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Towards the end of the eighteenth century cannonballs came to be made of cast iron. They were not very spherical and today we are surprised at the extent of their irregularity of shape (see page 5).


This 3 lbs 15 oz cast iron cannonball was found in a house in New Zealand, possibly dating from 1840-1870. Diameters are given in millimetres. It is in the possession of Dr G. Anderson.
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A WORD OF WARNING





When I was young and had nothing better to do, and finding there wasn’t one in any of the bookshops, I wrote a book about catapults. It didn’t stop there: it never does. People who build catapults invariably go on to construct all manner of other doubtful objects; I did it myself and this is the somewhat expanded version of that book.


Since I knew from bitter experience that they always went wrong in some fashion and it always hurt, I rather thought that an enterprising lawyer would hop about with excitement and bring some legal action against me.


Therefore I issue this very plain warning. I’m not a qualified engineer, but I’m as careful as I know how to be and I check my materials with every technical textbook I can lay my hands on to make sure they’ll do the job I ask of them. And yet I still get hurt.


Whenever you’re trying to control or harness large amounts of energy, the energy will find the weak point in your design or calculation and it will let you know in the most direct possible way. Something you hadn’t anticipated will break. If it’s a catapult, a roofing bolt screwed into the endgrain of an elmwood handle (see Fig. 4.13) might split free despite the strength of elm and come screaming back into your eye socket at a hundred and fifty miles an hour. There’ll be a moment’s shocked pause while you think “Oh. Damn!” to yourself, and then you’ll go hobbling along to your local Accident and Emergency Department where there’s someone whose job it is to sew people up after they’ve tried to free a bit of wood from a table saw without switching the motor off. And after that you’ll either eschew these things altogether and vow to concentrate on growing obscure varieties of fuchsia, or you’ll wait three weeks and be back at it again until the next time something goes horribly wrong.


I still can’t anticipate what’s likely to go wrong. Although I’ve survived the building of a number of airguns, I’m always fearful that I’ve miscalculated the strength of the tube I’m using for a compressed air reservoir, or that there’s a scratch-mark I hadn’t noticed and I’m about to discover, the hard way, that I’ve actually made a pipe-bomb.


My favourite legal disclaimer is from a website


www.ourfamily.com.sg/ Faired.html:


Disclaimer: The boat plan shown here is not professionally designed blah blah blah. If you sink or suffer mental anguish or whatever, don’t come crying to me.


It sums up my position nicely. I’ve had a lot of fun writing this book and I hope you have fun reading it but it is not a step-by-step guide to making any of these weapons. If you use this book as anything other than an account of my own experiments you’re likely to get hurt, probably quite badly. Most importantly of all, if you’re going to make airguns, go and read every textbook on pneumatic machinery and pneumatic seals you can find, and don’t base anything just on what I’ve put here. I have checked everything as thoroughly as I know how but I’m not a professional pneumatic engineer and I’m not advocating that anyone, based on my experiments, follows my example. It is too easy to get yourself maimed or killed.


Now there’s one other point, and it’s a legal one. I happen to live in a country where you may own any of these weapons, even powerful airguns, without a licence. Most countries are not this liberal. I used to live in England where it was so crowded that shooting any gun even in the countryside was a potential hazard, and the authorities quite wisely limited the power of air rifles to a muzzle energy of twelve foot-pounds. It’s more than ample to knock over a rabbit in the cabbages, and if you needed a more powerful airgun you simply applied to the Police for a Firearms Certificate. I can’t check every legal code in every country, so if you plan on building any of these things, it’s your business as a citizen to ask your authorities if it’s allowed or what licences you need. You’ll seldom find your country’s laws – especially about airguns – corresponds with any other country’s. And don’t offer any weapons for sale until you’ve checked the law where you live. I happen to know something of the reasons for the formation of Proof Houses. Too many guns have burst and killed unsuspecting purchasers.


Finally, beware of the Internet. There are an awful lot of people - bless ’em - making ingenious things like this round the world, but not all of the things they make are especially safe, so for your own sake do your own research and find out what the tolerances are for any materials you use, and don’t rely on any single source.


And I do hope I don’t need to echo the basic safety rules of gun-handling. Even a crossbow string, zipping along the stock, will fairly sting any protruding fingertips. And a blast of compressed air alone, without a bullet, can deafen or blind someone. Jolly well be careful.




DISCLAIMER



This book is offered for sale on the condition that it is understood and accepted by any purchaser and all readers that making any device that stores and releases large amounts of energy is extremely dangerous, that the Author is not a professional engineer and that any mishaps or injuries of whatever severity incurred in the building of any thing device or weapon alluded to by or in this book whether by default or design of the Author shall be wholly and solely the responsibility of the individual reader.






















Introduction





The function of a bullet is to impart a blow. The weapon is the interesting means by which a missile is sent on its way, but the work itself is done by the bullet.


Human-propelled bullets are low-velocity bullets, and low-velocity bullets require explanation but not apology. The justifications lie in the immutable laws of physics. Explaining physical laws is clearly something our schools fail to do, or young Bob’s flat tyres, as he labours to school past my house on his bike, would be pumped up of a morning.


