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Introduction

Gunpowder was undoubtedly the first explosive, recorded in a Chinese
manuscript, 1000 AD. It is of interest to note that this manuscript ‘Wu Ching
Tsung Yao' was a treatise on military arts and that from that time, the
science and technology of explosives has been driven forward by military
requirements.

The next major event in the history of explosives came with the discovery
of nitric and sulphuric acids. This allowed chemists to ‘nitrate’ the wealth of
new compounds discovered by their science. Many nitrated materials were
made and many chemists lost their lives in the process, as it was soon
discovered that these materials were very energetic and often very unstable.
However, in 1861 Alfred Nobel, the father of modern explosives, constructed
a production plant for the manufacture of nitroglycerine at Heleneborg in
Sweden.

In the same decade, nitrocellulose became available. This, together with
nitroglycerine, gave the foundation for modern gun propellants, finally
ousting gunpowder by the turn of the century. Gunpowder had already been
replaced as a shell filling by picric acid (trinitrophenol) and then by TNT
(trinitrotoluene) before the end of World War 1.

After 1918, major research programmes were inaugurated to find new and
more powerful explosive materials. From this programme came one of the
most used military explosives of today, that is, cyclotrimethylenetrinitramine
(RDX) also called Cyclonite or Hexogen. Since this time, other explosive
materials of military use have been discovered and will be discussed within
the relevant chapters. However, the vast majority of explosives and
propellants used today consist of the materials mentioned above, RDX, TNT,
nitroglycerine and nitrocellulose. This is something of a simplification since
other explosive types used in far smaller quantities are vital to the operation
of explosive devices. Thus, explosives are part of all munitions and obviously
vital to their performance. They must be considered as a method of storing
energy to be liberated on command to drive the weapon, be it a propellant
driving the shell from the gun barrel or the high explosive shell filling
driving the fragments formed from the shell case. It is the aim of this book to
explain the science and technology of the explosives used today within the
three main sub-groups of explosive materials: (high) explosives, propellants
and pyrotechnics.

Finally, to complete the story of gunpowder. As related above, gunpowder
has been replaced as a propellant and as a destructive filling however, it is
far from obsolete. Since gunpowder is used in delays, ejection charges for
carrier shells and igniter pads for propellants, it is still as vital to the
operations of a modern army as it was in the Middle Ages.

XV
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The Chemistry and
Physics of Explosives

The Nature of Explosions

Physical Explosions

An explosion is far easier to define than an explosive. Berthelot, in 1883,
defined an explosion as the sudden expansion of gases into a volume much
greater than their initial one, accompanied by notse and violent mechanical
effects. Explosions are common in nature. At one end of the scale, a
lightning strike may explosively split a tree trunk; at the other end, island
volcanoes, such as Krakatoa, have exploded with such violence that waves
have been created which swept over the oceans more than halfway round
the world to cause immense damage by flooding when they impacted on the
shore. In both cases, the explosions were due to the sudden vaporisation of
water without any chemical reaction taking place. The bursting of a balloon
or the rupture of a compressed gas cylinder remind us that heat is not a
necessary prerequisite for an explosion nor is the presence of a recognised
explosive substance. These physical explosions are nevertheless inherently
destructive and capable of causing damage by air blast and by the
propulsion of fragments at high velocity.

Nuclear Explosions

Nuclear explosions are a second class of explosions. These result in the
sudden release of enormous quantities of heat by fission or fusion processes.
The heat causes the rapid expansion of the air surrounding the device and
also vaporises material in the close vicinity which adds to the effect. The
radioactive elements are not themselves explosives in the conventional
sense but the device is triggered by the use of conventional explosives.

Chemical Explosions

The third class of explosion is called a chemical explosion. This is caused
by the extremely rapid reaction of a chemical system to produce gas and
heat. The reaction is usually a combustion process and is often accompanied
by the production of smoke and flame.
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Explosives

There are many substances known to chemists which are so unstable that
they may explode with little or no stimulus and are often used for party
tricks. If we simply define an explosive as a substance capable of causing an
explosion, we shall include many substances which have no practical value
and constitute little more than a nuisance in the laboratory. The legal
definition in Great Britain is given in the Explosives Act of 1875, where an
explosive is ‘a substance used or manufactured with a view to produce a
practical effect by explosion’ such as gunpowder, nitroglycerine and TNT.
Practical explosives must be inert to substances with which they may come
into contact, including air and moisture, and they must be thoroughly stable
under the expected conditions of storage and use. At the same time, they
must be sufficiently sensitive to be initiated by convenient means. For a
practical explosive, the minimum energy for initiation should be small in
comparison with the total amount of energy released on explosion. These
various properties collectively form the two essential requirements for any
useful explosive, namely, SAFETY and RELIABILITY. Many candidate
explosive substances are ruled out for practical use by the application of
these criteria.

To be useful, as implied by the Explosives Act, an explosive must also be
EFFECTIVE, that is it must be able to do work on its surroundings. This
takes place by the expansion of the hot high pressure gas produced in the
chemical reaction against the surroundings resulting in airblast, propulsion
of fragments, lift and heave effects. An explosive may therefore be defined
as a substance or mixture of substances which when suitably initiated,
decomposes explosively with the evolution of heat and gas.

High explosives are a very convenient source of power. When one
kilogramme of a detonating explosive is initiated in a bore hole, it will
generate power at a rate of 5000 megawatts over the duration of the
reaction. Such a charge occupies less than one litre of volume, and may be
stored for years. Yet at the touch of a button it may release its energy when
and where required.

The History of Explosives

Black Powder

Explosives, in the usual sense of that word, do not occur in nature.
Although explosions are not unknown in the natural world, they are usually
physical phenomena caused by the sudden vaporisation of water in some
way. The earliest man-made explosive is properly referred to as black
powder, but is more commonly called gunpowder because of the main use to
which it has been put during most of its existence. Black Powder is an
intimate mixture of saltpetre (potassium nitrate) with charcoal and sulphur.
The last two have always been available in many parts of the world, sulphur
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occurs naturally in volcanic regions and charcoal is easily made by heating
wood. Saltpetre does not occur naturally in anything like a pure state, but it
forms an efflorescence on the ground when animal or vegetable matter
decomposes in situ. This process is a long one and occurs only in certain
climatic conditions, which are experienced in China and the Middle East
among other places. At some unknown time and place, one or more questing
minds found that charcoal and sulphur, which are only moderately
flammable when mixed with saltpetre, which is non-flammable, give rise to a
mixture which is not only flammable but violently so. On the balance of the
slim documentary evidence, the discovery was made by the Chinese, perhaps
around AD 700, and there are indications that by AD 1000 they had developed
weapons of war utilising black powder, though not what we now call guns.

News of the discovery spread only slowly round the world, but eventually it
reached the ears of scholars in Europe, one of whom was the man whose
name is most closely associated with black powder, the Englishman Roger
Bacon (born circa 1214, died 1292). Bacon graduated ¢.1240 and became a
Franciscan friar ¢.1257, but most of his life was devoted to languages,
mathematics, optics and experimental science. Amongst these activities he
experimented in the purification of saltpetre and made some effective black
powder: this much is known because he included the details, partly in
cypher, in a scientific work which he wrote for the attention of the Pope. The
experiment does not figure prominently in Bacon’s biography, which is
based largely on his own writing, in the virtual absence of cross-references.
He seems deliberately to have avoided spreading the knowledge further, for
reasons which can only be guessed at.

However, certain of Bacon’s learned contemporaries, such as Albertus
Magnus (¢.1200-1280) also knew about black powder and were less reticent
about it. Hence, before the end of the 13th century, it was being used in war
for the breaching of fortifications. By 1320 it was being used in guns, with
enormous consequences for the future of the world. The composition and
manufacture of powder were slowly improved over the next few centuries.
Its first recorded use for civil engineering was in the dredging of the bed of
the River Niemen in Northern Europe, 1548-72. Mineral blasting is said to
have been pioneered by Gaspar Weindl in Hungary in 1627 and to have been
introduced in England in 1689 by Thomas Esply senior, in the Cornish tin
and copper mines. Demolitions by black powder feature in British history in
the murder of Lord Darnley at Kirk O’Field in 1567, an abortive attempt on
the Houses of Parliament in 1605 and the destruction of fortifications during
and after the Civil War of 1642-6. The building of the Languedoc Tunnel in
France, 1666-81 involved what was probably the first major use of black
powder for public works tunnelling.

Nobel’s Nitroglycerine

The ultimate limitations of black powder as a blasting explosive became
frustratingly apparent during the great growth of communications in Europe
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and North America in the mid-nineteenth century, especially in such
formidable enterprises as the building of the trans-Alpine railway tunnels.
Fortunately, a remedy was forthcoming in the discovery, in 1846, of the
liquid explosive nitroglycerine (NG) by the Italian Professor Ascanio
Sobrero (1812-88). Sobrero realised that NG was far more powerful than
black powder but he soon lost interest in it, and it was taken up a few years
later by the Swedish inventor Immanuel Nobel. By 1863, the latter, together
with his third son Alfred Bernhard Nobel (1833-96), had set up a small
factory for NG manufacture at Heleneborg near Stockholm. Attempts by the
Nobel family to market the product were hampered, however, by the serious
disadvantages of NG: its inconsistency of response to initiation by ordinary
flame which is the standard method for black powder, and the difficulty and
danger of handling the explosive in its normal liquid state. This latter gave
rise to numerous accidental explosions, one of which destroyed the Nobels’
factory in 1864. Alfred Nobel, a very industrious science graduate,
eventually solved these problems by the invention of the fulminate
detonator (1864) and the discovery of an effective absorbent (Kieselguhr)
(1867). The twin products, ‘guhr dynamite’ and the detonator, provided an
invaluable combination far superior to black powder for most of the needs of
civil engineers and miners, and quickly amassed a fortune for Alfred Nobel.
He did not stop there, however: in 1869 he combined NG with mixtures of
nitrates and combustibles to form a new class of explosives known at that
time as ‘straight dynamites’. In 1875 he made a further definitive discovery,
namely that nitrocellulose mixed with NG forms a gel, and from this
stemmed the invention of blasting gelatine, gelatine dynamites and later, in
1888, the first ‘double-base’ gun propellant, ballistite.

Nitrocellulose

Nitrocellulose (NC) had been first prepared at about the same time as NG,
but being a more complex material it was developed in stages by different
workers, notably T.J. Pelouze in 1838 and C.F. Schonbein in 1845.
Schonbein used NC for mineral blasting and experimentally in guns,
demonstrating that as a propellant it was potentially better than
gunpowder, because it gives virtually smokeless combustion. Factory
production of NC began at Faversham, Kent, in 1846, but in the following
year an explosion destroyed the plant and two other NC disasters occurred
in France. In Austria attempts to manufacture NC in a safer, more suitable
form were persevered with, and in 1863 production was resumed in England
at Stowmarket, Suffolk, but an explosion there and another in Austria in
1865 halted the work in both countries. During these years Sir Frederick
Abel (1827-1902) had been working on the instability problem for the British
Government at Woolwich and Waltham Abbey, and in 1865 he published his
solution, which consisted of pulping, boiling and more thoroughly washing
the product. This breakthrough was followed by another in 1868 when
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Abel’s assistant E.A. Brown discovered that dry compressed guncotton
(highly nitrated NC) could be detonated by the use of a fulminate detonator.
This paved the way for the effective use of NC as a military and commercial
high explosive.

Propellant Development

Because of the problems with NC, Schonbein’s early use of it as a gun
propellant was not successfully followed up for many years. In 1864 the
Prussian Schultze developed a propellant from nitrated wood, which,
though unsuitable for rifles, proved useful for shotguns. In 1870 the
Austrian manufacturer of this powder patented its partial gelatinisation
with ether and ethanol. During the next two decades the manufacture of
‘smokeless’ shotgun propellants was steadily improved, but it was not until
1884 that the Frenchman Paul Vieille produced the first NC propellant safe
for use in rifled guns. This was named Poudre B. Eventually, all such
powders, based on NC alone, became known as single-based types to
distinguish them from Nobel’s ballistite. In 1889, a year after the ballistite
patent, a rival product of similar composition to ballistite was patented by
the British Government in the names of Abel and Dewar, and was called
Cordite. In its various modifications it was to remain the preponderant
British service propellant until the 1930s when triple-base propellants,
containing nitroguanidine, were developed for ordnance. Cordite remained
in use for British small arms ammunition until after World War II, when a
change to single-base types was made.

