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Preface '

This book does not claim to be a definitive text on fireworks and the
fireworks industry. It is primarily an introduction to the basic science of
fireworks with particular emphasis on the underlying chemistry and
physics.

The historical material — stemming from several well known sources —
is valuable for its technical content. The subject matter then advances to
a presentation on the characteristics of gunpowder, whose unique
properties cause it to be the mainstay of the fireworks industry, even
today.

Succeeding chapters describe the manufacture and functioning of the
most popular fireworks, including rockets, shells, fountains, roman
candles, bangers, gerbs and wheels in what is hoped is a stimulating and
easily assimilated way for those approaching the subject for the first time.

Whilst the book is aimed at students with A-level qualifications, or
equivalent, it is also intended to be useful background material and a
source of reference for anybody engaged in a study of pyrotechnics as
applied to fireworks. Chapters on fireworks safety and jegislation
complete the book and deserve special mention.

None of this book could have appeared ~ at least as a comercial
project — without the enthusiastic advice and very willing co-operation of
Mr John Stone and the late Gordon Curtis of Pains-Wessex Ltd. I am
also indebted to Bill Decker of Pains Fireworks for permission to
reproduce the black and white photographs, and to David Cox who
gave advice on their selection and indeed took many of the pictures.

Probably the most comprehensive general text on fireworks is the
book by the Rev. Ronald Lancaster and co-contributors (Fireworks —
Principles and Practice, 3rd Edition) and I am grateful to him for
discussing my book with me and for giving permission to quote some of
his formulae.

I must also acknowledge the many friends and display operators with
whom I have enjoyed sharing my passion for fireworks over the years.
These include Ray Harrison, Henry Duniop, Campbell Wilson, Chris
Wilson, Ken Norton, Dave Laurence, Andy Goodwin and Debbue,
Jonathon Webb, Steve Cornall, Dale Sullivan, Roly Harrison, the late
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Wally Betts, Kevin Russell, Robert Stevens and my number two
daughter, Jane.
My grateful acknowledgements also go to Kay, Carol and Peter who
worked wonders on the computer.
Finally, I would like to thank my dear wife, Lyn, who sat through
| countless evenings of researching, writing and re-writing.
But having a degree in chemistry and a birthday on the 5th November,

what else could a person choose to write about?
Michael S. Russell




Contents

Glossary

Chapter 1

Historical Introduction

Early Incendiary Devices

Development of Black Powder
Application of Black Powder to Fireworks
Further Uses of Black Powder

Chapter 2

The Characteristics of Black Powder

Influence of Pellet Density on Burning Time
Influence of Moisture on Burning Time
Thermal Decomposition
Thermal Ignition of Black Powder
Thermal Analysis of Black Powder
Analysis by TG
Analysis by DTA
Analysis by DSC
Stoichiometry
Volume of Evolved Gases
Heat of Reaction
Temperature of Reaction

Chapter 3

Rockets

Propellant
Internal Ballistics
External Ballistics

Vil

X1

D0 =] e o

10

10
i1
11
13
16
17
18
19
20
20
21
25

27

27
27
31




N R ¥ L

viii Contents

ED Rocket Design and Manufacture 32
| Recent Developments 34
'-1
g 1
, i' |
g Chapter 4
i Mines and Shells | 37
Calibres | 37
A | Construction of Shells | 37
- Internal Ballistics | 39
B External Ballistics 42
- Mortar Tubes 44
| Energy Transfer Efficiency 45
i Mines | 46
Chapter 5 |
Fountains | 48
Compositions | 48
Atomic Theory 49
Quantum Theory 50
The Colour of Sparks 52
The Brightness of Sparks 54
Particle Combustion 54
Chapter 6
Sparklers 59
Wire Sparklers - 59
Tubed Sparklers ' 60
Chapter 7 ¥
Bangers 62
Method of Construction 62
Volume of Evolved Gases _ 63
| Theoretical Maximum Gas Pressure 63

Airblast and Sound | 64




Contents | X

Chapter 8
Roman Candles | - 66
Method of Construction 66
Emission of Radiation by Stars 68
Chemistry of the Green Star 70
Ionisation in Flames 71
Chemustry of the Red Star 72
Chapter 9 |
Gerbs and Wheels - 75
Gerbs 75
Method of Construction 76
Wheels 77
Method of Construction 77
Chapter 10
Special Effects 80
Quickmatch 80 |
Piped Match 81 '
Plastic Fuse 82
Lances 83
Set-pieces 85
Devices 86
Flash and Noise Effects 87
The Whistle Effect 89
Smoke Puffs 90
Coloured Smokes 91
Firing Electrically 04
Chapter 11
Fireworks Safety | 97
Radio Hazard , 97
Public Safety 97

Organised Displays 98




X

Chapter 12
Fireworks Legislation

The Explosives Acts

The Heath and Safety Commission

The Health and Safety Executive

British Standard for Fireworks

UK List of Classified and Authorised Explosives

Recent Legislation

Bibliography
Subject Index

Contents

103

103
103
103
104
106
108

110

112




Glossary

AFTERGLOW The glowing remains produced by the firing of gun-
powder-based products such as quickmatch. It is very important that
any afterglow 1s extinguished, especially when reloading shells or
mines into mortar tubes.