One of the instruments for measuring projectile velocity – indeed the first, used by Benjamin Robins and Professor Hutton in the eighteenth century for musket balls and cannonballs respectively – is the ballistic pendulum. The bullet is shot at a heavy pendulum bob, and the momentum of the bob is calculated from observing how far it swings after the bullet has collided with it. It is a very easy instrument to make; for years I had a seven-foot pendulum of surprising accuracy, if I ever had the patience to gather a statistically valid sample of shots, hanging from the ceiling in my garage, with a bob weighing twelve pounds. Since I also had an electronic chronograph, I could and often did shoot different projectiles with known energy at this pendulum, and it was very noticeable that when struck by a .22 airgun pellet at 620 fps it swung about half an inch, whereas when struck by a .451 calibre lead ball from a catapult at 196 fps, it swung an inch and a half. The interesting fact is that both of these missiles have exactly 12 foot-pounds of energy.


This, then, is the first justification for the low-velocity bullet. Suppose, instead of a 12-pound pendulum bob I wanted to swing a 12-pound cat off my thyme bush, where it was performing such deeds as cats do perform on thyme bushes, I could move it an inch and a half with the slow catapult ball, but only half an inch with the airgun pellet. The example is rather unlikely owing to several obvious factors – the rarity of 12-pound cats being only one of them – but the principle is sound. If I were to want to move my cat the same distance with the airgun pellet, it would need a velocity of 1,964 fps which is the phenomenal energy of 120 foot-pounds. Ignoring the rude remark of my veterinary surgeon friend – that the cat would not move at all – we can see that the amount of energy required by a projectile to fetch a given clout to the target is inversely proportional to the weight of the bullet. For a given momentum, if the bullet is ten times as heavy, it needs a tenth of the energy to have the same effect on our 12-pound cat.


As a necessary digression, the removal of cats from gardens is better achieved with a larger, lighter missile having less momentum, penetration being highly undesirable for certain tasks. Discussing this with my shooting colleagues I received a letter from Dr. Lambie which is worth quoting in full:




Now here is a subject on which I regard myself as a minor authority. Many years ago while on a campsite in Spain a friend and I (just returned from a failed expedition across the Sahara - 1976 poured with rain non-stop from central Spain to Wadi El Huzef in southern Morocco) camped on site in Granada in Spain and our foul mood was made worse by a yapping nasty little cur from a tent several pitches away. My friend, a military man, was all for bludgeoning the brute to death but we were obliged to stay on the site while the Land Rover was repaired so good relations had to be maintained. Anyway I thought a discreet shot with the catapult would do the job, but a stone or hard object would have left a mark, so we came up with alternative ammunition in the form of one of those tight round pine cones which have small sharp protrusions over their surface. The first hit on the cur’s flank at 10 yards was remarkable because the spinning cone not only struck with force but also momentarily tore at the fur and held firm for a second before falling off. The pain level was therefore much higher than a straight hit. Yelping piteously the brute returned to its owners who emerged to see their pet seemingly frantic with pain but no signs of bodily damage. Realising we were onto a good thing we crept up on the whimpering creature, that now only dared venture a few yards from its tent, and gave it another salvo. This time the yelps brought people out of other tents and we were concerned because one of the cones had clung persistently to its backside; but fortunately it fell away as it ran back to its tent.


The following day the cur kept its distance but we caught it on a verge outside the site and gave it several salvos – the howling was horrible and the owners shot out of their tent as though flushed by a lion. This time it was so demented it tried to bite its master and was completely inconsolable. After that it stayed in its tent and we saw no more of it. Needless to say we experimented on other dogs of varying sizes and the effect was the same except for an Alsatian which came for us, but a full hit on the chest at short range drove it back into retreat making sickening growls interspersed with shrill yelps.


The now famous ‘dog nut’ is widely used in the Newark area and as far as I know has been the standard way of pacifying unruly dogs since the mid 1970s.


 


Yours, George





The second reason we are drawn to slow bullets is that it always takes more energy to achieve high velocity, than it does to achieve the same momentum with a heavier bullet and a lower velocity. It is curious, but that is all, that I happened on the figures for a 12 foot-pound airgun and a 12 foot-pound catapult not by theoretical physics but by happy coincidence. I do shoot such pellets from an airgun, and I also have a .451 calibre spherical bullet mould, and in their respective weapons each does indeed produce 12 foot-pounds of energy. The airgun pellet is obliging enough to weigh exactly a tenth of the weight of the lead ball. This illustrates just how expensive high velocity is; with the same energy, the airgun pellet moves a little more than three times as fast as the heavy ball, yet the ball carries ten times the mass.


When we were testing his Borneo blowpipe, a friend and I found we could neither of us get any velocity higher than 203 fps, and that out of an 8-grain pellet. The best we managed with a 20-grain pellet was 176 fps, which was double the muzzle energy. (We had to use pellets because the long dart tripped the chronograph sensors at an angle and gave unreliable figures.) The Borneo darts weighed 26 grains, and we worked out that the Borneo tribesman, whose lungs were trained to the job, could have achieved 203 fps with these darts if he approached double our best energy input. But if he wanted the dart to go faster – say 300 fps – he would need to produce almost four times as much energy as we were able to. We are apt to forget that energy is required to shoot the bullet from our weapon; and it takes a great deal less energy to give a heavy ball a given momentum than it does a very light pellet. If the energy is limited to that which we supply with our muscles, this becomes quite significant. Fortunately for the tribesmen of Borneo, their darts rely on poison and not on muzzle energy.