Development of Commercial Explosives

Returning to commercial blasting explosives, the vast range of NG-based
explosives continued to dominate the market throughout the latter part of
the 19th century and the first half of the 20th, despite attempts to substitute
other bases such as chlorates, perchlorates or liquid oxygen. The period
1880-1914 was marked by determined attempts, particularly in France and
Britain, to eliminate unsuitable explosives from coalmines. This was the
result of long-term trends. In 1800 British coal production was 10 million
tons annually. Frequent underground explosions of natural methane or
suspended coaldust killed hundreds of miners until checked by the invention
of the Davy Lamp in 1815. Production rose rapidly, reaching 50 million tons
in 1850 with the increased use of black powder, and 133 million tons by 1875
with the additional help of dynamite. However, the growing use of
explosives brought a corresponding increase in the number of gas and dust
explosions, with appalling casualty totals. Scientists gradually deduced the
physical mechanisms by which explosives can ignite methane, and ‘testing
galleries’ similar to large boilers were built and successfully improved.
Those explosives which, even after modification, failed the gallery tests
were prohibited by law from use in coal-mines. They included dynamite and
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black powder. They were replaced by ‘permitted explosives’, which tended
increasingly to be based on ammonium nitrate, and other limitations were
also imposed, notably on the weight fired in each shot. By 1913 British coal
production reached an all-time peak of 287 million tons, consuming more
than 5000 tons of explosives annually, and by 1917 92 per cent of these were
ammonium nitrate-based. After the Great War the use of explosives declined
with total coal production, and also due to machine cutting, which by 1938
accounted for 59 per cent of production compared with 8 per cent in 1913.
Today the manufacture of permitted explosives in Britain is only a small,
though stable percentage of the total, reflecting both the fall of underground
coal production to 110 million tons by 1981 and the maximum use of coal-
cutting machines.

The Development of Military Explosives

The Great War of 1914/18 saw enormous production of explosives for
munitions. High explosive shells had been commonly filled with picric acid
since Turpin’s patents of 1885 and the British adoption of it in 1888 under
the name Lyddite. Around 1902 both the Germans and the British had
experimented with TNT, first prepared by Wilbrand in 1863. On the
outbreak of war the British hastily followed the Germans in making the
change to TNT, but almost immediately found that demand for it
outstripped supply, so they changed to a mixture of TNT and ammonium
nitrate called amatol. During the war some 238,000 tons of TNT were
produced in Britain alone. The production of tetryl for exploders in shells
also began in 1914 and accelerated greatly.

After the war, work on new explosives continued in many countries, and
much interest was centred on the compounds known in Britain as RDX and
PETN. RDX had been first prepared by the German Henning in 1899, but its
immense potential had been overlooked until 1920, when it was patented by
Herz. Efforts were made to overcome the difficulty and high cost of
manufacture, and problems of sensitiveness, in order to obtain explosive
mixtures far superior to those used in the Great War. The Germans
concentrated more on PETN. During World War IT TNT and amatol were
again the main fillings for British shells and bombs, but RDX, produced at
the Royal Ordnance Factory at Bridgwater from 1939, was added to these
compositions insofar as supplies permitted. There was a greater usage of
aluminium as an additive (to give a high blast effect) than had been
possible in World War I. The generic composition ‘torpex’ (TNT/RDX/
aluminium,) became common. During the war, the marginally superior
analogue of RDX named HMX was first produced but not in great quantity.

Since 1945 it has become recognised in military circles that no practical
explosive superior in performance to RDX and HMX is ever likely to be
produced at an acceptable cost. British munition fillings have been largely
standardised on the RDX/TNT 60/40 mixture. Research has mainly been
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aimed at optimising compositions for special applications, and identifying
and solving safety problems. The use of RDX and HMX has been extended
into the field of high-performance propellants for both guns and rockets.
Incorporation of RDX, HMX or PETN into oily or polymer matrices has
produced plastic or flexible explosives for demolitions, while other polymers
provide tough, rigid, heat-resistant compositions for conventional missile
warheads and for the implosion devices used in nuclear weapons.

The Development of Commercial Explosives

Developments in the field of commercial blasting since the 1939-45 war
have been more radical than those in the military one. The manufacture of
NG, a delicate and dangerous process upon which much of the explosives
industry has depended since Nobel’s time, had been revolutionised in 1929
by the Schmidt continuous nitration method, and in the 1950s it was further
improved by the introduction of the injector nitration method combined with
continuous centrifugal separation. However, the cost of NG-based blasting
explosives remained comparatively high, so in the early 1950s attention
turned to finding a more cost-effective alternative. The answer was
provided, as it had been to other problems, by ammonium nitrate, this time
in admixture with fuel oil, and the acronym ANFO was bestowed on the
product. In America annual consumption of ANFO increased from 268,000
tons in 1960 to 759,000 tons in 1970. A second revolution occurred a few
years after ANFO with the introduction of slurry explosives. These are also
based on ammonium nitrate used in the form of a saturated aqueous
solution gelled by a cross-linking agent, and with excess ammonium nitrate
held in suspension. Various fuels are added, such as carbonaceous material
or aluminium, and there must be some further additive, e.g. TNT,
methylamine nitrate or fine aluminium powder, to render the mixture
sensitive to initiation. The idea of aqueous slurry explosives dates back to
the turn of the century but its practical form is credited to Melvin A Cook
and dated 1957. The great increase in the use of ANFO and slurries,
combined with the decreased use of explosives in underground coal mining,
has had a depressing effect on the manufacture of NG-based blasting
explosives, but these still have a vital place in the demolition industry for
breaking metal and masonry, and for various other applications where
precision is more important than large scale and severe economy.

In recent decades, the commercial uses of explosives have extended
beyond the crude destruction methods of older times. Rapid changes in
society and industry, for example, have necessitated the demolition of
strong, fairly modern buildings such as factories, power stations and blocks
of flats, often in close proximity to vulnerable facilities. This has forced the
development of new and critical blasting techniques. The growth of the off-
shore oil industry has required the penetration of the seabed, and cutting of
submerged metal structures. Such requirements have led to the adaptation
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of hollow charge techniques, developed originally for military purposes, and
the use of modern explosive compositions formerly considered too expensive
for non-military users. Some engineering projects now include explosive
bolts, and explosives are also used for forming shapes in metal and for
welding metal plates. This proliferation of applications has justifiably led to
the concept that explosives technology is now a branch of engineering in its
own right.

Accidental Explosions

FEarly Problems

As with most of the dangerous commodities used by mankind, explosives
have caused innumerable deaths and injuries over the years, but with each
new category of accident the application of human intelligence sooner or
later finds a way to avoid a repetition. This is, of course, subject to
avoidance of human error, and perhaps the best advice available to all who
handle explosives is the old British Army adage; ‘We must never forget that
the ultimate purpose of an explosive is to explode’.

During the centuries when technology advanced only slowly, the use of
black powder for blasting was particularly dangerous because there was no
reliable way to convey the initiating flame to the charge with a delay time
sufficient for the operator to retreat safely. Trains of powder along floors, or
quills or rushes filled with powder, often caused a premature explosion and
a casualty, an eventuality immortalised by Shakespeare in the phrase ‘hoist
with his own petard’. In the Cornish mines of the 19th century, where
miners were particularly reckless, such occurrences were commonplace.
Then in 1831, William Bickford of Tuckingmill, Camborne, invented the
‘miner’s safety fuse’, which abruptly changed the situation worldwide and
remains in use today in a virtually unchanged form. As we have seen, the
mass explosions of NG in the 1860s impelled Alfred Nobel to find a remedy
in the form of dynamite, and the accidents with NC in the same period led to
Abel’s work which elevated that explosive to its rightful position of great
utility.

19th-century Reforms

In the latter part of the 19th century the increasing production of
explosives led to many forms of accident. In Britain, particular concern was
caused by the explosion of two powder magazines at Erith, Kent, which
killed 13 people, and there followed one at Messrs. Ludlow’s in Birmingham
which killed 53. The Government, in the reforming tradition of the time,
assumed the responsibility for preventing recurrences if possible, and
appointed Colonel Sir V.D. Majendie to investigate the Birmingham
incident. Afterwards he guided the resulting legislation which became the
Explosives Act of 1875. Under the Act, Colonel Majendie was appointed the
first permanent Inspector of Explosives to administer its provisions. He had
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power to inspect all magazines and factories and to see that operations were
carried out in a reasonably safe manner. The result of the Act was a
dramatic cut in the average number of persons killed per annum in British
explosives factories;

1868-70 43

1871-74 32

1878-87 75
Notable Accidents

Other Governments followed suit and the international problem was
brought under control. It was found, however, that the carrying of
explosives on board ships posed higher risks than those on land, because of
the concentration of the cargo, the ease with which fire spreads and the
general proximity of port facilities to densely populated areas. A ship
explosion at Santander, Spain, in 1893 killed hundreds of people, and on 6
December, 1917, during the Great War, a ship carrying 2500 tons of
explosives blew up off shore at Halifax, Nova Scotia, Canada, killing 1963
people and destroying the town centre.

In Britain the war brought a number of accidental explosions, the largest
being at a TNT works in Silvertown, East London. The highest death toll,
however, was 134 killed at an explosives factory at Chilwell, Nottinghamshire,
on 1 July, 1918.

A series of explosions at a United States naval ammunition depot in New
Jersey in 1936, was caused by lightning and involved 1500 tons of
explosives and 21 deaths. It was significant in that it led to the adoption of
the quantity-distance (Q-D) concept, and rules were then applied in the
United States limiting the quantity of explosive which could be stored
within a given distance of other explosives or of inhabited buildings. This
concept is widely applied today but not always without its problems,
especially where explosives ships, port facilities and population centres exist
together.

A new cause of disaster was discovered in 1921. Some 4000 tons of
ammonium nitrate fertiliser, stored in a silo at a chemical works at Oppau,
near Mannheim, Germany, exploded without warning at 7.33 a.m. on 21
September. The village of Oppau was largely destroyed and out of its 5000
population 561 were killed and 1500 injured. The effects of the explosion
were felt up to 20 miles away.

Wartime Accidents

World War II, like its predecessor, brought a huge increase in the amount
of explosives existing around the world, often handled or stored under
difficult conditions by inexperienced personnel. In Britain there were
inevitable accidental explosions in factories, ammunition dumps and on



10 Explosives, Propellants and Pyrotechnics

trains, but their frequency was minimised by experience gained in the
previous war, and often by cases of personal bravery. An illustration of the
latter, and also of unforeseen cause and effect, occurred in Cambridgeshire
on the night of 1 June, 1944. A freight train loaded with 400 tons of aircraft
bombs was approaching Soham when it was found that the timber bed of
the leading wagon was on fire. The bombs which it was carrying contained
five tons of TNT. The crew stopped the train, coolly unhitched the
remaining trucks, then restarted the locomotive and drew the burning
wagon forward as far as Soham Station. There its load exploded, but due to
the marginal gap which had been opened up the remainder of the train load
did not. Two railwaymen were killed, and the station and 15 houses were
destroyed. The truck, as well as the locomotive tender, was demolished, but
subsequent investigation showed that it had previously been used for
carrying sulphur, and it was surmised that a spark from the engine had
ignited the residue, thus starting the fire. Appropriate recommendations
were made, as always to avoid a repetition.

The largest explosion in the country’s history occurred accidentally at
RAF Faulds, an underground bomb store near the village of Hanbury in an
agricultural part of Staffordshire. On 27 November, 1944 some 3500 tons of
bombs detonated almost simultaneously, killing 68 people and destroying
not only the depot but parts of Hanbury Village half a mile away. The cause
is believed to have been the use of a wrong tool on a tetryl exploder. The
crater, 100 feet deep and several acres in extent, is a tourist attraction to this
day. The same year of 1944, marking as it did the climax of the War, was a
bad one for explosives accidents. On 14 April a fire and explosion on a ship
in Bombay docks killed more than 1000 persons, and on 17 July at Port
Chicago, California, 1500 tons of explosives, mainly torpex, in railcars and
a ship’s hold, blew up killing 320 and injuring 390.

Post-war Problems

Another bad year occurred in 1947. This time the cause was not military
explosives but, as at Oppau, large quantities of ammonium nitrate fertiliser.
In France, 21 people died and 100 were injured at Brest when 3000 tons of
fertiliser exploded, and on 16/17 April of the same year, when two ships
caught fire at Texas City, USA, some 2280 tons of nitrate which they were
carrying exploded, causing 552 fatalities and leaving more than 3000
injured. It is said that these disasters served, ironically, to draw anew the
attention of the explosives industry to the capacity of ammonium nitrate to
detonate en masse, and hence paved the way for the introduction of ANFO
and slurries a few years later.