AMORCE A toy cap that consists of a paper envelope containing
explosive composition and which forms part of a roll.

APOGEE The point at which a projectile, such as a rocket, is at its
greatest height above the Earth.

BANGER A small tube containing gunpowder that is ignited from a
stmple fuse.

BATTERY A group of Roman candles or a set of similar or connected
fireworks.

BINDER A substance such as varnish, shellac or gum arabic that is used
to bind together the components of a pressed composition.

BLACK POWDER (synonymous with Gunp'owder) An intimately milled
mixture of potassium nitrate, sulfur and charcoal that has propellant
or explosive properties. |

BOMBETTE A combination of candles and/or shells packed in a box and
fired by interconnecting fuse.

BOUQUET Simultaneously ejected coloured stars froth rockets or shells.

BRITISH STANDARD (Fireworks) BS7114: Part 1 Classification of Fire-
works, Part 2 Specification for Fireworks, Part 3 Methods of Test
for Fireworks (BSI Sales Dept, Linford Wood, Milton Keynes
MK14 6SL, UK).




Xit Glossary

BURNING RATE The regression of a reaction zone of a pressed com-
position or fuse, usually expressed in millimetres per second. The
volume burning rate is expressed in cubic centimetres per second
while the mass burning rate, which is the product of the composition
density and the volume burning rate, is expressed in grams per
second.

BURSTER Explosive composition which will burn to evolve gas which in
turn is intended to burst open the firework case in order to expel one or
more pyrotechnic units.

cAP Small amount of impact-sensitive explosive composition con-
tained in a non-metallic envelope.

CATHERINE WHEEL A firework comsisting of spiral of pyrotechnic
composition in a paper case that rotates on a pin.

CHINESE FIRE A pyrotechnic composition based on meal powder, iron
filings and charcoal which is designed to produce visual effects
including sparks.

CLER The Classification and Labelling of Explosives Regulations 1983,
HMSO, HS(R)17, ISBN 011 8837060.

CLOVE HITCH A knot which is used (or should be used) by fireworks

operators in order to effectively secure stakes to posts, erc. It is affected

. by looping the cord around the timber so that the loop crosses over at

1 the front. The top section of cord is then looped again around the

timber, but this time passed undemeath the cross to form a double

loop. The knot is then pulled taut and secured with a half-granny knot
or similar.

COMET A single large star expelled from a firework such as a mine.

__J, COMPOSITION (Explosive) An intimate mixture of fuels, oxidisers and

o additives of such particle size that, when pressed, it is capable of

’ producing pyrotechnic effects. .

CONSUMER PROTECTION The Fireworks (Safety) Regulations 1997. SI
No. 2294,

| CRACKER SNAP Two overlapping strips of paper or card with a friction-
sensitive explosive composition in contact with an abrasive surface.
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Glossary Xiit

CROWN WHEEL A circular firework with a central pivot that rests upon
a nail or spike to give the effect of spinning like a wheel and then nsing

into the sky.

DEBRIS Any part of a firework that remains after the firework has
finished functioning.

DEFLAGRATION A burning surface reaction that progresses as suc-
cessive layers are raised to their initiation temperature and ignited.

DELAY TRAIN A combination of igniters and fuses that burn for a
predetermined time before igniting the main explosive composition.

DEVICE An assembly consisting of various type of fireworks, hinked
together, each producing specific pyrotechnic effects, with a single
point of ignition.

EQUATION (chemical) A representation of a chemical reaction, using
the symbols of the elements to represent the actual atoms and
molecules taking part in a reaction. For example, a classical, but
simplified, overall reaction for the deflagration of gunpowder is as
follows:

2KNO; + § + 3C - K8 +3C0O,+ N;
Potassium Sulfur  Charcoal Potassium Carbon Nitrogen
nitrate sulfide dioxide

EXOTHERMIC A term used to describe a chemical reaction in which
energy in the form of heat 1s released.

EXPLOSION A violent and rapid increase of pressure in a confined space,
brought about, in fireworks, by internal exothermic chemical reactions
in which relatively large volumes of gases are produced.

EXPLOSIVE Substances which undergo rapid chemical changes, with the
(chemical) production of gases, on being heated or otherwise initiated.

EXPLOSIVES ACTS Acts of Parliament whose objectives are to control the
manufacture, keeping, sale, conveyance, importatign and criminal use
of explosives. ‘

FIRECRACKER An early form of banger using gunpowder and paper
cases commonly tied into bundles or strips.

FIREWORK An article containing an explosive composition which, upon
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functioning, will burn and/or explode to produce visual and/or aut
effects which are used for entertainment or signalling,

FLASH POWDER A mixture of fuels, oxidisers and other additives that
capable of being initiated to undergo fast deflagration which is usual
accompanied by smoke and a bright flash.

FLITTER (colloquial) A. spark that gives a transient but twinklin
effect.

FOUNTAIN A long, tubular firework from which a jet or spray of spark
issues, sometimes accompanied by stars,

FUEL Any substance capable of reacting with oxygen and oxyge
carriers (oxidisers) with the evolution of heat.

FUSE An item with pyrotechnic or explosive components that 1
intended to be ignited in order to start the firework functioning or «

transmit ignition from one part of a firework to another.

FUSEE An article resembling a safety match but which has additiona
pvrotechnic composition that glows after ignition and is essentially
wind-proof and weather-proof. Used for lighting fuses.