The third attraction of the low-velocity bullet is reduced drag. Benjamin Robins found that the drag on a bullet is proportional to the square of its velocity up to a speed of about 800 fps. As it approaches the speed of sound, 1,080 fps, the drag rises dramatically, and creeps to somewhere around three times as much.


In 1901 Fremantle published the velocity of the .303 bullet measured at every 100 yards up to the range of 2,000 yards and from this data we can learn all manner of interesting things. The bullet weighed almost exactly half an ounce, being 215 grains, and this is highly convenient because a half-ounce (218.75 grains) lead ball is one of the best low-velocity bullets to use whether from a catapult or a crossbow. Fremantle’s table gives a great many details which do not concern us, but from his velocities it is easy to calculate how much energy is lost every 100 yards, this energy loss being the result of drag. At speeds above that of sound, the drag is about 17% every 100 yards, while below the speed of sound, it is only 7½% every 100 yards. That is to say, if the .303 bullet is going faster than 1,100 fps, 100 yards later it will have lost about 17% of its energy; while if it is going below 800 fps, after 100 yards it will only have lost 7½% of its energy.


Now this might lead us in the direction of very slow bullets indeed, but it is necessary to have a certain amount of speed or the target will up and stretch itself and leave the field before the arrival of the bullet. Besides, as we discover by the very practical means of building a series of low velocity bullet-shooting weapons, there is always an optimum weight; a weight of bullet which, if either exceeded or reduced, results in a less efficient transfer of energy. Imagine, for example, a fibreglass, recurve target bow with a 44-pound draw weight. Being no particular respecter of the products, admirable though they may be, of Mr. Yamaha, I altered such a bow to shoot bullets and got a one-ounce bullet to fly briskly at 182 fps, producing 32 foot-pounds. This, could I but shoot it accurately, might be a useful sort of thing to have. But it is hard to imagine the same weapon shooting a one-pound iron cannonball to any useful purpose. As a matter of fact, and as we shall see with all of these weapons, bullets have their greatest energy when they weigh somewhere around an ounce; a bit more with some weapons, a bit less with others.


But energy is not everything and lighter bullets, weighing a third of an ounce, may be more useful because a large sacrifice in energy gives a modest, but important, gain in velocity, and velocity is still essential in a missile. Velocity is important because velocity determines exactly how far a bullet will fall in the course of its flight. At 600 fps a bullet shot in a vacuum will have fallen half an inch at 10 yards’ range. At 300 fps it falls two inches over 10 yards’ range. For the drop, of course, is not a constant one; the drop is accelerating, and if the bullet is flying for twice as long, it falls four times as far. Given that range estimation is the hardest task of the marksman, high velocity greatly reduces the main error. After four twentieths of a second a bullet will have fallen 7.7 inches but after five twentieths, it will have fallen 12 inches, easily enough for a miss. At 300 fps it is the difference in range between 20 yards and 25 yards, and in the field it is difficult to be sure that our range estimation is even this accurate.


When low-velocity bullets were the order of the day there was neither a methodical approach to their study nor the technical means whereby such studies might be undertaken. The study of the muscle-propelled low-velocity bullet is in its infancy but accurate measurements are now within everyone’s grasp. Not least by way of warning other experimenters, I detail here my many experimental failures as well as my few successes.


The world’s politicians, with the lack of insight that characterises the breed, increasingly reflect only the viewpoint of city-dwellers, which is to legislate against anything as politically incorrect as shooting. It would be unkind to reflect that the five permanent members of the United Nations Security Council between them supply the other politicians of the world with 88% of their gross overburden of military armaments. But we permit our politicians to make our laws and it does seem that we who suffer from an interest in shooting will have to explore short-range, and perhaps home-made, weapons to a greater degree than before.


Richard Middleton


New Zealand, July 2005




A Note on Measurements


A reference in the text to a bore or calibre of, for example, “.22” means .22 of an inch.


Bores and calibres measured in millimetres are referred to as “9 mm”.


Useful Definitions and Explanations


Bullet weights and sizes – see table on page 8


Acceleration – see pages 2-4, 13


Beam theory – see pages 32-33


Drag – see page x


Energy – see pages viii-xi, and pages 2-4, 61


Mass – see pages 2-4


Momentum – see pages viii-xi, 2-4, 12-14


Purchase(s) – see pages 59-60


Spin – see pages 3-4


Trajectory – see pages 3-4


Velocity (high and low) – see pages viii-ix


Abbreviations


fps – feet per second


g. – gramme (metric measure)


gr. – grain (Imperial measure: 7,000 grains = 1 pound, so 437.5 grains = 1 ounce)


in. – inch (Imperial measure)


lb. – pound (Imperial measure: 16 ounces)


M. – metre (metric measurement: 1,000 millimetres)


mm. – millimetre (metric measurement)


mph – miles per hour


oz. – ounces (Imperial measure)


psi – pounds per square inch


yd. – yard (Imperial measure: 36 inches)






















CHAPTER 1


Ammunition





Originally ‘ammunition’ meant military stores. I use it here in its more widely accepted meaning ‘projectile’.