In recent decades there have been no incidents world wide of accidental
explosions causing casualities on the scale of the 1940s, and in general the
industries responsible for the manufacture, storage, transportation and use
of explosives can be said to have put their house in order. Indeed, the
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chemical engineering industry has attracted more opprobium with disasters
involving other dangerous substances (e.g. Flixborough 1974, Movosibirsk
1979, Bhopal 1984) than has been caused by conventional explosives. The
discovery that ammonium nitrate ‘cooks off’ when exposed to a conflagration
had echoes in Britain in January 1977 in connection with another oxidising
salt, sodium chlorate, which until then had not been thought capable of
mass explosion. A warehouse at the Braehead container depot, Renfrew,
Scotland, containing 1700 drums of the substance accidentally caught fire
and, ten minutes later, exploded, propelling debris up to five miles, slightly
injuring 13 people and causing £6 million damage. As a result of this, the
storage of sodium chlorate is now subject to much stricter controls.
Incidents will always continue to happen with conventional explosives and
other dangerous materials, but experience, wisdom, care and new
technology can keep fatalities to a minimum.

The Nature of Explosives

Basic Features

Explosive systems exist in a wide range of physical forms. They may be
single compounds such as TNT or RDX or they may be mixtures of
substances. These mixtures may consist of chemical compounds or simple
elements and they may be liquids, solids, gases or, as frequently happens
with commercial explosive systems, two-phase systems. Solid or liquid
explosives are often called CONDENSED explosives.

The most usual chemical reaction which occurs in the explosion process is
combustion or oxidation. Here, the fuel elements, usually carbon and/or
hydrogen, react with the oxidising elements, normally oxygen or a halogen
such as chlorine or fluorine. Condensed explosives contain the necessary
oxidiser to permit reaction to take place in the absence of air and are thus
‘self contained’. In contrast, ordinary fuels such as paraffin, wood or coal
are not capable of rapid combustion unless they are finely divided and
provided with copious quantities of air, or more specifically, oxygen. The
corollary of this is that because explosives contain their own oxygen as well
as fuel, when combustion takes place, the total amount of energy they
release is considerably less than that from an equal weight of a straight
forward fuel. For example, 1 kilogramme of TNT releases 4080 kilojoules of
energy whereas the combustion of 1 kilogramme of petrol in an adequate
supply of air will release more than 30,000 kilojoules. The usefulness of an
explosive derives more from the speed at which it releases its energy than
from the quantity of energy released.

Explosive Mixtures

As we have already seen, explosives exist in a number of forms and the
simplest way to classify them is into mixtures and single chemical compounds.
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The simplest mixture we can consider is that of 2 volumes of hydrogen gas
and 1 volume of oxygen gas. Complete mixing occurs naturally, and when
initiated with a spark a violent explosion ensues with the production of
water

This reaction results in a decrease in the number of gas molecules and at
first appears to be contrary to the definition of an explosive which is that a
large volume of gas should be produced. However, no less than 13,260 joules
of heat per gramme of mixture are released by the combustion of hydrogen.
The expansion of the product water vapour due to the heat much more than
makes up for the reduction in the number of gas molecules on combustion
and an explosion results. Though gaseous fuel/air explosives have been
proposed for mine clearance, they are not practical military explosives and
‘condensed’ mixtures are more commonly encountered.

An example of a condensed explosive mixture is black powder or
gunpowder. Roger Bacon (1214-92) gave its composition as:

Potassium nitrate 37.5 per cent
Charcoal 31.25 per cent
Sulphur 31.25 per cent

This mixture was slow burning and not very powerful. Developments in
production methods took place which brought the constituents into much
more intimate contact and hence speeded up the combustion rate. ‘Corned’
(granulated) black powder burns much more rapidly than the older material.
Another improvement came when it was realised that there was not enough
oxygen held in the potassium nitrate oxidiser to combust all the fuel
elements. The formula for a modern black powder is typically

> Potassium nitrate 75  per cent
>  Charcoal 15  per cent
>  Sulphur 10  per cent

The sulphur, as well as being a fuel element, reduces the ignition
temperature of the mixture. Black powder was invented long before the
advent of modern chemistry and even now it is not possible to describe its
combustion adequately in a simple chemical equation. An over-simplified
approximation to the reaction is as follows:

4KNQO; + 7C + S —> 3CO0, (gas) + 3CO (gas) + 2N, (gas)
+ K,CO; (solid) + K;S (solid)

Thus only about 43 per cent of the explosive is converted into gaseous
products which is about a quarter of that produced by an equal quantity of
an efficient modern explosive. Moreover, the solid products retain a
considerable proportion of the heat produced on explosion, further reducing
the efficiency of the black powder.
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A much more efficient and commonly encountered condensed explosive
mixture is used commercially as a ‘prilled’ powder or as a slurry and about
25,000 tons was produced in the United Kingdom alone in 1986. The reaction
may be represented by the equation:

25NH,NO, + CgH,s —> 8CO, + 59H,0 + 25N,

The products of this explosive mixture are entirely gaseous giving a very
cheap and efficient product.

Single Explosive Compounds

The development of the organic chemical industry in the mid-19th century
was stimulated by the search for synthetic dyestuffs which had a greater
fastness and colour range than those extracted from natural materials. Soon
a vast range of compounds was available. Many of the coloured compounds
resulted from the treatment of precursor materials with mixtures of nitric
and sulphuric acids. This treatment produced compounds containing one or
more (-NO,) groups (nitrogroups) many of which were explosives in their
own right. The oxygen for combustion is held in the (-NO,) group.

Such groups may be attached to oxygen atoms, carbon atoms or nitrogen
atoms in the molecules and are called ‘nitrate’, ‘Nitro’ or ‘nitramine’
compounds respectively. Examples of explosives of each type are shown
below:

CH

5 NO,
CH,0 - NO, ¢ N NO, |
tl:HO NO HQC/N\CHZ
| e O,N- N\C,N -NO,
CH,0 - NO, NO, H,
Glycerol trinitrate Trinitrotoluene Cyclotrimethylene

trinit 1

(nitroglycerine) (TNT) o fl(;;;;jme

These molecules will explode violently if stimulated in an appropriate
manner. The molecular structure breaks down on explosion leaving,
momentarily, a disorganised mass of atoms. These immediately recombine
to give predominantly gaseous products and evolve a considerable amount
of heat called the Heat of Explosion.

b 03 H5 N3 Og o 3002 + 25H20 1 15N2 17 2502
Nitroglycerine

> C,H;N;0,—> 3.5C0 +25H,0 + 1.5N; + 3.6C (solid)
TNT

s H. N, 0,—> 3C0O . +3H;0 + 3N,
RDX
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Performance of Explosives

The effectiveness of an explosive depends on two factors. The first is the
amount of energy available in the explosive and secondly, the rate of release
of the available energy when the explosion occurs. To measure the
effectiveness of different explosives a variety of performance parameters
may be used such as:

Heat of explosion
Temperature of explosion
Pressure of explosion
Power index

Rate of burning
Detonation velocity

NN N N N NS

Detonation pressure.

These parameters may be measured experimentally or calculated from
theory. Theoretical calculations are more convenient and are useful in
comparing the relative performance of one explosive with another but in an
explosion the precise conditions are not known so it is doubtful whether
absolute performance figures for an explosive can be calculated precisely.
Where such absolute values are required then they must be determined by
experiment.

Heat of Explosion (Q)

When an explosive is initiated either to rapid burning or to detonation, its
energy is released in the form of heat. The heat so released under adiabatic
conditions is called the Heat of Explosion and determines the work capacity
of the explosive. For high explosives and for propellants in the breach of a
gun, the heat is measured or calculated under constant volume conditions
(Q,). For rocket propellants, where the products of combustion may expand
freely into the atmosphere, it is more appropriate to use conditions of
constant pressure and the heat obtained is @,.

The heat of explosion is simply the difference between the heat of
formation of the products of explosion and the heat of formation of the
explosive compound itself. The heats of formation of gases such as carbon
dioxide, carbon monoxide and water are well known and have often been
measured. The heats of formation of chemical compounds may be calculated
from a knowledge of the individual bond energies between the atoms which
make up the explosive molecule thus enabling the heat of explosion to be
calculated easily. Table 1 lists values of @ for various common explosives:
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TABLE 1.1 CALCULATED HEATS OF
EXPLOSION FOR SOME EXPLOSIVES
(WATER As GAS)

joules per gramme

Nitroglycol (EDGN) 6730
Nitroglycerine 6275
PETN 5940
RDX 5130
HMX 5130
Tetryl 4350
TACOT 4015
TNT 4080
DATB 3805
Lead azide 1610
RDX/TNT 60:40 4500

The experimental determination of heats of explosion has yielded rather
variable results, depending on the experimental conditions and the oxygen
content of the particular explosive. For instance, when the mixture of atoms
formed during an explosion recombines to form the gaseous products, the
precise mix of CO,, CO, H,0 etc. depends on the loading density in the test
vessel and this factor also affects the measured heat of explosion.

Oxygen Balance

From the formulae of the three explosives given earlier, we can see
immediately that nitroglycerine has more than enough oxygen in its
structure to oxidise fully the fuel elements of the molecule. RDX is somewhat
oxygen deficient since the carbon has been oxidised to carbon monoxide
only. TNT is very oxygen deficient; not only has its carbon only been
oxidised as far as carbon monoxide but some carbon has not been oxidised
at all. This is the reason why TNT gives a black sooty smoke when it is
detonated.

Unlike explosive mixtures, where the oxygen content can be adjusted by
varying the proportions of the constituents until the fuel and oxidiser
elements are balanced, simple chemical compounds are rarely perfectly
balanced. The oxygen balance (Q) of an explosive is defined as:

‘the percentage by weight of oxygen, positive or negative, remaining after explosion,
assuming that all the carbon and hydrogen atoms in the explosive are converted into
CO, and H,0.

All the explosive classes above — nitrate esters, nitrocompounds and
nitramines — contain only the elements carbon hydrogen oxygen and
nitrogen and are called CHNO explosives having the general formula:

C,.Hy N.Oq4
Simple algebra shows that the oxygen balance is given by the formula:

1600

Q=0 - 2a - b/2) x u
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where M is the relative molecular mass of the explosive. Using the formula
we find the oxygen balance shown below:

Oxygen balance

Nitroglycerine +3.5 per cent
RDX -22 per cent
TNT -74 per cent

The Effect of Oxygen Balance on Heat of
Explosion

When there is exactly enough oxygen in the explosive to fully oxidise the
carbon and hydrogen to carbon dioxide and water (i.e. Q = 0) then the heat of
explosion will be optimal. Any deviation from perfect oxygen balance either
positive or negative, will lead to a lower heat of explosion. Figure 1.1 shows
the dependence of the heat of explosion on oxygen balance. EGDN, for
which () = 0 has the highest heat; nitroglycerine, with its positive oxygen
balance (2 = +3.5) has a smaller heat as do all the other explosives with
negative oxygen balances.

7000~
6500

6000

(W.G.) in Jg~

5500+

5000+

4500 7]

of Explosion

Heat

4000+

35007

T T I T T T

-80 -40 0 +20
Oxygen Balance to CO,

FiG. 1.1 Effect of oxygen balance on the heat of explosion
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TNT is heavily oxygen deficient. Its performance can be improved by
mixing it with ammonium nitrate which is oxygen rich to form the
‘amatols’. An ammonium nitrate/TNT 80:20 mixture has () = 0. In this case,
though a high @ value is obtained, the detonation velocity suffers, being
only 5080 m s! for amatol of density 1.45 g cm? compared with 6950 m s!
for TNT at 1.58 g ecm™3.

In blasting gelatine, the oxygen deficiency of the 8 per cent cellulose
nitrate content is compensated for by the addition of 92 per cent of
nitroglycerine. Hence the heat of explosion is higher than that of either
component alone and in addition, the mixture forms a gel of high density
and helps to account for the high velocity of detonation which is 7900 m s!
at 1.55 g cm3,

Composition of the Gaseous Products of Explosion

To calculate the heat of explosion and other explosive performance
parameters a knowledge of the composition of the gaseous products of
explosion is essential. This may be calculated from the equilibrium
constants of the water-gas and other reactions but it is a tedious process.
Recently, data banks and software have been compiled which allow
computer calculations to be made.

A good approximation to the experimentally determined composition can
easily be obtained however, by applying a set of rules developed by
G. B. Kistiakowsky and E. B. Wilson during World War II. The rules can be
applied to any CHNO explosive provided it has an oxygen balance of
greater than (-40).

