

Pick value of f close to the roct of GN-H{=0

- 0.1
Refina guess of f by iteration to locate root:

£ = roat((G(F) - BN f£=0.129
The efficiency factor is =012

This is the fraction of explasive mass that contribules to the standard
Gurney velociy of the plate.
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GURNEY Test Data: Serias Ul BG (average) page 5

Derive efficiency factar for effective explosive mass....maodified Gurney model:,

Fo |
2
2 3Lf 2
Fify-E,"——** .y
- Egr Ufz+1]r{f-za-4]+ pp
Check:  F{) =2217 Should equal V. =2217

F

Plot variation of calculated plate velocity with efficiency factor f:

6t AF )

£-0,01.1 H{) =V

5

Variation of ealculated velocity with factor f

Velocity
F000
s caiculated
; T
L |
i | .
A / ' - _ measured
| i :
! i
| '
1
|
|

Efficiency factor

Pick value of f close to the root of G{T}-H({f)=0

S =01

Refing guess of f by iteration to logate root;

S =root({G{f)y - KM N f=0.013
The efficiency factor is F=0013

This is the fraction of explogive mass that contributes tq the
maodified Gumey velocity of the plate.
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A.13.4.2 AZlZ MODEL
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AZIZ et al Drata Source: Sera'us_ ]

Ciskfile Plateas page 3

DISPLAY RESULTS _._Test: BG (average) Series I

Explosive = Blasting Gelignite

Mass g € -85
VOD kmis D=5§&
Polytropic
Plate mass g £=3
: mpza
Measured velocity kmis V,-113
Efficiency factor f=1
CM ralio (actual) (M =8.125
CiM ratio (effective) | €Mz =8.125
Detanation Velocity mis B =35
Aziz velocity kmis (f=1) Vp=2.971
Aziz velocity (effective mass) v of= 2.59M
Measured Velacity mfs V=113
Plate Energy, caiculated kJ EP =35.309
Plate Energy, measured kJ E pm ™ 5108
Expiosive anargy k. E_ =1274
Erergy Efficiency, caloulated E F= 0.277
Energy Efficiency, measured E fm = 0.04
Fraction Effective expiosive mass f.=0.145

Energy efficiency caiculations suggest that enly a fraction

fo=0.145

of the loaded explosive masa contributes to the Aziz-type pne-dimensional gas

expansicn and plate acceleration.
Scroi: to page 4 for datermining sfficiency factor f ...
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AZIZ et al Test Data: BG (average} Series |/ page 4

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY......
F=001,01.1

/.'32 y
= — S+1
W] g7 OS]
F - Dzm -1 .
@ 2(fH+1 G-V,

Plot variation of calculated velogity with f ...

Plate Velocity
a - w=l Calculated
f.-’
/’/
ol | L/

& /
- . -___-.-——1—————ﬂ-- Measured

Pick a value of f close to the ract of F{f}-G(H=0

f=02 ...first estimate of root
£ root(|F(Y - G(H| N f=0132 ...the roat
The efficiency facor is f=0132

This is the fraction of expinsive mass that contributes t¢ the one-dimensional
gas expansion accelerating the plate to its final velocity.

502



A.13.4.3 FICKETT MODEL
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FICKETT Test Deta:BG(average) Series Il Diskfile PLATEVF page 6

Explosive Type: Special Blasting Gelignite

Charge Length L =110

Charge mass g =65

VOD kmis D=58

Polytrapic r=3

Plate mass m =8 Sound speed kmfs € ;=36
Measured Velocity m/is Voo =1130

exp

PRINT RESULTS OF CALCULATIONS (2] wrrmmssmmamiamd

us us mm mi's

P 18.921 | 0.278° 0.049° 340 |
L 20198 0.556 0.183 613
| 20478 | 0.833 0.385 837
| 20754 111t 0644 1026
‘ 21 032  1.389 . 0.852 | 1186

‘“\ 2131 ‘m:f'; 1.B&7 Xgee= 1.301 | P =i 1324
| 21.587 . 1.944 . 1686 1445
| 21865 2229 . 2103 1551

22 143 25 - | 2547 1644

. 22.421 . 2.778 | 3.015 1728
92698 | 3.086 | 3.506 1803 |
22976 3333 4016 | 1870 |
L 23254 | 3.611 4.544} 1931 |
. 23,532 | 3.889 5.068 1967
| 23.81 4,167 ) 5.648 2038
24,087 1 4.444 6.22 - 2084
- 24,365 4722 6.805 © 2127
© 24643 5 7.402 . 2167
24.921 5.278 8.009 | 2204 |
| 25.198 5.556 gge| | o037

Time from Time from Plate Plate vetocity

detonation start of displacament

at start of piate

expiosive solumn accaferation

504



FICKETT Test Data: BG (average] Series Il page 7

DISPLAY RESULTS GF CALCULATIONS

iy i e -

Define experimental valus of plate velogity as a constant- value
function of time. ..