GERB A small tubular firework from which a jet or spray issues.

GRAIN The particulate matter of a granulated composition, or a charge
of solid rocket propellant, or a unit of mass, where one
grain = 0.0648 2.

GUNPOWDER See BLACK POWDER.

HSE Health and Safety Executive. (Explosives Inspectorate. Magdalen
House, Bootle, Merseyside L20 3QZ, UK).

IGNITION Initiating combustion by raising the temperature of the
reactants to the ignition temperagure.

INCANDESCENCE The emission of light caused by high temperatures;
white or bright red heat.

INITIATOR  The first component in a pyrotechnic or explostve train.
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LANCE Small, tubular firework designed to emit a coloured flame for
about 90 seconds. Used for a visual effect in set-pieces.

LATTICE A framework of crossed laths used for supporting lances or
other fireworks.

LOCAE List of Classified and Authorised Explosives. (HSE Books, PO
Box 1999, Sudbury, Suffolk, CO10 6FS, UK).

MAROON A firework that is fired from a mortar and explodes with a
loud report. Usually used to signal the start of a display.

MEAL POWDER A very fine particle-size gunpowder that is used for
priming and making matches.

MILL The apparatus for reducing the particle size of pyrotechnic
ingredients and/or intimately mixing the said ingredients.

MINE A firework that is fired from a mortar and which contains a single
propellant charge and pyrotechnic units.

MIS-FIRE The failure of any firework or pyrotechnic unit to function
within the expected time. In the event of a mis-fire, at least 20 minutes
should be allowed before approaching the firework.

MORTAR A tube from which a mine or shell may be fired.

NEC Net Explosive Content. The mass of explosive composition within
a firework.

OPERATOR A person who operates fireworks or pyrotechnic displays
(usually in conditions of darkness, cold and damp, with little financial
reward, but inestimable dedication).

PARTY POPPER Small hand-held firework operated by a pull-string,.
PAYLOAD The total mass of pyrotechnic effects carried by a rocket, ezc.

PEC The Packing of Explosives for Carriage Regulations 1991 (SI 1991/
2097y HMSO, ISBN 011015197X.

PIC Plastic Igniter Cord. A fuse burning with an intense flame progress-
ively along its length. Used for igniting the match attached to shells,
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Xvi Glossar;

etc. Different burning speeds are available from 49sm=! tc
33sm™".

PIPED MATCH A fuse con'sisting of quickmatch enclosed in a paper pipe
that serves to increase the burning speed.

PORTFIRE A hand-held tubular appliance containing slow-burning

explosive composition which will emit a small lame. Commonly used
for lighting fuses.

PRIMING A layer of readily ignited explosive composition that is applied
to the surface of the main composition in order to facilitate ignition.

PROPELLANT ~ An explosive composition that burns with the character-
istics necessary for propelling shells and rockets, ezc.

PYROTECHNIC Of, like, or relating to fireworks.

PYROTECHNIST = A person skilled in the art of making or using fireworks.

QUICKMATCH A fuse consisting of gunpowder coated onto cotton yarn
using an adhesive such as gum arabic. |

RAD HAZ Radio Hazard. The hazard associated with the use of
electro-explosive devices (EEDs) such as wirebridge fuseheads in the
vicinity of radio-frequency transmitting equipment (BS 6657: Preven-

tion of Inadvertent Initiation of Electro-explosive Devices by Radio-
frequency Radiation). -

ROCKET A self-propelled firework with stick for stabilisation of flight.

ROCKET LAUNCHER A tube, frame, box or base from which rockets may
be launched. |

ROMAN CANDLE A tubular firework usually containing a plurality of
alternate pyrotechnic units and propellant charges.

SAXON A tubular firework containifig a pair of opposing nozzles that is
designed to rotate by virtue of a central pivot.

SERIES FIRING A method of firing fireworks electrically by connecting

wirebridge fuschead igniters in'series, i.e. one after the other, so that
the current flows through each in turn.
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SsERPENT The preformed shape of explosive composition or an integral
container of explosive composition that functions with the emission of

expanded residue.

5 SET-PIECE  An assembly consisting of lances and other fireworks linked
together to form images and other pyrotechnic effects with a single

point of ignition.

SHELL A firework designed to be projected from a mortar tube and
containing propellant charge, delay fuse, burster and pyrotechnic

units.

spARKLER Wire coated along one end with explosive composition, and
designed either to be non-hand held (i.e. free-standing or fixed to a

support) or to be held in the hand.

STAR A compressed pellet of explosive composition designed to be
projected as a pyrotechnic unit, with visual effects. )

sQuIB A small tubular firework, conta.iniﬁg gunpowder, that makes a
hissing sound and then explodes.

STOICHIOMETRIC MIXTURE A balanced mixture which, on reaction, will
yield a stoichiometric compound. For example, two molecules of
hydrogen and one molecule of oxygen constitute a stoichiometric
mixture because they vield exactly two molecules of water on combus-
tion. Such a balance is important when formulating pyrotechnic

composttions.
THROWDOWN An article containing an impact-sensitive explosive com-
position.

TOURBILLIONS Fireworks designed to revolve on the ground and then
ascend. They consist of tubes with opposing nozzles and small wings.
They used to be known as ‘aeroplanes’ in the UK.