The rules are:

1. All carbon atoms in the molecule are oxidised to carbon monoxide.
2. Any unused oxygen atoms then oxidise the hydrogen atoms to water.

3. Any remaining oxygen atoms are used by oxidising their stoichiometric amount of
carbon monoxide to carbon dioxide.

4. Any nitrogen atoms go to nitrogen gas (N,).

The rules have been applied to the following examples:

EXAMPLE 1

What are the gaseous products of RDX(C;H;OzN;) which are formed on
detonation? (0 (RDX) = -22 per cent)
From the above rules:

1. 3C —> 3CO (3 oxygen atoms left)
2. 6H —> 3H.,O (all oxygen used up)
3. No oxygen left
4, 6N —> 3N,

The overall reaction is therefore:
CgHGOBNﬁ — SCO + 3H20 + 3N2
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For explosives with a greater oxygen deficiency than (-10) the above rules
were modified as follows:

1. All hydrogen atoms in the molecule are oxidised to water.
2. Any unused oxygen atoms then oxidise carbon to carbon monoxide.
3. All nitrogen atoms go to nitrogen gas.

EXAMPLE 2

What are the gaseous products of TNT(C,H;OxN,) which are formed on
detonation ((UTNT) = -74%)
From the above rules we get:

1. 5H —> 2.5H,0 (3.5 oxygen atoms left)
2. 3.5C —> 3.5CO0 (all oxygen used up)

5H 3.5 carbon atoms are left unoxidised
3.3N —> 15N,

The overall reaction is therefore:
C.-HON; —> 25H,0 + 3.5C0O + 3.5C (solid) + 1.5N,.

Temperature of Explosion

The maximum temperature which the gaseous products of explosion can
reach if no heat is lost to the surroundings is called the Temperature of
Explosion (7,) and is often used when calculating the ability of an explosive
or propellant to do work. T, is found to lie between 2500 and 5000°C for
military high explosives. It can be calculated quite easily if the quantities
and nature of the gaseous products and the heat of explosion (@) are known
from the equation:

R e s
235
T, is the ambient temperature — generally taken to be 25 °C and Xc is the
sum of the mean molar heat capacities of the explosion products over the
temperature range T, to 7T,. These are readily available from standard
thermochemistry tables.

In practice, the heat capacities of molecules are higher, the more atoms
there are in the gas molecules. It follows therefore, that if the product
molecules formed on explosion can be kept small (e.g. produce CO rather
than CO,) then higher values of T, may be achieved for the same heat of
explosion (@). This is achieved by adjusting the oxygen balance of the
explosive so that it is somewhat negative. This will of course reduce the heat
of explosion so that in practice a compromise is established. For gun
propellants it is important not to have too high a temperature of explosion
or else erosion of the gun barrel will reach unacceptable levels.
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Gas Volume

The volume of the gaseous products of explosion (V) is generally
calculated at a pressure of 1 bar and a temperature of 0°C (273K) and
generally lies between 700 and 1000 em? for military explosives. Inspection
of the equation for combustion gives the number of moles of gas produced
and since the volume of a mole of any gas occupies the same volume under
standard conditions (22,400 em3) the value of V can be calculated readily.

EXAMPLE

Calculate the volume, V, for the detonation of RDX, given that the
equation for reaction is:

C3HgOgNg (RDX) —> 3CO + 3H,0 + 3N,
1 mole of RDX —> 9 moles of gas
222 ¢ RDX —> 9 x 22400 cm? of gas
1 g RDX gives 9 x 22,400 em? of gas
222
%4 = 908 em? g!
Pressure of Explosion

The pressure of explosion (P,) is the maximum static pressure which may
be achieved when a given weight of explosive is burned in a closed vessel of
fixed volume. The pressures attained are so high that the Ideal Gas Laws
are not sufficiently accurate and have to be modified by using a co-volume (a):

At high pressures

P, (V* - a) = nRT,

where V* is the volume of the closed test vessel, n is the number of moles of
gas produced per gramme of explosive and R is the universal gas constant.

EXAMPLE

Calculate the pressure of explosion of P, for the burning of 10 g of RDX in

a bomb of volume 10 cm3, given that n = 0.045 moles per gramme of RDX, T,
=4255K and « = 0.54.

_ 0.0405 x 8.31 x 4255
(1 - 0.54)

=3113 MN m2
= 31 kbar approx.

P,

Pressures of explosion are of a much lower order of magnitude than
detonation pressures.
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The Explosion Process:
Detonation Shock Effects

Burning and Detonation

Intrinsic Energy

In Chapter 1 we saw that practical explosives are mixtures or single
compounds and that all but a few of them contain oxygen in some form,
together with the fuel elements carbon and hydrogen. We saw also that
nitrogen is usually present as a chemical companion to the oxygen. The
system is thus capable of producing, almost instantaneously, a large
quantity of the gases carbon dioxide, carbon monoxide, water and nitrogen.
Because such oxidation reactions are exothermic, the system also produces
much energy, which is treated as being initially in the form of heat and is
called the heat of explosion, designated @. Since the explosive material is a
self-contained chemical system, and because energy cannot be created, it is
clear that the energy is contained within the explosive from the time of its
manufacture, waiting to be released by some initiatory stimulus.

Two Combustion Processes

When an explosive charge is initiated, the energy is released by one of two
possible combustion processes, burning or detonation. Most explosives are
capable of either process, depending on the method of initiation and the
conditions under which it occurs, particularly the degree of confinement. In
practice these factors are regulated in a way which ensures that the
explosive behaves in the desired manner. Because of this, it is sometimes
suggested that explosives can be divided into two categories, detonating and
deflagrating or rapidly burning, but this is a misleading over-simplification,
the more so as certain very useful explosive compounds are used
increasingly in both roles. It is better to divide all explosive processes into
either burning or detonation, and to bear in mind that in situations where
the conditions cannot be regulated, i.e. in unforeseen accidents, the question
as to which process happened is often decided by pure chance rather than
the type of explosive involved. There is an element of unpredictability in the
behaviour of explosives under all but tried and proven conditions.

21
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Burning

Virtually all explosives burn vigorously when ignited in a dry, unconfined
state, an exception to this are water-based slurries. Burning can also occur
in a confined state, since explosives do not rely on an external supply of
oxygen for their combustion. Burning comprises a series of chemical
reactions which take place in a zone or zones at or just above the surface of
the explosive. When the surface of the material is thus being converted into
gases, the surface itself can be regarded as receding in consecutive layers.
This concept is expressed in Piobert’s Law (1839): The surface of a burning
propellant recedes layer by layer in a direction normal to the surface.

The size of the discrete piece of explosive does not affect the concept: it can
be tiny grain of small arms propellant, or the propellant grain of a solid
rocket motor weighing tens of kilogrammes. The temperature of each layer
is brought in turn to the ignition point by means of heat radiated or
conducted from the reaction zone(s) into the solid material. Some heat is
also evolved by the relatively slow decomposition of the material just before
it reaches its ignition point, the model assumes that the surface is non-
porous, which does not apply to certain propellant compositions. The rate at
which the surface recedes depends on the rate of heat transfer into the
material. In turn, this depends on the temperature at the burning surface,
the thermal conductivity of the material, its transparency to radiation and
inversely on its thermal stability.

Rate of Regression

The rate of regression, or ‘linear’ burning rate, is designated r. For a given
explosive the main factor affecting r is the pressure P obtaining at the
surface at a given instant, since the effect of pressure is to thin the reaction
zone and thereby accelerate the flow of heat into the explosive. In 1862 de
Saint Robert deduced that the relationship, for black powder, between r and
P was given by

= BP2_1'3

where 8 is called the coefficient of the burning rate and depends on the units
of r and P. Later, Paul Vieille found that the smokeless powders and other
new explosives of the Nobel era gave different values for the index and he
generalised the expression as

P = ﬁP"

which is known as Vieille’s Law (1893).

Burning Rate Index

The index «, known as the burning rate index, has to be determined
experimentally using an apparatus called a Strand Burner. Strands of pro-
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pellant are burned at various pressures and the measured values of r are
plotted against P. Values of « for different propellants and other explosives
vary from about 0.3 to more than 1.0. If the index is exactly 1.0, the plot is a
straight line. An index higher than 1.0 gives a steepening curve, less than
1.0 gives a flattening one. The index is of great importance in the internal
ballistics of guns and rockets. It also indicates the tendency or otherwise of
an explosive to detonate in certain circumstances, as will be seen later. The
value of o for conventional gun propellants is about 0.8-0.9, while that for
certain rocket propellants is as low as 0.3.

Because of the pressure dependence of the linear burning rate, the effect of
heavy confinement on a burning explosive is very great. A strand of typical
gun propellant, ignited at one end in the open, burns quietly at around 5 mm
s'!, but when confined in the breech of a gun, where the pressure can rise
some 4000 times higher, the burning rate is about 400 mm s!. Thus a solid
grain 2 mm thick would be consumed in 2.5 ms at maximum pressure. For
the purpose of internal ballistics this burning rate does not need to be
exceeded, but for any application requiring a more extreme burning rate the
appropriate technique is to combine heavy confinement with the provision
of porosity in the grains, so that the flame enters the particles and consumes
them faster than would surface burning. By such means an ultimate linear
burning rate of about 500 m s! is achievable.

Mass Rate of Burning

A different, but related, way of expressing the rate of burning is the mass
rate of burning, designated m. This is the mass of explosive consumed in
unit time. Consider a grain of explosive, of any shape, burning all over its
surface. If the surface area is A and the linear burning rate is r, the volume
of explosive consumed in unit time is r x A. Hence the mass consumed in
unit time is r x A x p where p is the density. This would apply to, say, a
single large propellant grain in a rocket motor or equally to an aggregate of
smaller grains in the breech of a gun. Now, it can be shown by geometry
that a large number of small grains has a much greater surface area per
unit mass, (specific surface), than a single grain of the same weight. In a
gun, therefore, A is large. The charge of grains is ignited quickly over its
entire surface, so the rapid generation of gas causes the pressure P to rise.
The linear burning rate r follows suit, and r and P then rise inter-
dependently to high values within one or two milliseconds. The net result is
the more or less explosive effect known as deflagration.

A Surface Phenomenon

The burning of a solid explosive, therefore, is essentially a surface
phenomenon, as is the case with most other combustible solids. The main
difference is that explosives do not need a supply of air to sustain their
burning. Confinement of burning paper, for example, will extinguish the
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flame, but confinement of an explosive does the opposite, it speeds up the
reaction and may lead to an explosion.

Detonation

Nature of a Detonation

As stated earlier, burning is one of the two alternative combustion
processes by which explosives release their energy. The other is detonation.
The first notable feature of detonation is a shock wave which passes
through the explosive material without being much affected by the relative
position of the surface. The second outstanding feature of detonation is its
great speed compared with any burning process. The velocity of the shock
wave in solid or liquid explosives is between 1800 and 9000 m s, an order of
magnitude higher than that of a fast deflagration and two or three orders
higher than an average one. Whereas, in burning, the rate at which the
material decomposes is governed by the rate of heat transfer into the
surface, the rate of decomposition of the material in the wake of a
detonation wave is limited only by the velocity at which the material can
transmit the wave.

Basic Methods of Initiating a Detonation

The practical initiation of explosives takes place under conditions
regulated to produce either burning or detonation as required. The burning
of most explosives is quite easily started by simple ignition, and once
started is difficult to stop. Detonation is less easy to achieve in most cases.
Certain conditions have to be provided so that the shock wave is formed and
will propagate through the explosive material without attenuating and
fading. Although the velocity and pressure of the wave are enormous once it
is established, it is sometimes delicate and unpredictable in its early stage.

Initiation to detonation can occur in one of two ways:

>  Burning to detonation.
> Shock to detonation.

Burning to Detonation

Burning to detonation, as the name implies, consists of a transition from
the burning process already described: an ignition of the explosive followed
by an abrupt acceleration of the flame front until it becomes transformed
into a shock wave. The conditions under which this can happen are various,
and also the readiness with which different explosives display the
phenomenon varies greatly. Perhaps the easiest case to visualise is when an
explosive is confined in a tube and ignited at one end. The gas generated
cannot escape easily, so pressure tends to build up at the burning surface. If
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the explosive has a burning rate index of more than 1.0, or if, as is
sometimes the case, the index is higher at high pressure than at low
pressure, pulses will be generated, and these may accelerate the linear
burning rate to sonic velocity. A shock wave will then be formed and the
transition to detonation is complete. A zone of total chemical decomposition
and formation of gases follows the wave until the charge is completely
consumed.