The function of ammunition is to do work – destructive work – to a target. The weapon is the means by which energy is transferred to the ammunition but the work is done solely by the ammunition at the end of its flight. The ammunition is, therefore, much more important than the weapon – the arrow is more important than the bow, the bullet more important than the rifle. Alas, our eyes twinkle more at the sight of a gun than at the sight of a bullet.


High velocity is difficult to achieve with muscle power alone. Low-velocity projectiles, whether arrows or bullets, do effective work to the target either by penetration or by the blow of what police reports are pleased to call a ‘blunt instrument’. Arrows designed to kill small animals have enough momentum to kill merely by the blow they impart, and in my youth I used an arrow with a blunt head for rabbit shooting, which to those untutored in the power and accuracy of a bow was surprisingly successful and effective. An arrow with a blunt head does not bury itself in the undergrowth in the way that a pointed arrow does, and blunts are much easier to find after the inevitable misses; furthermore, when hit by a blunt a rabbit is invariably killed outright.


Archers hunting large animals require good penetration because there is insufficient momentum in an arrow to kill anything bigger than a rabbit. Among hunter-gatherers a very fine-tipped arrow is sometimes used which, concentrating all its energy into a single point, has very good penetration: the killing is done by poison smeared on this fine tip. An alternative preferred where big-game hunting with bows is still permitted, is the broad arrow-head, which cuts through vital blood vessels and organs and kills in the same way that a sword-thrust once did. This, too, requires the concentration of the available momentum into a small surface area for adequate penetration: and it must have an exceedingly sharp cutting edge.


We have here bumped into the word ‘momentum’. This is a precise physical term. It means, very simply, the mass of the projectile multiplied by its velocity. It is not the same as energy. To anyone reared on the arts as opposed to the sciences, the significance of that statement may be lost, but it is worth dwelling on.


Momentum is the mass times the velocity, and there is a law of physics which states that in any collision, there is an equal amount of momentum beforehand and afterwards. Physics teachers in these troubled times of national curricula are apt to be conservative to the point of dullness, and experiments which demonstrate momentum involve such innocuous wooden trolleys as do not offend politically-correct Educationalists, rather than such airguns and bullets as would enthuse those who have to endure Education. The physics is, however, exactly the same, and it is rather important. Kinetic energy, measured in foot-pounds, is discussed endlessly, but at lower velocities momentum has more effect, and the two are very different.


If a wooden trolley weighing six pounds rolls at a velocity of 10 fps, and a stationary wooden trolley is placed in front of it, there will be a collision. If both wooden trolleys stick together – physics teachers like to smear the connecting ends with modelling clay to ensure that they do – then the total mass will be doubled, and the momentum being the same after the collision, they will then trundle along together at 5 fps.


Should our physics teacher momentarily step out of the room and we promptly perform the altogether more interesting experiment of replacing the first trolley with a catapult ball, the transfer of all the momentum still remains obedient to the laws of physics. Suppose we took a fairly weak catapult, and shot a heavy one-ounce glass marble at 97 fps from it at our stationary wooden trolley. Assuming the marble stuck into the modelling clay – by no means a foregone conclusion – the trolley would now weigh six pounds and one ounce which is 97 ounces, and since the momentum before and after the collision has to be the same, the velocity would be 1 fps. The cunning reader will deduce that I haven’t chosen these figures at random.
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The concept of energy also fascinates shooters and also lurks in the realm of physics. The energy of a moving object is defined by its velocity, times its velocity, times half of its mass. We note the interesting fact that to find the energy, we have to multiply the velocity by itself. The energy of a projectile, whether a glass marble or a wooden trolley, is proportional to the square of its velocity. This is therefore very different from its momentum, which is directly proportional to its velocity. Unlike momentum, energy transfer is always inefficient. To get energy into a bullet, a great deal of energy has to be supplied; indeed, much more energy than the bullet will possess. The enormous bang when a rifle goes off is energy, and that sound energy is not used to propel the bullet. All rifles are inefficient; powder rifles waste around 70% of the energy of the gunpowder.


The reason is to do with acceleration. It takes time to accelerate things and it takes energy to accelerate things. To get a powerful car to go from 0 to 60 mph may take six seconds, which the advertisers are very keen to tell us: what they refrain from mentioning is that this sort of acceleration uses huge amounts of energy, and if you have such a car and accelerate as hard as this, you will find yourself constantly putting fuel in the tank. A less powerful car will still get to 60 mph, but it will take a lot longer than six seconds to do so, and use less fuel in the process. What is more, if you drive along the road steadily at 60 mph, you will – by comparison – use hardly any fuel. With muscle power we limit both the time and the energy we can supply for this business of acceleration. Shooting a bow or a catapult is the work of an instant, and the single quick muscle-stroke limits the resulting velocity. Higher velocities from muscle power are only possible if a lot of time is spent feeding in more energy, which we can do, for example, by pumping up an airgun; and airguns are even less efficient than powder rifles, involving wastage of 80 to 95% of energy.