WHEEL Any firework that is designed to rotate about a fixed point.

WHISTLER A firework designed to whistle by virtug'of an explosive
composition containing gallic acid or similar.

WIREBRIDGE FUSEHEAD An electric igniter containing a bridgewire
surrounded by a small bead of explosive composition designed to

emit a short burst of gas and flame.




Chapter 1

Historical Introduction

EARLY INCENDIARY DEVICES

Working with fire probably began about half a million years ago when
patniarchal cavemen realised that they felt the cold and began rubbing
pieces of wood together until the friction caused an ignition. In fact, it is
none too easy to generate fire in this way but we have all seen
contrivances driven by coils of leather that spin a pointed stick against a
wooden notch until it smokes and eventually bursts into flame.

Now it was originally thought that fire was a kind of substance and
that this substance generated flames when it met the air. It is only within
the last 200 years or so that fire was correctly interpreted as being a form
of energy where the flames are defined as regions of luminous hot gas.

To find evidence of the first application of fire in the creation of
‘special effects’ it 15 necessary to go back some 1400 years when the
naturally-occurring substances petroleum and naphtha were employed
by the Greeks as an early form of napalm. In the characteristically
unfriendly practices of those times, one Kallinikos from Heliopolis of
Syna set forth in armed conflict against the Arabs. He had equipped fast-
sailing galleys with cauldrons of what amounted to burning crude oil and
proceeded to set the boats of the enemy ablaze, with the men still aboard.
The incendiary was called ‘Greek Fire’.

The ploy must have worked because the subsequent narrative tells us
that the Byzantines then capitalised on their secret weapon by the
wholesale destruction of the Moslem fleet at Cyzicus and continued to
win naval battles in this way for several centuries afterwards.

"o

DEVELOPMENT OF BLACK POWDER

By about the eighth century aAp, Chinese alchemists, amongst others,
were preoccupied with discovering the elixir of life: Concoctions were
made containing all manner of substances including oils, honey and
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2 Chapfter .

beeswax, but among the most significant, so far as future firework
makers were concerned, were the ingredients sulfur and saltpetre.
Unbeknown to the ancients, their brew of honey, sulfur and saltpetre
(potassium nitrate) was special in that, on evaporation over heat, the
contents would suddenly erupt into a wall of flame. By chance, the
experimenters had produced the exact proportions by which the molten
sulfur and what was left of the honey were acting as fuels that were
subsequently oxidised by the oxygen from the potassium nitrate in what
is now known as an ‘exothermic chemical reaction’, and a fairly vigorous
one at that! In purified form, the chemicals sulfur and saltpetre are used
to this day in what is without doubt the most important tool of the
firework makers, i.e. ganpowder.

These dangerous early experiments led to many secret Or banned
recipes, but enough information was disseminated to enable the details
of the discovery to be brought to Europe. However, the place and date of
the invention of true gunpowder are still unknown and have been the
subject of extensive but inconclusive investigation.

Once the reactive tendencies of potassium nitrate were unleashed it
was simply a matter of time before the third vital ingredient, charcoal,
was added to complete the famous gunpowder recipe of charcoal, sulfur
and potassium nitrate. Needless 1o say, much time and effort were
expended before the alchemists produced a successful product.

As with many notable inventions, the credit for the discovery is usually
coloured by patriotism, each country putting forward its own ‘inventor’.
What is significant, however, is that by about 1000AD the Chinese were
using a propellant similar to gunpowder in crude forms of rockets
(Flying Fire), together with grenades and even toxic smokes. For
example, a recipe in the Wu Ching Tsung Yao dated 1044 describes a
mixture containing sulfur, saltpetre, arsemc saits, lead salts, oils and
waxes to give a toxic incendiary that could be iaunched from a catapult.

More peaceful uses of these crude articles appeared in the form of ‘fire
crackers’ — the first fireworks? One mixture corresponded quite closely to
modern gunpowder in that it contained saltpetre, sulfur and willow
charcoal. The ‘fire cracker’ was said to consist of a loosely-filled
parchment tube tied tightly at both ends and with the introduction of a
small hole to accept a match or fuse. All of these incendiary mixtures,
presumably containing saltpetre, are mentioned in Chinese work dating
from the eleventh century Ap. Thug, in theory at least, the Battle of
Hastings could have been one of ‘Greek Fire, incendiary rockets and
grenades.

Skipping about two centuries, the activities of one experimenter typify
the development of early black powder. His work took place between
about 1235 and 1290AD and he is reputed to have been the first scholar in
Northern Europe who was skilled in the use of black powder. In essence,
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his work provided the backbone of all early chemical purification and
formulation, without which the development of true gunpowders would
not have been possibie. His name was Roger Bacon (Figure 1.1).

Born in about 1214, Bacon became a monk but was educated at
Oxford before gaining a doctorate in Paris. His subjects included
philosophy, divinity, mathematics, physics, chemistry and even cosmol-
ogy. He carefully purified potassium nitrate (by recrystallisation from
water) and went on to experiment with different proportions of the other
two ingredients (sulfur and willow charcoal) until he was satisfied that,

By the flash and combustion of fires, and by the horror of sounds, wonders
can be wrought, and at any distance that we wish, so that a man can hardly
protect himself or endure it.