Burning to detonation can be brought about not only by confinement in a
tube but also by the presence of a critical mass of explosive. Thus one stick
of dynamite may merely flare when ignited whereas a bundle of similar
sticks may well burn to detonation. A loose heap of explosive can provide
self-confinement and thus either burn or detonate, according to its size and
to a property called explosiveness which will be discussed in a later chapter.

Shock to Detonation

The alternative way of initiating detonation, called shock to detonation,
requires the action of a shock wave from an already detonating charge,
called the donor, on the charge in question, the receptor charge. The two
charges usually need to be in contact, or nearly so. When the shock wave
passes through the receptor charge, the explosive material undergoes
compression and adiabatic heating. This liberates some of its chemical
energy, which has the effect of changing the natural deceleration of the
wave into acceleration. Hence the pressure in the wave front is increased,
more energy is released from the explosive and the wave continues to
accelerate until it reaches the characteristic velocity of sound in the shock-
compressed medium of the explosive. A burst of light (as revealed by high
speed cine photography) signals the onset of detonation. However, if the
shock wave from the donor charge is too weak, or if other conditions are
unfavourable, the entering wave will fail to accelerate and will die out,
leaving the bulk of the receptor charge chemically unchanged.

Although the final result of the two initiation systems is identical, there is
a wide difference of time scale between them. In a designed burning-to-
detonation system, such as a blasting detonator or a delay fuse, the delay
may be of milliseconds. In an accident situation, for example if a pile of
explosive is being disposed of by uncontrolled burning, it may convert to
detonation quite randomly, seconds or even minutes after ignition.
Compared with either of these two cases, the shock-wave may have to run a
distance of millimetres or centimetres into the receptor charge before
reaching detonation velocity, but this causes a delay of only a few
microseconds, so there is a difference of three orders of magnitude at least.
Given the proper conditions the shock-to-detonation method is the surest
and most convenient way in which to initiate a main charge to detonation.
However, from a wider viewpoint, shock-to-detonation is not an independent
alternative to burning-to-detonation, because it requires a donor charge, and
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that charge can only be initiated by a burning-to-detonation system at the
outset.

Functions and Classification of Explosives and
Pyrotechnics

In practice, explosives are employed to fill certain roles. The nature of the
role determines whether burning or detonation is required. The explosive
will then be caused to function under conditions regulated to ensure that it
behaves in the desired manner. Explosives can therefore be classified under
the role in which they are normally employed. Explosives which are
normally caused to detonate are called high explosives (HEs). Explosives
which normally function in a burning mode are sometimes called low
explosives. However, this term is now discouraged and because such
compositions are mostly propellants of various kinds, they are nowadays
called propellant explosives or simply propellants.

We can include in our scheme of functions the class of materials known as
pyrotechnics, although they do not share all the characteristics of
explosives which are set out in this Chapter. Pyrotechnics are mixtures of
oxidising and reducing solids, capable of self-sustained combustion at rates
which differ greatly from one composition to another. They are designed to
produce special effects which supplement or simulate those produced by
conventional explosives, and are outlined in part 3 of Table 2.1.

TABLE 2.1 FUuNCTIONS OF EXPLOSIVES

1. High explosives detonate to:

Create shock waves

Burst

Shatter

Penetrate

Lift and heave

Create airblast

Create underwater bubble pulses

2. Propellants burn to:

Propel projectiles and rockets

Start [.C. engines and pressurise other
piston devices

Rotate turbines and gyroscopes

3. Pyrotechnics burn to:

Ignite propellants
Produce delays
Produce heat, smoke, light and/or noise

While some explosive compounds can be assigned exclusively to the
category of high explosives, others are more versatile. Nitrocellulose is
present in many commercial high explosives, but is also the universal
ingredient of all conventional gun propellants. Nitroglycerine is also present
in many commercial high explosives and in many propellants, while RDX,
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hitherto regarded simply as a high explosive, is also being incorporated in
more and more propellant compositions.

Another way of classifying explosives is by the readiness with which they
are ignited and exploded, that is, their sensitiveness to initiation. (The
difference in meaning between the words sensitivity and sensitiveness is a
fine one and in this instance is irrelevant). Substances which are readily
ignited or detonated by a small mechanical or electrical stimulus are called
primary explosives: those which are not readily initiated thus, and therefore
require the influence of an impinging shock wave to initiate them, are called
secondary explosives. Propellants are not normally initiated by either of
these methods in practice, but by the application of flame. Combining the
classifications, we can describe both the input normally applied to an
explosive and the response expected of it:

> A primary high explosive can be detonated easily.
> A secondary high explosive can be detonated, but less easily.
> A propellant explosive is not required to detonate at all.

> Whilst it is probably true that all primary explosives are capable of
detonation, some are not required to do so in use, but only to
deflagrate.

It must be stressed that the above statements are requirements, not firm
predictions as to the behaviour of explosive materials under all conditions.
For instance, in accident situations or under enemy attack, propellants may
detonate, and secondary explosives, given the wrong kind of initiatory
stimulus, may burn instead of detonating. The requirements presuppose
that the explosive system will function as it is designed to.

Partition of Energy

Propellants

Consideration of explosion processes reveals that the energy released by
an explosive undergoes several conversions and partitions within the brief
time-span of the explosion. For instance, in a gun the energy of the
deflagrating propellant is first released as internal energy of the gases,
manifested as high temperature and pressure. As soon as the projectile
begins to move up the bore, work is being done on it, and it acquires kinetic
energy at the expense of the internal energy of the gases. Further internal
energy is lost as the gases themselves accelerate and acquire kinetic energy.
When the projectile clears the muzzle, the gases vent and collide with the
atmosphere, transferring their kinetic energy to it in the form of a minor
blast wave. The remaining energy of the gases is lost directly to the
atmosphere and to the material of the gun in the form of sensible heat. In
general little of the energy of a deflagration is converted into wave energy.
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Detonations in Air

Taking now the case of a high explosive detonating in air, an appreciable
proportion of the released energy is contained in the shock wave which
passes through the charge. This wave spreads laterally, and at the far end
of the charge frontally, into the surrounding air, but decelerates abruptly
and is overtaken within a few charge diameters by the expanding gas front.
The gas front compresses the atmosphere ahead of it and creates a powerful
blast wave, containing much of the original energy of the explosive. Work
has been done by setting the air molecules in motion, but it is accomplished
more by the internal energy of the expanding gases than by the energy of
the detonation shock wave.

Confined Detonations

If the same explosive, instead of detonating in air, is inserted in a hole
drilled in solid rock and detonated there, the situation is somewhat different,
because the gas is not free to expand straightaway. The detonation shock
wave is transmitted more efficiently by a dense solid such as rock. It travels
freely through the material, but the impulse which it imparts is not of a type
which, by itself, can propel heavy pieces of rock over a distance and thus do
measurable work. Instead, it produces intense compression for a very short
time, and this tends to cause plastic and elastic flow in a homogeneous hard
material. Hence the energy of the wave is largely dissipated as frictional
heat. The usefulness of the wave lies in the fact that a brittle material will
fail under intense compression, and even a tougher one will fail in tension
when the initial compression phase of the wave is suddenly reversed by
reflection. These extreme forces produce spalling and cracking effects in
even the strongest materials, and the gases are then able to expand and
heave the broken mass in any required direction. Thus the energy released
by a detonation is partitioned between the shock wave and the internal
energy, which is the work capacity of the gases which expand behind it. For
some effects, such as breaking isolated boulders, only the shock wave
energy is of use, while for others, like blowing a crater in loose ground, it is
the heaving action which is important. Each separate application requires a
characteristic partition of the available energy. At a given detonation
velocity, every high explosive displays a specific partition of its energy, and
it is therefore possible to choose the explosive best suited to a particular
task.

Measuring the Partition of Energy

The best way to measure the partition is to detonate a charge under water:
the detonation wave moves rapidly away and is well clear before the gas
pressure fully expands the resulting bubble at a lower order of velocity.
Measurements can thus be made of the separate energies of the detonation
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wave and the bubble. Such experiments show that the maximum proportion
of the energy which goes into the shock wave is no more than about 50 per
cent, and that the explosives which display this proportion are those with a
high velocity of detonation.

Detonation Velocity and Pressure

Because of the partition of energy requirement, the velocity (D) at which
the detonation shock wave proceeds through a charge is an important
parameter of the explosive material. It can be predicted by calculation and
measured experimentally, and although a maximum value can be assigned
to a particular explosive, depending ultimately on its thermochemical
properties, practical results may be considerably lower, for reasons outlined
below.

> Effect of density of loading (A)

Since a detonation wave proceeds through the body of the
explosive, the energy which it releases within and behind itself
will depend on the mass of explosive traversed per unit area of the
wave front. Hence the more mass that is concentrated into a given
volume of explosive, the more energy the wavefront can release in
order to sustain itself at a high velocity. Provided the charge is of
reasonable diameter and well confined (see below), the velocity of
detonation appears to be almost exactly proportional to the
loading density and is covered by the relationship:

D; = Dy, + 3500 (A; - 4p)

where D, = velocity of detonation at density A,
and D, = velocity of detonation at density A,

This formula applies to explosive compounds or mixtures of them,
and the result is that plots of D against A for different explosives
form more or less parallel straight lines. The achievement of high
loading density has importance in munitions in addition to its
effect on the velocity. High density is necessary if the maximum
amount of explosive is to be contained in a compact munition. In
commercial blasting, high density loading of shot-holes is usually
an advantage, but not always so: it depends on the burden to be
blasted.

To calculate the approximate velocity of detonation for a given
explosive at a particular loading density, Marshall’s formula is
used:

D (in metres per second) = 430vnT; + 3500 (A-1)

where n is the number of moles of gaseous products per gramme of
explosive detonated,
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T, is the temperature of detonation, expressed in kelvins
and A is the charge density in g em™.

This formula gives good agreement with observed results
although the calculation of 7; from thermochemical data is
necessarily only approximate. It should be noted that both of the
foregoing formulae apply only to explosive compounds or mixtures
of such compounds. They do not apply to explosive mixtures of
fuel and oxidant: the detonation velocity of these falls off above a
critical density, and if compressed too much they become
undetonable. This is known as dead-pressing, or desensitisation.

Effect of diameter of charge

The velocity of detonation falls below its maximum when the
diameter of the charge is below a certain value, if the degree of
confinement is also small. This diameter varies for different
explosives, according to their sensitivity. For sensitive compounds
like NG and PETN it is a few millimetres, for less sensitive ones
like TNT, ANFO and slurries it is between 10 and 30 centimetres.

Effect of confinement

In general, the stronger the confinement the higher is the
detonation velocity. The effect of confinement becomes more
marked as the diameter of the charge is reduced.

Effect of strength of detonator

Explosive charges and initiating systems used in military
munitions are designed to ensure that the fully velocity of
detonation is achieved in every round, for maximum effect.
However, the more ad hoc combinations of detonator and main
charge used in commercial blasting operations may result in the
detonator imparting an inadequate shock wave to the receptor
charge, and the velocity of detonation will then be markedly
decreased. Nitroglycerine-based explosives, commonly used for
rock blasting, but not in military detonating munitions, are
capable of two very different velocities. The use of too weak a
detonator may reduce the achieved velocity from more than 6000 m
s! to a low as 2000 m s.

The corollary of all the variabilities of detonation velocity is
that when quoting velocities it is necessary to state at least the
loading density to which a particular figure applies. Where any
other doubt is implicit, the diameter, confinement and strength of
detonator should also be stated. For military explosives, the



The Explosion Process: Detonation Shock Effects 31

velocities quoted are usually the maximum allowed by all the
variables. In any case, such compositions, being of high
performance, are less affected by the variables. The velocities of
commercial explosives are usually quoted, in this country, for an
unconfined column of explosive 1% inches (32 millimetre) in
diameter and initiated by a No. 6 detonator. These conditions
often produce a velocity far below the maximum achievable by
other means, as shown in the previous paragraph. Table 2.2 shows
velocities for commercial explosives and Table 2.3 shows values
for some military explosives. Table 2.2 is assembled from various
data and shows velocities which probably approach the maximum
achievable. Sales literature produced by manufacturers tends to
quote a range of velocity for any given explosive, to cover all
causes of variation.

The velocity of detonation shock waves is equal to the velocity
of sound (C) within the explosive material at the temperature and
pressure existing in the shock front, plus the velocity of the
material (w) as it moves forward in the wave. This fact is known
as the Chapman-Jouguet condition:

D=C+uw

where C is about one-third higher than the speed of sound in the
charge before it is compressed by the detonation wave. For a
typical high explosive, say TNT, ¢ is about 5400 m s! in the
conditions of the wave and w is about 1500 m s!, so D is about
6900 m s°1.