Returning to our trolleys and glass marbles, the energy of the six-pound trolley travelling at 10 fps is, more or less, nine foot-pounds. The energy of the one-ounce glass marble travelling at 97 fps is also, more or less, nine foot-pounds. But the interesting thing to us is what has happened to the target – the trolley – after each collision. When struck by another trolley, travelling slowly, the energy after the collision is roughly four and a half foot-pounds. When struck by the glass marble, the energy after the collision is only a tenth of a foot-pound. Notice this fact: before the collision there were nine foot-pounds of energy in each projectile. In the rolling trolley there was nine foot-pounds of energy, and in the glass marble there was nine foot-pounds of energy. The difference lies in the momentum. The slow trolley had a lot of momentum where the fast marble had hardly any. And it is the momentum, not the energy, which is transferred to the target upon a collision.


Naturally ammunition that does not hit the target cannot transfer momentum to it. We are not concerned with explosive shells and proximity fuses so the first function of our ammunition is to be accurate.


Projectiles are kept on course in one of three ways. First, rifle bullets are spin-stabilised, although it is rarely appreciated that they do not follow a straight line of flight. Not only does the trajectory curve because of the pull of gravity, which is universally accepted, but if the bullet is a little bit eccentric, it will have been spun by the barrel about a centre other than its centre of gravity and, like a slightly unbalanced spinning top, it will follow the line of a very elongated helix or spiral. The effect can be seen in Second World War air photographs, the fighter aeroplanes of that time having a camera triggered by the guns being fired. As some of the bullets were tracers, the photographs show long, spiralling tell-tale trails behind them. There is also lateral drift of a spinning bullet, and the subtlety of aerodynamics is shown by the fact that a spherical ball will drift in the opposite direction to an elongated bullet, if both are spun in the same direction.


Second, arrows are fin-stabilised and although arrows with feathers do spin, it is not the spin that gives them their stability, but rather the large aerodynamic drag at the rear keeping them in line. Natural feathers always have a curve and every fletcher knows that the curve of all three feathers must be the same or the drag at the back will be uneven and the arrow will fly in a haphazard and unpredictable manner. Arrows with a broad cutting head such as are used on large game need very large feathers at the tail to compensate for the aerofoil effect at the front of the arrow: five inches long and three quarters of an inch high usually guarantees stability in flight, and though the arrow flies in a very dull and lifeless manner, and the high drag reduces the range, such arrows give great accuracy at the short ranges used by hunting archers.


Third, catapult and crossbow and musket bullets are – well, not stabilised at all. They rely on being spheres to suffer no unpredictable buffetings through the air. It is this last category which mostly interests us, although as we shall see when we come to consider making unconventional weapons, there may be good reasons why we might consider shooting darts or even arrows from big-bore airguns.


Ammunition for both the catapult and the bullet-shooting crossbow travels slowly. Nevertheless, irregular shaped stones, as we discover on our eighth birthday, do not fly true.


Ball bearings are commonly sold as ammunition for catapults; usually three-eighths of an inch in diameter. They have three disadvantages: they are very expensive; they are small and do not afford a firm grip to finger and thumb as they nestle in the pouch; and they lack mass. It is this last fact that reduces their value as ammunition, despite the advantages of perfect uniformity and residual environmental safety. Mass, as we have just seen, is critical to momentum. Glass marbles are also used as ammunition, commonly those of around 16 millimetres diameter. Whilst giving a substantial body to grip, and being reasonably (though not perfectly) uniform in both roundness and mass, they still are not very heavy. Oddly enough they weigh almost exactly the same as the little steel ballbearings.


In India, small units of clay with a little vegetable oil mixed in to prevent brittle drying, all weighing the same as each other, are rolled by hand into a ball and are left to dry in the sun to be used later as ammunition for the stonebow. Provided the dry weights are reasonably large they may prove effective and, requiring no apparatus for their manufacture, are pleasantly free of expense. They are said to be effective on small birds, but civilized nations eschew the shooting of small birds, and quite right too.


Until the Industrial Revolution, ball for cannon was made of hand-chipped stone, labour being cheap and the raw material abundant. Eventually, towards the end of the eighteenth century, cannonballs came to be made of cast iron; to the modern mind of surprisingly imperfect diameters, and therefore often not very spherical. This was one of the reasons for cannon having a large windage. A cast iron ball wedged in a cast iron barrel having access only from the muzzle was a handicap in a battle. Since most gunpowder was slightly damp in the field, and possibly damper at sea, the chance of a misfire was too high to ignore. The Brown Bess musket misfired once every thirteen shots, though this may have been more closely related to the flint-lock ignition system than to the state of the powder.


Bullets for muskets were made of lead. Metal detectorists tell me that it is almost impossible to walk a ploughed field in England without finding a musket ball, and those I have seen have a very thin coating of toxic oxide. Before we discuss how to make lead bullets, a word of caution. The President of the Faculty of Occupational Physicians of the Royal College of Physicians, who might be in a position to know, once told me that lead poisoning is a real occupational hazard, and it really does occur among paint-strippers and stained glass workers and others who work with molten lead, if they are careless of safety. It may be simple to melt lead on a gas cooker, but the stench is dreadful, and lead fumes are invisible and therefore a real hazard. A safer method is to cast bullets out of doors, and a barbecue (if it is never again to be used for cooking) can supply the heat. Lead oxides appear on the surface of the molten metal in open crucibles and are highly and cumulatively toxic; nor do they disappear if the barbecue goes unused for a year or two. It is as well to dispose of the slag with the greatest possible care. I take it to a lead-works where it is eventually recycled. It is also perilous to neglect clothing. I have cast bullets wearing sandals, and don’t much recommend it. Molten lead splashes readily, and leather motorcycle gloves, despite being hot and uncomfortable, are sensible, as are stout boots and spectacles of some kind.