Of course, “The Church’ was not wildly enthusiastic with the prospect
of one of its disciples practising such fiendish alchemy, and Bacon served
ten years’ imprisonment. But he preserved his most famous recipe of ca.
1252AD 1n the form of an anagram, which on deciphering reads ‘of
saltpetre take six parts, five of young willow (charcoal) and five of sulfur
and so you will make thunder and lightning’. In percentage terms, the
6:5:5 formula translates as saltpetre 37.50 parts by weight, charcoal
31.25 and sulfur 31.25 parts.

In fact, Roger Bacon’s formula was not too dissimilar from early
Chinese recipes. But being natural products, all three ingredients were
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4 Chapter 1

of variable purity. For example, the crude Indian or Chinese saltpetre
was richer in true saltpetre than the European material, but all
required recrystallisation. The preferred process seems to have
involved wood ashes, containing potassium carbonate, which precipi-
tated deliquescent calcium salts from the saltpetre solution. The
solution was then passed through a filter, boiled to reduce the volume
of water and then left until the transparent plates of purified saltpetre
were formed. |

Sulfur occurs widely in nature as the element and was thus easily
obtainable by the ancients. The Chinese had rich natural deposits, and
the substance is readily purified by sublimation, a process in which the
native sulfur is heated and the evolved vapour collected directly as a pure
solid.

Charcoal was made from common deciduous woods such as birch,
willow or alder, the last two being preferred.

The wood is simply carbonised at relatively low temperatures in a
restricted air supply to form an amorphous, quasi-graphitic carbon of
very fine particle size. Although of reasonably high purity, it is the
enormous surface area per unit mass of the charcoal which makes it very
adsorbent to water vapour, and this property is conferred to the black
powder mix, as Roger Bacon would have soon realised.

Guns were invented shortly after Bacon’s death in about 1292 and so
he never used the term ‘gunpowder’. However, he had certainly had
experience of fireworks for which his early black powder recipe would
have been perfectly suitable. In the Opus Majus he wrote:

We have an example of this in that toy of children which is made in many
parts of the world, namely an instrument as large as the human thumb. From
the force of the salt called saltpetre so horrible a sound is produced at the
bursting of so small a thing, namely a small piece of parchment that we
perceive it exceeds the roar of sharp thunder, and the flush exceeds the
greatest brilliancy of the lightning accompanying the thunder.

In experimenting with fireworks, Roger Bacon and other medieval
chemists discovered that a loose, open tray of powder was all that was
needed to produce a flash, but in order to produce the bang the powder
needed to be confined, and this has great significance. And even with his
unbalanced 6:5: 5 formula, Bacon was able to deduce these fundamental
ballistic effects. :

This short introduction to gunpowder would not be complete without
reference to its final development and one or two subsequent events that
were to change the course of history. |

In lighting a firework we are going back at least 1000 years. The
potassium nitrate in the blue touch-paper or the match burns in much the
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same way as it did when the Arabs or the Chinese played with their fire
crackers. The smell of the sulfur when it forms hydrogen sulfide on
combustion would have been much the same, as would the dense white
smoke that is so characteristic of gunpowder. But modern fireworks are
reliable products. The gunpowder has a consistent burning rate and is
less affected by moisture than it would have been in the eleventh century.
Obviously it was in the interests of the future markets that the
experimenters persevered, and their pioneering work was by no means
trivial.

First, true gunpowder is not just a ‘loose’ mixture of potassium nitrate,
sulfur and charcoal. Indeed, if the three ingredients are mixed in this way
then a greyish powder results that is almost impossible to light. If
ignition does occur the burning is fitful and prone to extinguishment. In
order to overcome these deficiencies the ingredients must be brought into
intimate contact. The charcoal and sulfur are milled together with 2-3%
of water in a tumbling barrel, then the potassium nitrate is added and the
damp mixture 1s further milied under rollers before being pressed into a
cake using a hydraulic press at a pressure of about 2 tonnes.

As with the modern fireworks industry, pressing is preferred over more
forceful techniques, but even so, fires regularly break out in presses.
Milling is not without hazard either, especially when the large wheel mills
weigh several tonnes and the powder batch is around 150 kg.

After pressing, the gunpowder cake is broken and this corning or
granulating is the most dangerous of all manufacturing operations.

It 1s necessary to crack the cake between crusher rolls to form the
grains (see Figure 1.2) which are subsequently graded by sieving. The
‘finishing’ process involves tumbling and drying the granulated powder

e ————— s

Figure 1.2 Gunpowder



6 Chapter 1

in wooden barrels in the presence of graphite to give a polished or
glazed appearance. The granulated and glazed gunpowders were found
to be more moisture-resistant than the early fine powders and the
ignition and burning consistency was also much improved. It is the
‘fines’ or corning mill dust that is used in fuse powder and by the makers
of fireworks.

Of course, in the Mlddle Ages the enmrgmg gunpnwdcr industry relied
on mortars and pestles to do the mixing, and the recipes were changed in
what was, in reality, an enrichment of the saltpetre content to give faster
burning and ever more powerful powders for yet another historically
unportant invention — the gun,

Thus, in Arabic work dating betwcen perhaps 1300 and 1350AD,
gunpowder is described as a propellant. Cannon were also known in
Europe by that time and were used in the defence of castles and
villages. In 1338, cannon and powder were provided for the protection
of the ports of Harfleur and L’Heure against Edward III. From about

1340 onwards there is frequent mention of the use of guns, and by

1400 the Crown 1n England possessed a stock of guns and gunpowder.