The Experimental Measurement of Detonation
Velocity

The experimental measurement of detonation velocities has been greatly
improved in recent years with the introduction of electrical methods and
high-precision timing. A detonation shock front has a high electrical
conductivity compared with the undetonated explosive, so circuits can be set
up in the explosive which feed high-voltage pulses into a counter-timer. For
routine quality control in explosives factories, however, a much older
technique is used, known as the Dautriche method. This is a comparative
method, relying on a known velocity for detonating fuze. This velocity, of
course, has to be checked when necessary by an absolute method such as
above. The following is an outline of the Dautriche method.

The explosive under test is contained at the desired density of loading in a
steel tube and fired by the detonator, see Figure 2.1. Two detonators are
inserted at points A and B in the tube which are at a measured distance L
metres apart, and a length of detonating fuze of known velocity of
detonation connects the two detonators together. The centre portion of the
fuze is laid on a plastic plate P, the exact centre point of the fuze E being
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marked on the plate. As the detonation wave of the explosive travels along
the tube it fires the two detonators in turn, causing waves of detonation
travelling in opposite directions to pass around the fuze. Where these two
waves meet at F an indentation occurs on the plastic plate and the distance
EF is then measured.
Then if D, is the velocity of the detonation of the fuze, the velocity of
detonation of the explosive is given by:
_ DL
' 2FEF
This formula may be easily derived thus: the time taken for the explosion
wave to travel from A to F in the fuze must be equal to the time taken for the
explosion wave to travel from A to B in the main explosive and then B to F
in the fuze. Hence:

AE _Loe BE

D, D, D,
or AE + EF - L  BE - EF
D, D, D,
But AFE = BE, hence:
D, (BE+EF) = D;L + D, (BE - EF)
D‘ = DzL
2EF
P
E
F

F1G.2.1 Diagram of Dautriche Apparatus
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TABLE 2.2 DETONATION VELOCITIES OF SOME COMMERCIAL EXPLOSIVES

33

(10% NG, 12% sodium
chloride)

Type Density Detonation Remarks
gem velocity

ms!
Blasting gelatine (92% NG) 1.55 7900 Initiated with No.8 detonator
Polar ammon gelatine 1.5 6850
dynamite (50% NG)
Gelignite (26% NG) 1.45 6400
Plaster gelatine 1.5 6300
TNT powder (18% TNT) 1.1 4850
Water-based slurries 1.4-1.7 3-4500 Depends on composition and

diameter

ANFO 0.8 2-3000 Depends on diameter
Permitted powder explosive 0.7 1800-2000

Detonation Pressure

The peak dynamic pressure in the shock front is called the detonation
pressure (p) of the explosive. An empirical method of calculating it is due to

Cook, as follows:

p (kbar) = AD? x 2,50 x 10

where A is the charge density in g cm™3

and D is the velocity of detonation in m s!.

EXAMPLE

Given the velocity of detonation of HMX at 1.50 g em™2 as 7400 m s,
calculate its detonation pressure (p) at the same density.

Then

p

i

1.50 x 74002 x 2.5 x 10% kbar

205 kbar

The calculated detonation pressures of some high explosives are given in
Table 2.3. It should be noted that it is traditional in explosives technology to
use the kilobar as a unit of detonation pressure, regardless of the nature of
the medium. Strictly, the bar and kilobar should only be used in connection
with fluids, so some modern literature on shock waves quotes pressures in
gigapascals (GPa), where 1 GPa is equal to 10 kbar. In the present work we

are adhering to tradition.

Fragmentation Munitions

Detonation pressure is the main factor in determining the property of
explosives called brisance, or shattering effect. It is derived from the French
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TABLE 2.3 DETONATION PARAMETERS FOR SOME MILITARY EXPLOSIVES

p/kilobar

Tvpe D/m s at A/g em? calc.
Secondary explosives

HMX 9110 1.89 392
RDX 8440 1.70 300
RDX/TNT 60/40 7900 1.72 268
DATB 7520 1.79 253
Nitroglycol 8100 1.50 246
Nitroglycerine 7700 1.60 237
Tetryl 7160 1.50 192
TNT 6950 LaT 190
Primary explosives

Lead azide 4500 3.8 192
Mercury fulminate 4500 3.3 167
Lead styphnate 4900 2.6 157

word briser = to break. The property of brisance enables a high explosive to
break its container, such as a shell or bomb, into small fragments which fly
at high velocities. There is no close analogy between this process and the
ejection of a projectile from a gun. The latter depends on the relatively
steady production of hot gas by the propellant, whereas fragmentation relies
on the shock wave to break up the case and begin the acceleration,
subsequently aided by the expanding gas. In modern munitions the ways in
which the fragments are produced are various. Whereas a HE shell or
mortar bomb is a plain cylinder which has to be strong enough to withstand
the shock of discharge, a missile warhead or an anti-personnel grenade may
have a liner of preformed fragments, or its case may be grooved on the
inside to produce a similar effect. Fragmentation is a complex topic and the
following is only a rough guide.

The fragment size, whether randomly produced or preformed, is optimised
for the type of target intended. An anti-personnel grenade projects very
small fragments, sometimes pieces of notched wire liner: they are required
only to incapacitate an enemy, not kill him, and should not be capable of
wounding the thrower at only a little greater distance. Fragments from
warheads, shells or bombs are optimised to damage aircraft or vehicles and
the preferred weight is in the range 5-10 grammes. The larger the velocity,
but the thinner the cloud of fragments is, the less is the chance of hitting the
target. Taking, then, the size of the randomly-formed fragments and the
velocity to be the most important parameters, they both depend to a large
extent on the ratio of charge weight to case weight. Provided this ratio is not
far from 1:1, the size of the fragments decreases as the detonation pressure
of the explosive increases. For moderately or very heavy cases the fragment
velocity tends to be a function more of explosive work capacity and
charge/case weight than of detonation pressure. In HE shells, which have
c:w ratios of about 1:10, velocities average 1000 m s, while large bombs,
with ratios up to 2:3, can give velocities up to 4000 m s!. Fragments, being
of poor ballistic shape, decelerate more sharply than bullets: a typical
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fragment slows by more than half over a distance of 100 metres. It will
require a velocity of some 1000 m s!, depending on its shape, to penetrate 10
millimetres of steel. The effect of fragment shape on its penetration capacity
is less at higher velocities, and at 2000 m s it is said to be negligible.

Scabbing

Fragmentation is one of the ways in which high explosive shells are
designed to cause damage: another is scabbing. Scabbing is a technique for
damaging a thick metal plate, like armour, on one surface by exploding a
charge on the opposite surface. The charge must be detonated from a point
furthest from the metal, whereupon the shock front meets the metal in a
more or less parallel plane and passes through it as a compression wave.
When it encounters the other surface of the metal it is reflected, because of
the large acoustic difference between metal and air. The wave undergoes a
phase change on reflection, and travels back as a tension wave. Once the
tension wave has cleared the later portion of the compression wave the
momentum which has been imparted to the reflecting surface takes effect
and tears the metal apart at the weakest plane, which is that of the
returning tension wave. Thus a disc of metal, formed into a shallow dome
and called a scab, becomes detached from the surface of the plate and is
thrown forward at a speed of about 100 m s'. The diameter of the scab is
roughly equal to that of the charge producing it. The military application of
scabbing is in the defeat of thick armour plate on tanks. The vehicle is
attacked with a type of shell known as High Explosive Squash Head
(HESH). It has thin walls, a thin rounded nose and a base fuze. The shell is
filled with a soft, insensitive mixture of high explosive and wax, and when
it strikes the target the nose and walls deform under the impact and the
explosive becomes momentarily piled against the armour. After an optimal
delay of the order of a millisecond the fuze detonates the main filling and
the resulting scab, weighing several kilogrammes, ricochets round the
interior of the tank, causing sufficient damage and injury to put the vehicle
out of action. The filling of a squash-head shell must be of high detonation
pressure as well as low sensitiveness. A mixture of RDX and wax in the
appropriate proportions 90:10 is usual.

Rock Blasting

The same capacity of an explosive to impart a high pressure shock wave
to its surroundings, and the ability of rock, like metal, to reflect the wave at
an air interface, is vital to the blasting of rock by high explosives. Routine
blasting in quarries is called bench blasting, the bench being an artificial
cliff within 20° of vertical. Holes are drilled from the top surface, parallel to
the face and ending at or just below floor level. Each hole is filled to about
three-quarters of its length with explosive, initiated either by a detonator or




36 Explosives, Propellants and Pyrotechnics

by a detonating fuze. The remainder of the hole is stemmed with clay, sand
or gravel. In practice a row of such charges is detonated together, but we
will consider one hole for simplicity. The shock wave starts from the
initiator and travels down the hole, spreading radially into the surrounding
rock. Since the wave front is roughly conical, pressure is exerted in both
radial and axial directions. When the wave has moved clear of the hole,
these pressures are relieved unevenly and the rock, which is much weaker in
tension than in compression, begins to crack in radial orientations, starting
a little outward of the hole. The crack velocity is probably about 1000 m s!
whereas the shock wave is travelling several times faster. That portion of
the spreading wave which meets the cliff surface, often called the free face,
is reflected back as a tension wave, and on its return journey meets the
cracks which are spreading both away from the hole and towards it. The
interaction of the tension wave with those cracks which are nearest to
parallelity with it causes further reflection and cracking. As a result, the
whole rock mass within a 90° sector of the hole breaks up. The residual
pressure of the hot gas in the hole heaves the mass forward a little way
before it collapses to the quarry floor. The whole process is a combination of
shock wave effect and the work capacity of the explosive. If the burden (the
distance between the hole and the free face) has been judged correctly, and
the hole is properly stemmed, a minimum of the available energy is wasted
as heat, air blast and ground vibration. The explosive used must be chosen
for its characteristic velocity, and hence detonation pressure and brisance,
to match the strength of the rock and break it into the optimum size for
mechanical handling. Those pieces which are too big for this are subjected
to secondary blasting, one type of secondary blasting is known as plaster
shooting. A small slab of high velocity explosive or plaster gelatine, is laid
on the boulder, covered with mud and detonated. The interacting internal
reflections of the shock wave shatter the boulder. This is a shock wave effect
only, the internal energy of the gas is largely wasted.

Elementary Shock Wave Shaping

The damage capacity of an uncased explosive charge comprises two
effects, the detonation shock wave and the expansion of the gases. Both of
these effects rely fundamentally on the chemical energy which is the heat of
explosion of the charge, and since no practical high explosives of
significantly greater energy are ever likely to be discovered, much of the
research into explosives is devoted to making the best use of the energy
available. In particular, the detonation wave which travels through and
away from the main charge can be suitably shaped to produce a
concentration of energy in a particular direction. This section discusses the
shape of detonation waves and the ways in which they can be influenced.

Explosive charges of many sorts and sizes tend to be cylindrical in shape
for various reasons (e.g. ballistic shapes, drilled shot-holes, filled tubes) and
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they are often, though not always, detonated from one end. In a cylindrical
charge of very large diameter and initiated from one end, the detonation
wave would theoretically, spread spherically from the detonator and would
therefore approach planarity as it proceeded along the charge. In practice,
however, heat losses at the circumference cause the wave front to reach a
constant state of convexity (Figure 2.2).
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F1G. 2.2 Theoretical and actual shapes of detonation shock waves

There are two stages at which the convexity of the wave front can be
modified. The first is during its progress through the bulk of the charge,
where an interface between two different explosive media, called an
explosive lens, can be contrived. The second possible stage is when the wave
leaves the outer surface of the charge, i.e. the explosive/air interface, the
geometry of which can be made to alter the wave shape. Methods relating to
these two stages will be referred to as internal wave shaping and surface
wave shaping respectively.

Internal Wave Shaping: Explosive Lenses

The simplest case of wave shaping arises in a composite cylindrical
charge consisting of two solid explosives of detonation velocities D, and D,
respectively, bonded together at a planar interface whose centre is X (Figure
2.3). If D,> D,, then when the central portion of the wave reaches X it will
accelerate from D, to D, while the outer portion is still travelling at velocity
D;. The curvature will then increase as shown in Figure 2.3.

This assumes that the second explosive charge at once assumes its own
characteristic velocity when initiated by the detonation wave from the first
charge. In a real situation the detonation shock wave crossing the interface

will decelerate or accelerate slightly depending upon the relative velocities
of D, and D,.