Lead being malleable and ductile we could conceivably take lumps of identical weight, and hammer them until they became spherical. If we choose to make hollow slugs for our big airguns, we use the malleability to squeeze the lead through a die, although the power to do so is unlikely to be achieved with less than a hydraulic press. Ballbearings were once made by rolling them in a tube containing many thousands, loosely trundling round together for days and days on end in a slurry of wet abrasive powder. In the same way that pebbles are rounded on a beach by the action of waves, all the corners and irregularities are knocked off, and steel being a homogenous material (that is, lacking the grain direction which tends to make most pebbles egg-shaped rather than spherical) they end up with no corners at all.


Mould making


My brother-in-law once told me that he remembered having read somewhere how one might cast bullets with a plaster of Paris mould, and despite this being not exactly a well-referenced source, I made such a mould, casting it around glass marbles. Left for a couple of days to dry out before the marbles were removed, the hot lead immediately provoked an outburst of steam which blew the mould apart, and I had no success whatsoever. I abandoned the attempt and have nothing of any use to offer on the subject.


I have a number of commercially made bullet moulds, and frankly recommend buying one and having done with the business, for they barely cost an hour’s wages for standard sizes, or double for one made to a specified size. These commercial moulds are made of aluminium. A century ago when aluminium was uncommon, pistol bullet moulds were made of brass, usually with short handles of brass as well, which suggests that our ancestors had thick and horny skin on the palms of their hands, or that they wore gloves, or that they were rather dimwitted. Brass handles get hot very quickly. Today’s moulds have wooden handles and wood is a poor conductor of heat; something of moment when we consider that the melting point of lead is 325°C.


Metal moulds for spherical bullets can be bought quite cheaply in gunshops in calibres up to .575. Of the common sizes, a .451-calibre ball weighs about a third of an ounce and a .527-calibre ball weighs almost exactly half an ounce. It is possible to order a heavier bullet mould, and to wait a very long time indeed for delivery. The easiest way to make an odd size is to buy a small one and to grind each half of the hole bigger.


However, there is nothing to stop us getting two small blocks of aluminium and starting from scratch. Aluminium is particularly good because it acts rather well as a heat sink. A mould needs to be hot for the lead to flow into it, but it also needs to conduct heat away quickly or the bullet takes a long time to solidify in the mould.


I have a mild steel mould made for me by an engineer who was curious to know if it could be done on a lathe; each bullet must be left in the mould to cool for ten seconds after casting, and I can only make twenty balls in an hour with it. Why so slow? My engineer was not sparing with his steel and steel is a poor conductor of heat. Initially, we ladle molten lead – using a dessertspoon wedged and bound in a wooden handle – into the mould. Before the mould warms up a small dribble falls through the hole in the top and perhaps forms half a sphere in the mould chamber, but almost at once the hole becomes blocked with solidifying lead, and no more can flow through to form the top half of the ball. The problem is solved by applying a blow-torch to the mould for a few minutes. But once hot, steel remains hot. Accordingly, every ball cast has to be held while the steel cools to the point where the lead solidifies, before the mould can be opened.


An aluminium mould, by contrast, can be heated adequately in a few seconds with a powerful blowtorch, and sheds the heat to the surrounding air so quickly that almost as soon as the lead is poured, the mould can be opened and the ball dropped out.


Besides, aluminium is soft and easy to work, and steel is not. I have made moulds on a lathe, but to no benefit because I had no spherical follower, and a simple grinding bit in an electric drill is just as inaccurate and saves the purchase of the lathe. For both these reasons, therefore, if you are disposed to make, rather than to buy your mould, use aluminium. I am disposed to view what I do as fun, and there is great pleasure to be had in the accomplishment of shooting bullets cast from a mould I have made myself. Indeed I would say that making a bullet mould is a pleasant activity, but then Hodgkin says that making bowstrings is a jolly business; something which perhaps is intended to be read ironically, since the frustrations of working with a tangle of threads, into each of which an equal tension must feed, reduces me without fail to violent swearing.


We need two pieces of aluminium which each have at least one perfectly flat surface. An inch by an inch-and-a-quarter is probably enough, and five eighths of an inch thick; for bear in mind that not only does each half have to contain a perfect half-sphere, it has also to have room for pegs from the flat of one half to mate perfectly with holes in the flat of the other half. Nevertheless, the smaller the aluminium blocks, the less heat will be required before perfect bullets can be cast.