(O~ ¥ ey £ tge-001 >0

TIME VARIATICN OF PLATE VELOCITY

Valocity mis

4000
G
u i Calcuiated
_ﬂ'"F.
Fp. .
o aT
H—u:—ﬂ—:!-ra/: M- W B ¥ Measurad
A
K.l
@
0
Q .
l‘!; &
Time [ps)
Plot time on logarithmic scale.. .
Velocity
R0 R BT
' I S |
I AN
S B .
vy RS el | Calculated
) ; ‘ oot el : 1 [ Ll
Ve, R N :.n“"h# ‘
—|:-"‘I | i S n? . I :
: . = ; .
i —3g e dw Foe ;
i ll'—i : L] ; i L] *WK : MBEBUl'Ed
i ! ;__.Fi-":’ : l |
i ::i"' .-. DI | |
o i I !
21 1 10
i
i
Time {5}
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FICKETT Tast Data: BS (averags)Senes || page 8

Plot velocity against number of pressure reverberations in plate....

Jj=1.N -...must ba > 0 for logarithmic axis
wood ....N is the number of transits ...
I 2
n denctas reverberation number, i.e. number of time increments as
defined in section {1) under CALCULATIONS

Plate Velocity mis
4000
;55_;) | Calculated
_VPJ . f""ﬁf
— . "
"I -u-u——P-‘ﬂ’:-e—ﬂ—x—:—n—x—:—x—:—x—mz Measured
0

J
Number Raverbarations

Plot indicates that measured 'hlata valocity is attained shortly after TWO
passages of the pressure pulse through plate thickness
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A.13.5 A.D.L. TEST SERIES IV

TNT MASS

45 grams
DISC MASS

8 grams
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A.13.5.1 GURNEY MODEL
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GLIRNEY Test Data: Saries IV

Explosive Type: TNT

Test 1D: Average Series [V {8 tests)

VoD m/s:

Plaiz mass g
Charge Mass g:

Measured Velocity

DISPLAY RESULTS.............

Gumey constant

Reduced Gurney conztant
Particle speed in gas

CM ratio
Velocity:standard Gurney

Velocity: reduced Gumey

Velocity:momentum transfer

Velocity:modified Gurney

Measured Velocity

page 3
Dizskfile Plategs2

 =6600

C=45
v =1510

Eg=24UD

££T=1?43

L P= 1650

z¥ =5625
V= 2928

Vgr=2126

Fpp =1217

V gy = 2450

V,=1510  mis

Scroll to page 4 for derivation of efficiency factor ...
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GURNEY Test Data: Senes IV TNT (average) page 4

Darive efficiency factor for effective explosive mass... standard Gumey model:.

F(f) -E 2 3247
E (freD(fz-4

Check. | Fif) =2928 Shouid equal V', = 2528
Plot variation of calculated plate velocity with efficiency factor §

G - F
4 f{f) F:=0,01_1 Hf =V

5

Variation of calculated velocity with factor f

“Velocity
3000 = calculatad
j_,..-"
)
[ / §
| P
r : H : H
i ! —A UL S measured
anl | f al
S
/( S Py
/ : : ) i
o ;
] i 1
Efficiency fachor -

Fick value of f close ko the root of GiN-H(f)=0

f-01

Rafine guess of f by iteration 1o locats root:

[ root((G{f) - H(Y) 0 f=0222
The efficiency factor is F=0222

This is the fraction of explosive mass that contributes to the standard
Gumey velocity of the plate.
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GURMEY Test Data: Sares N TNT {ayeraga) page 5

Derive sfficiency factor for effective explosive mass....modified Gurney model:

f=1
2
2 32 fz )
F E .- [ . -} V
B-Eg o+ N{fzedy
[
Chede  F(f)=2450  Shouldequal Vg, =245

Plct variation of calculated plate velocity with efficiency factor f:

¢ = JFU} £-0.01.1 H) =V

Variation of calculated velocity with factor f

Yelocily
3000
] calculated
L "]
_.(I'f'f'."
LT 0
Gin pd L : measured
oA
L N : |
I i o
] |
! P P
-.-w..i_-..- ' { i
oLt L
0 ! 1
Efficiency factor

Pick value of f clase ta the root of G{f}-H{f)=0
fF-an

Hefine guess of f by itaration to locate root:
f=rew{ (G HMNN f=0.161
The efficiency factor is F=0161

This is the fraction of expiosive mass that contributes to the
madified Gumey velocity of the piate.
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A.13.5.2 AZlZ MODEL
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AZIZ st al

Data Source’ Sedes IV

Diskfile Ptateas page 3

DISPLAY RESULTS ... Test . TNT (average)