It 1s interesting to record how the composition of gunpﬂwder changed
as history progressed (Table 1.1) and how the 75:15:10 mix of 1781
remains in use to the present day.

In fact, most of the improvements to gunpowders after about 1600AD
concerned the methods of manufacture, there being no question that the
proportions of the three components were correctly balanced for
chemical reaction, that is to say ‘stoichiometric’.

An apprommate equation for the burning of black powder has been
given as in reaction (1.1).

T4KNO; + 96C + 308 + 16H,0 — 35N, + 56C0O, + 14CO + 3CH,
+ 2H,S + 4H, + 19K,CO,; + 7K ,80,
+ 8K28203 + 2K,S8 + 2KSCN
+ (NH),CO3 + C + 8§ (1.1)

The above reaction corresponds. to a composition containing saltpetre
(75.7%), charcoal (11.7%), sulfur (9.7%) and moisture (2.9%).

Table 1.1 Examples of gunpéwder- compd§itions®

Date ca. 1252 ca. 1350 ca. 1560 ca. 1635 ca. 1781
Saltpetre 37.50 66.6 50.0 75.0 75
Charcoal 31.25 22.2 ; 33.3 12.5 15
Sulfur 31.25 11.1 16.6 12.5 10

__—_'_'_—__——mﬂ-—_-—-—-—-_.._—
* Compositions given in parts by weight.
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APPLICATION OF BLACK POWDER TO FIREWORKS

‘The fireworks industry also benefited from these improvements, which
was reflected in the growing popularity of organised displays and the
diversity of the pyrotechnic effects so presented. |

Historically, it is generally accepted that the first fireworks were
developed in far-eastern countries, notably India or China, for display
at religious festivals, and that knowledge of the art subsequently spread
to Europe, probably vig the Arab kingdom. The Italians are credited
with introducing the firework industry in Europe, again promoting their
use for public occasions before the manufacture was adopted by
neighbouring countries such as France and Germany. By the sixteenth
century, fireworks displays were being given in England, and it is

documented that Elizabeth I witnessed such an event in August 1572,

Although the early displays in England were enthusiastically received,

it must be admitted that most of the pyrotechnic art, and indeed the -

operators and equipment, originated from Europe — foreign workers
were still giving displays in England as late as 1775. It may also be noted,
in passing, that in the early seventeenth century the making, purchasing
or keeping of fireworks was ruled to be illegal; this was due, in no small
measure to the famous (or infamous) attempt to blow up the Houses of
Parliament in 1605 by a certain Mr Guy Fawkes using 36 barrels of

gunpowder, |
The conspiracy is alleged to have begun in 1604 during the second year

of the reign of James I, when a group of Catholic fanatics decided that
the Establishment must go. Five conspirators, including Guy Fawkes,
commenced digging under the main parliamentary building in an
attempt to undermine it, and in doing so came across a cellar which was
being used by a coal dealer. This they duly filled with ‘powder, faggots
and billets’. Timing the event to coincide with the State Opening of
Parliament on the 5th of November 1605 meant that the conspirators
could also claim the life of the King. However, a warning letter was sent
to some members of parliament beforehand, and this was read not only
by the Secretary of State but also by James I who, with amazing insight,
correctly interpreted it as meaning an explosion on November 5th.

The vaults under the main chamber were visited by the Lord
Chamberlain on the 4th November and there they found ‘a tall and
desperate looking fellow’ who identified himself as Gdido Fawkes. On
the 5th of November, magistrates examined the neighbouring house and
cellar where they arrested Fawkes who was ‘Just leaving’.

Guy Fawkes was tortured and his accomplices arrested, tried and
executed. The Establishment was clearly not ecstati¢ about the fact that
the plot had so nearly succeeded, and Fawkes was tried at Westminster
on 27 January and ceremoniously executed on 30 January 1606.
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All of this was subsequently of great benefit to the British fireworl
industry, of course, which has capitalised on the Sth of Novembx
celebrations ever since. However, any other country in the world migl
have bent the truth a little and claimed in the history books that the plc
took place on a nice, warm day in August rather than in cold and dam
November — even if only for the sakes of the fireworks operators!

By the nineteenth century, English firework makers including Broc}
Pain and Wells had established themselves in the London area to be late
followed by Standard Fireworks and others in the North. Thus th
availability of locally-produced gunpowder and fireworks was enough t
eschew any drift towards European suppliers.

Although the Explosives Act of 1875 expressly forbids the manufac
ture of gunpowder or of fireworks outside a licensed factory there hav
been tales of the Yorkshire miners who, amongst others, produce:
squibs (small exploding fireworks) by packing gunpowder into rolle
paper cases. These were used for blasting but were also said to b
effective in clearing the soot from the flues of domestic homes. Unde
these circumstances it is not difficult to imagine a cottage industr’
springing up whereby the squibs were turned mnto crackers or any othe
simple form of fireworks which were then sold locally.