On one flat surface, we draw with dividers – so that they scratch the circle – the diameter of the bullet we wish to cast. We can calculate the size pretty exactly from knowing that a standard Brown Bess musket ball, of which there were 14½ to the pound, was 0.683" in diameter. Suppose, as well I might, I wish to make a twenty-bore ball. The volume of a sphere relates to the cube of its diameter: it is 4/3πr3. 0.683 x 0.683 x 0.683 (we don’t need π) will give us 0.3186; if we multiply this by 14½, to give us a pound, we have 4.6199, and if we divide that by twenty, because we want a twenty-bore ball, we have 0.231. The cube root of 0.231 is 0.614, and this is the diameter in inches of a lead ball weighing a twentieth of a pound, or 350 grains. If we work in metric, the diameter is 15.58 millimetres.




0.6833 = 0.3186


0.3186 x 14.5 = 4.6199


4.6199 ÷ 20 = 0.231


3√0.231 = 0.614





We also know that a twelve-bore ball (12 together weigh a pound) is 0.729 inches in diameter. This presents a slightly awkward fact to be discovered by anyone mathematical, in that these figures can only be approximate diameters, since if a lead ball 0.683" in diameter weighs 14½ to the pound, a twelve-bore ball should be 0.72747" and not 0.729" in diameter.


Empirically, then, we find that the following give approximately the weights we might require, or are moulds commercially available:












	   

	Quantity

	Weight

	Diameter

	   






	 

	per pound

	(grains)

	(inches)

	(mm)

	 






	 

	11

	636

	.75  

	19.05

	 






	 

	12 bore

	583

	.729

	18.52

	 






	 

	14

	500

	.692

	17.55

	 






	 

	14½ (musket)

	483

	.683

	17.35

	 






	 

	16 (one-ounce)

	437

	.661

	16.79

	 






	 

	16½

	424

	.655

	16.64

	 






	 

	18

	389

	.636

	16.15

	 






	 

	18½

	378

	.63  

	16     

	 






	 

	20 bore

	350

	.614

	15.6  

	 






	 

	24 (pistol)

	292

	.577

	14.66

	 






	 

	27⅓


	256

	.5    

	12.7  

	 






	 

	32 (half-ounce)

	220

	.527

	13.39

	 






	 

	50

	140

	.451

	11.46

	 






	 

	75¼

	93  

	.394

	10     

	 















So, choosing our diameter accordingly, the first thing to be aware of is that the lead will have to be poured into the mould, and to save cutting off a sprue, or stalk, of lead (which is the casting of the hole going into the mould) from every single bullet, it is as well to make the circumference of the circle brush the top surface of the mould.


Now forget the circle for a while, and concentrate on drilling two holes all the way through both blocks of aluminium. I like to make these 2.5mm diameter. In one block I tap a 3mm metric thread, and screw into it, very tightly, a couple of tiny bolts which protrude sufficiently to locate into the opposing holes [Fig. 1.1]. Either the threads will have to be carefully filed off to fit these holes, or the holes will need to be enlarged. At this stage it is also sensible to think about how the blocks are to be mounted in the wooden handles; having tried various designs, for simplicity’s sake I favour a hinge at one end of the handles. If wood is plentiful, the 2.5mm holes can be drilled straight through the wooden handles and the aluminium blocks screwed directly to the wood – it will eventually scorch, but not for many hundreds of bullets. Otherwise, these holes can be extended into a couple of flats of steel which can in turn be mounted onto the wood handles; steel being a poor heat conductor, the wood will be better protected from scorching.





[image: ]

1.1 Tapping the locating holes in aluminium mould blocks








Next, drill into the combined blocks the pouring hole [Fig. 1.2] which serves as a datum mark for both blocks. Then part the blocks and with a large diameter bit drill a short blind hole into the aluminium where the future bullet will lie [Fig. 1.3]. Using a ball-grinding bit (sometimes called a spherical burr) in an electric drill, enlarge the hole into a hemisphere, as accurately as possible keeping to the inscribed circle defining the final diameter of the ball [Fig. 1.4]. Use a low drill speed and plenty of pressure, or the grinding bit will wheel itself out of the hole (I guarantee it) and gouge unpleasantness out of the mating surfaces.


It is a great help if a washer can be found which has the exact outside diameter of the intended bullet: this can be applied to the hole repeatedly to find those parts which need to be ground out to make a more perfect sphere. I have had no success with making a cutting tool having itself the finished hemispherical shape.





[image: ]

1.2 Drilling the datum and pouring hole








This, in part, is because the centre of the hemisphere receives only slight abrasion from a spinning hemispherical cutter, and whilst routers are known for woodworking, aluminium is a comparatively hard material. Even so, only care and patience is required to create something that is very close to a hemisphere. Parabolic mirrors of six and eight inches diameter are regularly hand-ground by amateurs making large astronomical telescopes – something requiring far greater accuracy than what we attempt here.





[image: ]

1.3 Drilling the pilot hole








The temptation during this operation will constantly be to blow the swarf out of the developing hole, and no warnings ever devised have prevented people from doing this. I suspect each of us simply has to experience the shock of a sudden eyeful of tiny, razor-sharp shards of aluminium and be the wiser afterwards.


Do not, at this stage, do anything to the second aluminium block; this should merely have a short hole drilled in it to represent the second half-ball. A combination pouring-cone and sprue-cutting device must now be made. I like this to be of mild steel, which will cut the lead easily [Fig. 1.5]. It pivots on one block with a 6mm bolt going into a tapped hole in the half-mould. A little carelessness ensures that this hole is drilled where the future bullet-hole will lie, resulting in a truly amazing amount of cursing before the block is flung, worthless, across the workshop and a start on a new one is made.