F1G. 2.3 Shockwave propagation at plane interfaces
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A converse effect occurs when a wave in a steady state of curvature
decelerates at a planar interface. If the ratio of the velocities is correctly
matched to the initial curvature, an almost planar wave can be achieved.

Such wave-shaping effects are correspondingly greater when the interface
between two explosive media is not planar but curved. In Figure 2.4 it is
seen that a wave passing from a high velocity explosive to a lower velocity
one via an oppositely convex interface has its own curvature reversed.
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F1G. 2.4 Shockwave propagation at curved interfaces

There is an obvious analogy to the optical lens, which alters the parallel
nature of a beam of light by virtue of (a) the lower velocity of light in glass
compared with the air medium and (b) the curvature of at least one
interface. Because of this similarity the juxtaposition of different explosives
at a curved interface is called an explosive lens. The explosive lens can have
a reverse arrangement to that shown above and the two types are shown
together in Figure 2.5, both producing, in this case, planar waves.
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Fi1G. 2.5 Explosive lenses

In practice the range of detonation velocities achievable in suitable solid
explosive charges lies in the range 4000-8500 metres per second. Bipartite
explosive lenses constructed from baratol (D = 4200 m s!) and HMX/TNT (D
= 8400 m s!) achieve a detonation velocity differential of 1:2. Differentials of
1:4 probably represent the limit achievable, such could probably be attained
by using low velocity gelatines in conjunction with suitably bonded HMX.

The Implosion Device

One of the most important applications of the convergent explosive lens is
in the nuclear fission bomb or warhead. The implosion device of the prototype
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atomic bomb was developed by G. Kistiakowsky and operated successfully
in 1945 in New Mexico and at Hiroshima. It consisted of a set of twelve
bipartite charges arranged round a hollow core of fissionable material. The
charges were so shaped as to form a complete hollow shell of explosive
(Figure 2.6). The twelve detonators were fired simultaneously and the
resulting spherical wave impinged on the core to initiate the chain reaction.
The implosion device remains today one of the two normal methods for
triggering an atomic explosion.

high velocity

low velocity

central ’
cavity

fission core

Fi1G. 2.6 A schematic nuclear fission bomb

Other Types of Internal Wave Shaping

INERT PAD

In Figure 2.7 is shown a method of producing a ] '
wave of approximately conical shape from the ’
normal convex one. The introduction of an inert D) E
pad causes the wave to be propagated around the
pad but not through it, thus completely altering ‘\

the shape of the wave.
F1G. 2.7 Inert pad wave-shaper

EXPLOSIVE-METAL WAVE-SHAPER OR AIR LENS

In this system, shown in Figure 2.8, the low velocity component of the
explosive lens is replaced by a layer of metal in contact with the high
velocity component on the side of the approaching detonation wave and an
air cavity on the other side of the liner. When the detonation wave reaches
the metal liner, it is accelerated across the air gap with an overall velocity
less than that of the detonation wave. An air shock will travel ahead of the
liner but will be too weak to initiate detonation when it arrives at the far
side of the cavity. By suitable shaping of the cavity, the desired shape of
shock front can be produced. The example shown is equivalent to the
explosive lens system shown in Figure 2.5.

——



40 Explosives, Propellants and Pyrotechnics

R

\
\

liner cavity

Fic. 2.8 Explosive-metal wave-shaper

CORED CHARGE

The production of bipartite charges with
curved interfaces is difficult and costly. An
approximately planar wave can be obtained
less expensively from a cored charge,
showed in Figure 2.9, in which a cylindrical
core of low velocity explosive is inserted into
a cylindrical charge of a higher velocity
one.

F16.2.9 Cored charge

Surface Wave Shaping

Thus far we have considered only the shape of the wave as it passes
through the bulk of the charge. However, as has been noted, the shape of the
wave is also influenced by the geometry of the outer surface of the charge
which the wave ultimately reaches in its progress away from the initiation
point. There is a tendency for the wave to travel in a direction perpendicular
to the surface from which it emerges. Then, after the wave has passed into
the surrounding air, it is no longer supported by the release of chemical
energy from the charge. Therefore any edge or excrescence on the charge
surface produces an immediate local attenuation of the wave in excess of the
normal effect of lateral spreading.

The attenuated portion decelerates more rapidly than the remainder so the
entire wave front becomes distorted. Conversely, any concavity in the
charge surface produces a local strengthening of the wave which counters
the normal attenuation. These effects, known as Mach disturbances, will
now be considered in the case of the simple cylindrical charge and some
variants.
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If a cylindrical charge, such as
a stick of gelignite initiated to
detonation at one end, a convex
detonation wave travels along
the charge as we have seen. It

also expands into the air with a [ ( r:lEr

lateral velocity component. The
wave front in air assumes a
pear-shaped form (Figure 2.10).

F1c.2.10 Detonation wave from a
cylindrical charge

When the wave reaches the far end of the charge and emerges
completely into the surrounding air, its new shape will depend on the

geometry of the end of the charge.

If the end is planar and perpendicular, the ——
emerging wave front will contain an annular-

re-entrant distortion caused by attenuation @ ————
at the circular edge (Figure 2.11).

F1G.2.11 Shockwave from a
plane-ended charge

If, however, the end is hemispherical no
Mach disturbances arise and the wavefront
is smooth and conical as shown in Figure

2.12.

F1G.2.12 Shockwave from a
charge with a hemi-spherical end

Alternatively the end can be shaped into a

wedge, in which case the wave spreads
laterally from the two plane surfaces (Figure
2.13). This effect can be useful for the
splitting of rock or other hard material.

F16.2.13 Shockwave from a
charge with a wedge
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Finally, the forming of the end of the charge into a conical re-entrant shape
as in Figure 2.14 produces a unique effect: the conical shock front emerging
from the cavity produces a reflected wave behind it, which then becomes
superimposed on the parent wave and the reinforced narrow front moves
forward at great speed, followed by a jet of gas. The effect is very damaging
to targets such as metal sheets, producing a localised perforation not
achievable in any other way by the same quantity of explosive. The term
shaped charge is sometimes used to describe this kind of charge, but since,
as we have seen, the shape of any charge whatsoever affects its
performance, the term cannot be recommended because it is insufficiently
specific. The alternative term hollow charge though not perfectly explicit, is
better and will be used herein. The hollow charge effect was named the
Munroe effect after the American C. E. Munroe (1849-1938), the first man to
investigate it in any scientific way. Munroe himself did not understand the
phenomenon fully in 1888, which is not surprising, because even low
velocity waves in detonating gas mixtures had been first discovered only a
few years previously, and the study of waves in solid explosives was in its
infancy. Other names connected with the hollow charge effect are
Neumann, who investigated it in the period 1920-14, Lodati (1932) and
Neubauer (1937). Most of the work on it, however, has been done in
anonymity and great secrecy, appropriate to its immense military
importance.

Hollow Charges and Linear Cutting Charges

Improvements

The uprating of Munroe’s original discovery into a far more efficient
penetration method was based on two vital improvements:

> The hollow in the explosive was lined with a thin layer of inert
material, usually metallic. This was found to re-form into a
narrow, fluid jet which has much greater penetrating effect than
the gaseous jet which it largely replaces.

> In order to allow space for the jet to develop and lengthen, a gap
(‘stand-off’) was provided between the mouth of the charge and the
target. This is an opposite requirement to most of the shock effects
of explosives, which rely on intimate contact between explosive
and target.

These discoveries were made in time for the 1939-45 war, in which hollow
charge weapons and demolition devices were used extensively. Today they
are used in an even greater variety of weapons, and also in the field of
commercial explosives.
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Configuration

A conical, lined hollow charge typically has a length of about one cone
diameter behind the apex of the cone and is invariably detonated from the
rear. A single detonator on the axis is usual. The charge does not need to be
cylindrical throughout its length, so it is often tapered to the rear (Figure
2.14).

Explosive

e ———— ——

Detonator

Ballistic nose
 for missile

Exploder

FiG. 2.14 Diagram of lined hollow charge

Formation of Jet

Some means has to be found to provide a stand-off between the mouth of
the cone and the target of at least one cone diameter, and preferably about
three. For a static detonation only a simple support is needed, but for a
missile warhead some form of thin ballistic nose and one of several
alternative fuzing systems has to be provided.

It is important that the detonation shock front reaches the apex of the
cone with little convexity. It then presses the liner radially into the axis as it
proceeds. Thin though the liner is (average only 2.5 per cent of its diameter),
the material shears in the process, the front face moving forward to form a
narrow axial jet, while the material from the rear face forms a thicker
section, known as the slug or plug, near the original position of the apex.
The front of the jet emerges at an extremely high velocity, up to 8000 m s\
Behind the tip there is a gradient of velocity as well as temperature, so the
jet lengthens as it proceeds. Eventually it breaks up into discrete droplets of
metal, and it is just before this happens that its penetrating capacity is
maximal. The rearmost part of the jet, comprising material from the
periphery of the cone, has a velocity of only about 1000 m s!, and behind
that travels the slug at only about 300 m s'!. Being less affected by the heat
and pressure of the detonation wave, it remains a little below its melting
point, in a state known to metallurgists as ‘pasty’.

Method of Penetration

The penetration capacity of the jet is due to its great kinetic energy
directed at a small area of impact. If the jet has mass M, velocity v and
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cross-sectional area A, then its penetration capacity is proportional to
Muv?/2A where v is very large and A is very small. The penetration of a
thick metal target by the jet is not due to the melting of the target material
or to erosion, but to plastic flow of the material when exposed to a pressure
of some 230-300 kbar for about four microseconds. No material is lost from
the hole unless the hole reaches the further surface. The hole is typically
narrow, tapering, not quite straight, and for a copper liner against steel,
about five cone diameters (CD) deep. (In the latest anti-tank missiles this
represents a penetration of up to 50 centimetres of steel). The slug does not
contribute to the penetration and is often to be found lodged in the entrance
of the hole.

Variables

Because of the long history and many applications of the hollow charge, a
large number of variables exists. These include

Detonation parameters of the explosive
Ratio of charge length: CD

Ratio of stand-off: CD

Ratio of liner thickness: CD

Liner geometry

Liner material

Fuzing mechanism (for a missile)
Effect of spin (for a gun projectile)
Cost effectiveness

o N AN NN

Some of these variables interact with others, so the optimisation of a hollow
charge for a particular use needs a great deal of consideration. Taking only
two factors, the detonation parameters of the explosive and cost effectiveness,
it is found that penetration is a function of jet velocity and this in turn
depends on two other things, detonation velocity (D) and detonation
pressure (p). The latter depends on the former and both are related to the
charge density A:

detonation pressure p = B x A x D2

Types of Explosives

Thus the penetration capacity of the jet, other things being equal, bears a
good linear relationship to the value of AD? for the explosive employed.
Now, explosives of the highest D values tend to be the most expensive. For
an application where the maximum degree of penetration is essential, e.g. a
precision-guided anti-tank missile, a costly HMX-based composition is a
candidate, since the cost of the charge will anyway be small compared with
the sum of £10,000 or more represented by the whole round. However, for a
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less demanding military use, e.g. a trench-digging aid or the bomblets for a
cluster bomb, a cheaper RDX/TNT mixture is more cost-effective.

Commercial Uses

Hollow charges are used increasingly in commercial blasting. They vary
in size from small, precision-made ones, a few centimetres in diameter and
supplied complete with an adjustable support, to the large ones employed in
the Nobel Offshore Pack which are used in pallets of 81 for the simultaneous
blasting of an area of sea-bed. These charges, some 30 centimetres in
diameter, have aluminium liners and are filled with a liquid explosive just
prior to sinking and firing. Such a charge would have little effect on a thick
metal target but is cost-effective in blasting mud and rock. For the use of
any hollow charge under water it is necessary to exclude the water from the
hollow space of the cone, so that the jet can develop. This is done by an
insert of foamed plastic, or by interposing an axial container and driving
out the water by means of compressed gas from a cylinder.

Plate Charges

While most axial cavities in charges are conical for maximum
penetration, a hemispherical cavity can be used if a shallower but wider
penetration is required. Such charges have an advantage over conical ones
in that the liner can be produced in an ad hoc fashion by explosive forming,
given a stout metal mould and a disc of copper or some other malleable
metal. Once the liner has been formed and fitted into a suitable cylindrical
container, it is a simple matter to pack plastic explosive behind it, thus
making a surprisingly effective hollow charge. The liner material is
projected in a roughly tadpole-shaped mass which is more cohesive and
stable than a jet. If nothing is in its way, it will travel for hundreds of
metres.