And so on to the twentieth century when the emergence of free tradin)
between nations once again meant that fireworks, and more importantly
gunpowder, were available from around the world. Gunpowder is n«
longer manufactured in the United Kingdom and supplies are procurec
from Spain, Germany, South America and the Far East, as are fireworks
Of the original esteemed group of factories, few survive today and ever
fewer make any fireworks, relying instead on the magazine storage Ol
imported products to effect their displays, just as they did 300 years ago.

FURTHER USES OF BLACK POWDER

Of gunpowder itself, although it has a long and colourful history, its use
as an explosive dwindled into insignificance after the domination enjoyed
by the much more powerful high explosives that succeeded it. But besides
fireworks, there are still.a few ‘niche’ applications where the unusual
burning properties of gunpowder and kindred substances may be
exploited. For example, as a ‘low explosive’ it 1s suitable for controlled
blasting in which the treatment of the stone must be mild. It is therefore
used in the manufacture of roofing slates and in quarrying for paving
stones, the powder grains being freely poured into boreholes.

It is also employed by the military in making priming charges for
smokeless powders. In the Jargest calibres the gunpowder grains are sewi
into quilted silk bags that fit over the ends of the cordite charges to
promote ignition. It also finds use in the production of fuses, pyrotechnic
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Table 1.2 Examples of application of black powder

e e S

Composition

KNO; Charcoal Sulfur

Application

1 Lift charge or burst charge 75 15 10
2 Priming powder 70 30 0
3 Blasting powder 68 18 14
4 Rocket propellant 62 28 10
5 Delay fire 62 18 20
¢ Sparking composition 60 12 28
7 White smoke 50 0 50

8 Fire extinguishing smoke &5 15 0

‘special effects’, bird-scaring cartridges, cartridge actuators and small-
arms ‘blanks’.

Apart from its unique property of burning quickly at relatively low
confinement it is not prone to detonation. Under normal conditions the
maximum rate of explosion is about 500ms=". In the absence of
moisture, gunpowder in also extremely stable. It has been documented
that until World War I it was the practice of the French Army to preserve
any batches of gunpowder that had proved especially good. These were
used in time train fuses and it was claimed that some batches so preserved
dated from Napoleonic times.

based powders is in the fire protection industry. The white smoke mainly
consists of potassium carbonate and this has been found to have fire
extinguishing properties due to the way in which the potassium salt in the
smoke interferes with the combustion chemistry of a fire.

Large grenades containing up to 2 kg of powder composition have
been used by European firefighters where, for example, in burning
buildings the smoking grenades are simply hurled through the plate
glass windows. Now that really is “fighting fire with fire”!

Table 1.2 lists the current applications of black powder. In general, as
the balance of the ingredients in the composition shifts from the near
stoichiometric 75:15:10 mix, the rate of burning decreases but is still fast
enough to be of major importance in firework rockets, delay fuses,
igniters and pyrotechnic smokes. | "

o e e —— e



Chapter 2

The Characteristics of Black Powder

For about 300 years black powder enjoyed dominance as a propeilant,
explosive and igniter, and as the major firework ingredient its use
remains unsurpassed. The prime reason for the longevity of black
powder is its ‘quickness’, even at relatively low pressures, and.this is
brought about by manufacturing techniques (as described earlier) and
the chemical reactivity of the constituents. | -

For example, the KNO; crystals undergo a sharp solid-solid (thombic
to trigonal) transition at 130 °C which has the effect of ‘loosening’ the
solid structure, making the substance more reactive and easier to ignite.
This well known transition is referred to as the ‘nitrate spin’ where the
anion has been likened to a three-legged stool, spinning on its vertical
axis. The oxygen ions in the nitrate cluster are indistinguishable from
each other and this makes rotation easier.

Besides acting as a fuel, the finely-divided charcoal has a very high
surface area which means that the substance can absorb appreciable
quantities of sulfur dioxide (SO,) produced during combustion
whilst allowing the remaining sulfur to perform more effectively as a
fuel. |

Sulfur exhibits pseudo-plastic behaviour, especially under pressure,
with the result that the compaction of gunpowder during manufacture
produces considerable plastic flow forming a conglomerate of intercon-
necting passageways to the extent that the internal free volume can fall to
a few percent. It is this reduced porosity that gives black powder its
unique burning properties and makes the material perform almost as a

compound rather than as a composite mixture.

INFLUENCE OF PELLET DENSITY ON BURNING TIME

The plastic flow of sulfur is thought to be responsible for the increase in
the burning time that is experienced with black powders of various pellet
sizes as the pellets (or grains) are compressed to higher bulk densities.

10
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Figure 2.1 Influence of pellet density on black powder burning time

Figure 2.1 shows the result of compressing 3.5 mm and 10.5 mm pellets
to densities ranging from 1.6 to 2.0 gcm™>. Although the burning
process 15 still not fully understood, the increase of burning time with
density is likely to be associated with mechanisms involving the free
volume or ‘openness’ of the pellets.

INFLUENCE OF MOISTURE ON BURNING TIME

Increasing amounts of moisture are also known to produce significant
increases in the burning time of gunpowder grains. Water will degrade
the performance of most pyrotechnics by virtue of unwanted side
reactions, and in the case of gunpowder the adverse effect of moisture is
also thought to be as a result of occupying the free volume.

Figure 2.2 shows that an increase in moisture level from 1 to 3% is
suficient to reduce the burning rate by approximately half.