Explosive = TNT preszed pzlists

€ =45

Mass g
VOD kmis D —6.6
Polytropic
Plate mass g }::jﬂ
Measured velocity kmis V=151
Efficiency factor =1
C/M ratio (actual) (M1 =5.625
C/M ratio {effective) Mz =562
Detonation Velacity m/s b =66
Aziz velocity ks (£=1) Vp=3098
Aziz velocity (effective mass) Vv of= 3.008
Measured Velocity m/s V=151
Plate Energy, calculated kJ p—38.381
Plate Energy, measured k. P‘" =912
&plnsive energy kJ E,=122512
Energy Efficiency, calculated E = 0.313
Energy Efficiency, measurad E i =0.074
Fraction Cffective explosive mass f=0238

Energy efficiency calculations suggest that only a fraction
f.=0.238

of the loaded explosive mass contributes to the Aziz-type one-dlmensmnal gas
axpansion and piate acceleration.

Screll to page 4 for determining efficiency factor f .
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AZIT et al Test Data; Seres IV THT (average) . paged

DERIVE CHARGE MASS EFFICIENCY FACTOR BASED ON VELOCITY......
£-00101.1

() = { };2 CM2.f 1”

LA

zfH-1
l’f}-i—"l GU‘)::VS

Fify - D

Plcat variation of calculated velocity wath f ...

Pt Valocity

a4 Calculated
e
//
vV
o /
% / - Measured
f/ ]
/ i ; i 1
/ i i i | I
P !
oL e :
0 Fi 1

Pick a value of f close to the roat of F(i-G{f}=0

f=02 ....first egtimate of root
I = roet{ | F(Y - GUH: O F=023 ...the root
The efficiency facor is - J=023

This is the fractien of explosive mass that contributes to the one-dimensional
gas expansion accelerating the plate to its final velocity.
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A.13.5.3 FICKETT MODEL
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FVKETT Test Data: TNT {average) Series [V Diskfile PLATEVF page 6

Explosive Type: Pressed TNT Pelflets

Charge Length L =80
Charge mass g =45
VOD km/s D=65
Palytropic r=3
Plate mass Mm=8  Soundspeedkms C =35
Measured Velocity m/s -V exp = 1510
PRINT RESULTS OF CALCHLATIONS [2) *rerresresrsnrrinaini
us Ls mtrn mfa
9 369 | 0278 [ D083 | 561
9.646 | 0556 0.297 | 964
9 924 | 0833 - | oeog | 1266
10.202 F 1111 0.995 1502
10.48 1.389 1.439 1691
= 10758 | facc™| 1867 Kace—| 1931 7=\ 1345
11.035 1.944 | 2.462 1973
11.313 2.223 ©3.025 2081
11.591 25 | | 3616 2173 |
11.869 2778 4231 | 2252
12.145 3056 4,867 | 2321
12.424 ; | 3383 552 2382
. 12.702 L 3.611 | 6.189 2435
| 12.98 | ' 3.889 6.872 2482
| 12.258 | 4.167 7.568 2524
13,535 4444 8.274 2562
' 13.813 4722 . 8.99 2596
14,091 5 9716 267 |
. 14.369 | 5.278 10,448 | 2654
| 14,645 | | 5.556 1119 | | 2680
Time from Time from Plate Plate velocity
detonation start of - - displacement
at start of plate:
explosive column acceleration
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FICKETT Test Data: TNT {average) Sesies v page 7
DISFLAY RESULTS OF CALCULATIQNS*  tssirbhisktibbd ottt
Define experimental value of plate velocity as a constant- value
function of time._.

V() ¥ o t=1,,+001 >0

TIME VARIATION CF PLATE VELOCITY

Velocity mis
4000
F.._.n;ﬂ"a"'_a-_u Calculated
Wi £} e
—— i -’z..-ﬂ'"-u
F{PJ E A
. RIS U7 SV EVEI VIRV IV PR Measured
|
ra
e
r
y
0
o i
_l B
Time {ps}
Plot time on logarithmic scale....
Valocity
4000 I I L
i I ! i ' : : i .
| ™ Calcutated
W) : | Enn""ﬂF 1
- f i RE il :
Fﬁ ' i I u"q. il
od = W LT Kl W et
! iy | S Measured
: a7 : H P
L o
ET' ! ; b 1
n . ; .
c1 1 10
1.
S
Time {u5)
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FICKETT Test Data: TNT {average)Series IV pags 8

Plat velocity against number of pressure reverberations in plate. ...

JF-1.N ....must be-> 0 for logarithmic axis
nd ... i8 the number of transits ...

J o -

n denotes reverberation number, i.e. number of time increments as
-defined in section (1) under CALCULATIONS

Plate Veloclty Vs
400
__,_..--"‘
L= el
¢ . ]
o P Calculated
ij el
— ¥l E—ad-—(-- 0 R el e e e
- Measured
0i
1 1D
JI-'i
Member Raverbarations

Plot indicates that measured plate velocity is attained after TWQ
passages of the pressure pulse through plate thickness
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