Single Plane Shaped Charges

In order to provide the deepest penetration, a cone focuses the detonation
wave in two dimensions, but there are also applications for single-dimension
focusing, achieved by a re-entrant wedge shape in the charge and producing
a planar jet. Such a jet has a cutting effect on a hard target and is therefore
useful for the demolition of concrete and steel structures, such as bridges.
The simplest, most compact example is in a demolition store of the Hayrick
type which consists of a rectangular metal box, the bottom of which is
formed into a hollow wedge shape. The box is packed with high explosive
and initiated from the top, stand-off being provided by rudimentary legs.
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Cutting Charges

Another application of the same principle is in the linear cutting charge.
This consists of a flexible lead-alloy tube which is A-shaped in cross-section,
the triangular conduit is about 1 centimetre in internal dimension and filled
with a desensitised high-velocity explosive such as RDX or PETN (Figure 2.15).
The two projecting edges provide a minimal stand-off. When the tube, which
can be several metres long, is placed against metal plating and detonated
from one end, a linear cut is produced. There are several different makes and
gauges of cutting charge, denoted by the weight of explosive per metre: this
is in the region of 100 g m . The heavier gauges can cut about 1 centimetre
of steel or 2 centimetres of aluminium alloy. For the cutting of metal pipes
under water, where the quick placement of the charge is important, a rigid
expendable collar can be made to the outside diameter of the pipe: the collar
is then cut into halves and hinged on one side. The recessed inner face
contains the linear cutting charge and the detonator. A diver has only to
secure the collar round the pipe and return to safety above the surface before
the charge is detonated.

Ii Explosive

F1G.2.15 Linear cutting charge (enlarged)

Collision of Shock Waves

We have already seen in the Dautriche method for determining detonation
velocities, that detonation waves, when colliding head-on, produce a marked
radial damaging effect in the plane of the collision, known colloquially as
the pancake effect. Two further applications of this may be mentioned.
Fracture tape is a recent innovation. It is a ladder-shaped charge of plastic
explosive formed into the appropriately-shaped recesses of a mould of thin
plastics material, a few centimetres wide and of any required length (Figure
2.16). In order to fracture a thick steel plate, up to say 2 centimetres thick,
the fracture tape is laid upon it with the explosive touching the metal. When
the tape is detonated from one end, the detonation wave travels down both
sides of the ladder and branches inwards at each run in turn. The opposing
waves colliding in the centre of each rung produce a rapid succession of
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Inert mould Plastic explosive
F1G.2.16 Fracture tape

violent blows along the plate, causing it to fracture along the centre-line of
the tape.

Another application of colliding shock waves is seen in the off-shore oil
industry, where steel pipes, up to a metre diameter, lining shafts in the sea
bed are sometimes required to be severed. A large charge in a cylindrical
container is lowered down the tube to the target point and is detonated
simultaneously from both ends. The collision of the shock waves at its mid-
point fractures the surrounding metal more effectively than would a single-
point initiation.
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The Explosion Process:
Gas Expansion Effects

In the preceding chapter we have looked at the partition of energy of
explosives and considered those effects which are wholly or partly
attributable to the detonation shock wave:

> Fragmentation

> Scabbing

> Hollow charge penetration
> Collision of shock waves

We now turn to the effects which are derived from the expansion of the gas
behind the shock wave. They are:

P> Lifting and heaving, including cratering

P> Creation of airblast

> Creation of underwater bubble pulses

> Propulsion of projectiles by propellant explosives

Whereas propellant explosives do not appear in the foregoing section
because they do not produce detonation effects, they will be mentioned in
the following section because their work capacity is of the same order of
magnitude as that of secondary high explosives even though their
combustion rate is far slower.

Gas Production

Balances

We saw in Chapter 1 that an explosive is required to produce a large
quantity of gas, in terms of moles per unit mass. The gas acts as a working
fluid. The chemical energy of the explosive is converted into the internal
energy of the gas, and hence, by virtue of the work done on projectiles of
various kinds and on the surrounding atmosphere, into kinetic energy and
wave energy respectively. Wave energy is a rapid alternation, for each
particle of the medium, between potential energy and kinetic energy. We
have seen also that for all practical explosives there is a rough inverse
relationship between the amounts of heat (®) and gas (V) produced. To some
extent the balance between @ and V for a particular explosive determines its
usefulness for a particular role. One reason for this is that the value of @
largely determines the temperature of explosion (7), which is an important

49
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consideration for certain roles. On explosion the energy released, assuming
that none is lost in a shock wave, is apportioned between the various
gaseous products according to their respective heat capacities ().

Thus: =8 + 298
PIT,
where X¢ is the sum of the molar heat capacities of the evolved gases. These

¢ values do not differ greatly for different gas mixtures, so very
approximately it can be stated that

T < Q

For a large @ value and a low V value, 7 will be high. Conversely, if V is
high and @ is low, T will also be low. Explosion temperatures are difficult to
establish accurately either by calculation or experiment, due to their high
magnitude and transient nature, but they vary from about 5000K for EGDN
and NG down to 2300K for nitroguanidine.

For a gun propellant it is important that the explosion temperature 7, or
more specifically 7, for a propellant, shall not be very high. If it is more
than 2800K, problems of excessive gunflash, barrel erosion and heating of
the gun arise. The corollary of a constraint on 7} is a high production of gas
(V), and this is a positive advantage for gun propellants. The chief
performance parameter of a propellant is its ‘force constant’, the maximum
amount of work which can be done by unit mass of propellant. In more
practical terms, as applied to internal ballistics, it is a measure of the
pressure which unit mass of propellant produces in a fixed volume, say the
breech of a gun.

Force (F) = nRT, = pressure x volume

where n is the number of moles of gas per unit mass (and is proportional to
the parameter V as applied to high explosives), R is the molar gas constant,
and 7, is the flame temperature.

Propellant Optimisation

Since there is a constraint on 7, and because 7, is proportional to @, then
Q is also limited. It follows that n will be high, so a high force constant is
achieved without an excessive value of 7. In propellants for artillery and
tank guns this entails the use of large proportions (up to 55 per cent) of
nitroguanidine, which has the highest gas production of any common
explosive (V = 1077 em?® g! at STP) as well as the lowest explosion
temperature. In recent years certain high-performance propellants have
been developed in which part of the nitroguanidine is replaced by RDX to
give a higher force constant, though with some increase in combustion
temperature. The other ingredients of conventional propellants, nitrocellulose
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and nitroglycerine, are included more for their rheological properties than
for their thermochemical ones. Nitroglycerine, having a high @ value of
6275 J g ! is too hot (energetic) altogether for some propellant requirements
and is excluded. Nitrocellulose, on the other hand, is a doubly useful
ingredient for propellants, because in addition to forming an extrudable
matrix, this explosive has a chemical composition which can be varied,
within limits, in the manufacturing stage and hence its values of @ and V
can be chosen for a particular propellant application.

Force, Power and Strength

Release of Energy

If an explosive charge merely deflagrates, as in a gun, the release of
energy is relatively slow and controllable compared with a detonation. No
energy is lost in a detonation shock wave, and in a modern gun some 30 per
cent of the heat of explosion of the propellant is converted into kinetic
energy of the projectile. It is a law of thermodynamics that whereas all the
work done in a system can be converted into heat, not all the heat can be
converted into work. Therefore, looked on as a simple form of heat engine,
the gun is remarkably efficient, about three times better than an internal
combustion engine. High explosives, on the other hand, release their energy
at a much higher rate and are much less controllable. Consequently there is
amuch greater wastage of energy, even under the best conditions, than in a
gun. The energy is liberated in two fairly distinct ways, shock wave energy
and gas expansion. In single explosive compounds of the secondary type
(e.g. TNT or RDX) these mechanisms are roughly parallel properties, but for
mixed explosives the same is less true. Also, as we have seen, in rock
blasting the two effects work together and are not completely separable.
Because of these difficult distinctions, there are several ways in which the
performance of high explosives can be quantified, and this is further

complicated by the different terms used in Armed Service and commercial
circles.

Calculation of the Force Constant

The heat of explosion, which is the total energy contained in the charge, is
also called the absolute strength. As seen in Chapter 1, it can range from
6730 J g1 for EGDN to 3805 J g! for DATB, and it is even lower for primary
explosives. The portion of this energy which can be utilised in doing
measurable work is the sum of force x distance travelled, and is called the
force constant. It is calculated as already shown and gives a much lower
energy per unit mass than the heat of explosion. Thus, for example, RDX
has a heat of explosion (@) of 5130 J g! but a force constant () of only
1430 J g'. Although the performance of gun propellants is commonly
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calculated in this way, that of high explosives in a detonating mode is more
usually expressed on a comparative basis and called power.

Power Index

It must be stressed that this use of the word power is completely different
from the more general scientific definition, which is work done per unit time.
If the latter definition were used it could be argued, for example, that a 225 g
stick of dynamite of average energy would work at the rate of 30 megawatts,
but that would be looking only at the rate at which the energy is released,
not the rate at which it does work. The acceleration of rock or creation of
airblast may take longer by two or three orders of magnitude than the
detonation of the explosive, so the figure is fairly meaningless. Instead,
power in the present context is the work capacity (distinguished as
completely as possible from the shock wave energy) of the explosive,
compared with that of a recognised standard explosive.

There are two basic ways of arriving at figures of explosive power,
calculation and experiment. Taking calculation first, the method is an
adaptation of the expression for the force constant, ¥ = nRT. The term n,
being the number of moles of gas per unit mass, is directly proportional to
V, the gas volume at standard temperature and pressure (STP) for the
explosive in question. Hence, working on a comparative basis, we can
substitute V for n. In the same way we can substitute Q for T because the
two are mutually proportional. Hence we can say that in an approximate
way:

Power = force = nRT «< QV.

The expression QV is sometimes called the characteristic product of an
explosive.

In the British service the standard explosive, the power of which is
assigned a figure of 100, is picric acid, for historical reasons. The Qand V
values for picric acid are 3745 J g-! and 780 ¢cm g ! respectively. It is easy to
calculate the comparative power, or power index, of another explosive, say
RDX, given its respective @ and V values as 5125 J gland 908 cm? g1

The power index is then

5125 x 908 x 100 - 159
3745 x 780

This is a percentage and is dimensionless. A set of such calculated power
indices is given in Table 3.1.

Trauzl Lead Block Expansion Values

The experimental determination of the power parameter has always
proved to be anomalous, due to the difficulty of separating the effects of
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TABLE 3.1 PoweR INDEX VALUES FOR SOME HiGH EXPLOSIVES

Secondary High Power Index | Primary High Power Index
Explosives {Calculated) | Explosives (Calculated)
EGDN (nitroglycol) 170 Lead styphnate 21
PETN 161 Mercury fulminate 14
HMX 160 Lead azide 13
Nitroglycerine 159

RDX 159

RDX/TNT 60/40 138

DATB 132

Pentolite 50/50 129

Tetryl 123

TNT 117

Pieric acid 100

shock wave and gas expansion. The classical method, dating from the
beginning of the century, used the Trauzl lead block. A cylindrical cast
block of lead, 20 centimetres in height and diameter, has an axial hole 2.5
centimetres wide to below the mid-point. A 10-gramme charge of the high
explosive, fitted with a prescribed detonator, is inserted in the hole, which is
then stemmed with sand and the charge is detonated. The net enlargement
of the hole is taken to be a measure of the explosive power. The rounded
figures in Table 3.2 are for enlargements by various explosives, measured in
cubic centimentres.

TABLE 3.2 LEAD BLOCK EXPANSION
VALUES FOR SOME HIGH EXPLOSIVES

Blasting gelatine 520
Nitroglycerine 515
Ammonal 470
Gelatine dynamite (63.5% NG) 415
Tetryl 340
Trinitrobenzene 330
Picrie acid 305
TNT 285

It is usual, however, to express these results as a percentage of the figure for
pieric acid, and such percentages show a reasonably close resemblance to
the calculated power indexes.

The Ballistic Mortar

A different method, much more economical in time and material, is the
ballistic mortar. A heavy steel mortar is suspended from a frame several
metres high and a charge standardised at about 100 g is loaded into a hole
tangential to the arc of swing. A substantial steel projectile is also loaded
into the cavity. Upon explosion the projectile is ejected and the recoiling
swing of the mortar is measured. The square of its value is an indication of
the power of the explosive. This method gives somewhat different results
from the lead block measurement, but is convenient for routine quality
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control in the manufacture of commercial explosives, provided they are
nitroglycerine-based.

Commercial manufacturers make use of the mortar results to indicate to
customers the performance of their products, but their terminology is rather
different from that already described. Instead of the power index there are
four different param