THERMAL DECOMPOSITION

At temperatures below the ignition point, the thermal decomposition of
black powder provides an interesting insight into the processes which are
thought to control the reaction rate during subsedquent buming. In
decomposition experiments it has been shown that the overall reaction
Proceeds in several steps. As the temperature is increased the steps
become shorter and the reaction faster. Since these reactions involve
gases, the effect of pressure is also important.

The first reaction has been shown to be the forn.ation of hydrogen
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Figure 2.2 Influence of moisture content on black powder burning time

sulfide (H,S) from sulfur and volatile organic material originating from
the charcoal as shown in reaction (2.1),

S + organic material — H,S (2.1
while at the same time,
KNOQO; + organic material — NO, (2.2)

The NO, can also be produced by reactions between sulfur and
potassium nitrate (KNQO;) with the formation of nitric oxide (NO) and
nitrogen dioxide (NQO,) as shown in reactions (2.3) and (2.4):

2KNO; + S — K80, + 2NO (2.3)
KNO; + 2NO — KNO, + NO + NO, (2.4)

There is then a gas-phase reaction between the main products of these
reactions, as in reaction (2.5):

H,S + NO, — H50'+ S + NO (2.5)

It has been suggested that reaction {2.5), with the regeneration of
sulfur, proceeds until all of the H,S has been used up. The NO, then
reacts with the free sulfur as in reaction (2.6):

2NO; + 25 — 280, + N, (2.6)
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The SO, produced in this way then immediately reacts with the KNO, as
shown in reaction (2.7):

2KN03 + SO; —¥ K2504 + 2N02 (27)

The NO> is not liberated at this stage but continues the chain. Reactions
(2.5) and (2.6) are endothermic (absorb heat) but reaction (2.7) is
strongly exothermic and produces the heat necessary to promote further
decomposition and leads to burning.

When burning 1s established, an overall (but over-simplified) equation
can be written as shown in reaction (2.8):

4KNOs(s) + 7C(s) + S(s) — |
3CO2A(g) + 3CO(g) + 2N,(g) + K2CO4(s) + K3S(s)  (2.8)

where (s) = solid and (g) = gas phase. |
At this stage, the spread of combustion from grain to grain is by a hot
spray of molten potassium salts. | |
The important point to note here is that nearly all of the pre-ignition
steps, including two endothermic reactions, take place in the vapour
phase. Thus, if ignition is to occur at low pressures, sufficient heat cnergy
must be available for a sufficient time period: |

(1) to volatilise the initial reactants:

(2) to build up a local concentration of sufficient density to react:

(3) to supply the heat needed to take the reactions to the point where
they become exothermic.

THERMAL IGNITION OF BLACK POWDER

It will be appreciated from the previous paragraphs that the ignition of
explosives such as black powder is not an instantaneous process.
Classically, as the temperature of the black powder is raised, slow
decomposition sets in according to the process:

Black powder — gaseous products + solid products + heat

The rate of decomposition can be followed (for example) by measuring
the volume of gas produced as a function of charge temperature as
shown in Figure 2.3.

The dashed lines in Figure 2.3 represent the ignition temperature range
for black powder which, depending on the conditions of the experiment,
typically falls between about 280 and 400 °C.

Alternatively, the decomposition can be followed isothermally (at a
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Figure 2.3 The rate of decomposition of black pbwder as a function of charge temperature

controlled temperature), again by measuring the rate of gas production.
Figure 2.4 shows a typical result for isothermal decomposition.

The pre-ignition period begins with the application of the ignition
stimulus, and ends with the start of a self-sustaining combustion. During
this period, the rate of heat transfer to and the rate of heat production n
the gunpowder become important in relation to the rate of heat loss from
that portion of the material being ignited. As the temperature rises,
chemical bonds break and molecular collisions occur while the number
of molecules having sufficient energy (E) to react rise exponentially in
accordance with the Arrhenius equation, (2.9),

k= Ae”ERT | (2.9)

10
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Figure 2.4 Gas evolution from gunpowder measured at atmospheric pressure and 290°C
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‘where k is the reaction rate constant, 4 1s known as the frequency factor
and is a constant related to the matenal, E 1s the activation energy in
J mol 1, R is the universal gas constant (8.314 J K~ mol~ ') and Tis
the absolute temperature.

Since E is the numerator of a negative exponent, the reaction rate
increases as E decreases.

The time to ignition can be expressed by equation (2.10) which is
similar in form to the Arrhenius equation,

t = Ae~E/RT (2.10)

where ¢ is the time to ignition (i.e. igmition delay) at a temperature 7T in
degrees absolute, and the other parameters are as described for equation
(2.9).

Hence, by plotting the ignition delay (f) against temperature (7) a
curve is obtained as in Figure 2.5. |

Activation energies for black powders (and many other energetic
materials) can be determined empirically from the logarithmic form of
the Arrhenius equation (2.11):

log t = —E/2.303RT + log A | (2.11)

By plotting log ¢ versus 1/T a straight line i1s obtained whose slope 1s
related to the activation energy by E = [2.303(slope)]R as shown in
Figure 2.6. . '

Depending on the sulfur content of the black powder, activation
energies ranging between 56 and 130 kJ mol~! have been obtained, the
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Figare 2.5 Curve showing the variation of ignition delay with temperature