Now the two halves of the mould are put together, the locating pegs-and-holes firm against each other, and the entire device is clamped shut in a G-clamp, heated good and hot with a blowtorch, and a spoonful of lead melted and poured into the mould [Fig. 1.6].





[image: ]

1.4 Opening the pilot hole with a spherical burr








On separating the two parts of the mould we then have a cast of the dome of one half, and its circumferential circle sitting on the surface of the virgin half-mould. While the cast is sitting there, it is an easy matter to scribe with a needle a circle round the outside of it so that this, the virgin half, can be ground out to a close match using the spherical grinding bit. Use a small diameter one for the initial grinding, a larger one later, and use a gyrating, rotary motion to bring the hole as close as can be guessed at to the half-sphere. Accuracy is likely to increase with practice, and to increase dramatically with larger bullets; the temptation is to make several different size bullet moulds, and far be it from me to discourage this entertainment.





[image: ]

1.5 Combined funnel and sprue cutter








Mankind has such a strong creative urge that often the making of these things becomes more enjoyable than the shooting of them. Astronomers report the same thing – people find the making of a telescope so pleasurable that they subsequently devote more time to building further instruments than they do to observing the heavens. This stage of the process takes rather longer than I have described, since the aluminium will need to cool before it can be handled, but this is something we each discover for ourselves, instantly and painfully, when impatience leads us to seize the mould just after the molten lead has been poured into it.


Then follows a steady repetition of the whole process of casting a bullet, a careful examination of the bullet, and grinding a little more from the half-moulds until the bullet is both spherical and of the correct weight. Shot from a catapult a little irregularity does not catch the breeze so’s you’d notice. With bullets larger than half an ounce, it takes a good deal of grinding to make modest increases in weight, and this allows us to make bullets which are very close indeed to spheres, and of whatever exact weight we may require.





[image: ]

1.6 Lead cast of first half-ball








How long to make such a mould? A leisurely day, including perhaps mounting the mould in a pair of wooden handles [Fig. 1.7] such that they can be easily married for pouring the lead, and equally easily split to drop the new ball out. Bear in mind that molten lead really does give off fumes and they really are horribly and cumulatively poisonous, so the less time spent over the cauldron, the better.


In one of my moulds the pegs from one block, which locate into holes in the second block, were slightly off-set, resulting in a ball made of two half-spheres which did not quite meet centrally. But because lead is malleable and ductile, the ball resulting could be made as near spherical as necessary simply by rolling the misshapen lump between two flat plates of iron. I have reservations about shooting bullets like this at high velocities down the barrel of a gun, but for catapults such a knobbly ball, shot at low speed and short range, is adequate.


Accuracy, penetration and momentum are intricately linked and we always and ever have to find a point of compromise. Accuracy from a low velocity weapon at short range is adequately attained by spheres of uniform diameter and weight. Large pebbles flung from slings fly straight but David carefully selected a round one to smite Goliath. Critical to our understanding of this is again the importance of momentum.


According to Newton momentum is maintained unless there is some force acting upon it. A half-ounce lead ball, flying through the air at over 100 miles an hour, has a lot of momentum, and since our shooting is at very short ranges, we can expect that the force applied by even a brisk wind is far too small to have any great effect upon it – and such is the case. Even with a smooth-bore barrel our low-pressure airgun (Chapter 9) shoots a half-ounce ball repeatedly through the same hole at 10 yards. At 100 yards, of course, it is a different matter due both to tiny inaccuracies in the ball and inaccuracies of aim through the barrel having a larger diameter than the ball itself. Musket fire will not hit a man at 150 yards. But we are not interested in hitting men, nor in ranges of a 150 yards.





[image: ]

1.7 Completed bullet-mould








The target rifleman, knowing his exact range and wishing to do no more than make a hole in a piece of paper, will sacrifice power, velocity, penetration and money to that end. A golf ball weighing 1.62 ounces can be struck to a speed of 250 fps – a useful 98 foot-pounds of energy – but two things prevent golfing tackle from being used as weapons: the lack of penetration and the lack of precise accuracy. Having once been hit by a golf ball at the end of its flight, I can say that its size, a little over an inch and a half in diameter, prevents its penetrating a human head – mine – but perhaps that is not the object of golf. The target archer cannot be quite so careless of penetration; an arrow which does not stick in the close-bound straw of the target does not score. The archer therefore has to have an arrow weighty and sharp enough not to bounce on impact.


Ignoring poor marksmanship, which largely depends on practice, the combination of ammunition and weapon will limit the useable range. All weapons tend to disperse their ammunition; the useable range is never further than that point at which the dispersion exceeds the size of the target. Nelson’s warships shot cast iron balls a tenth of an inch smaller in diameter than the bore of the cannon, and at a mile distant, the ball might fall anywhere along a line half a mile wide. Accordingly, Nelson was in the habit of advising his captains ‘to get so close to our Enemies that our shots cannot miss the object’, and frequently this meant so close that they were touching one another.


Shooting a musket ball from a catapult ties in with the experience of hunting archers who rarely shoot beyond 20 yards, indicating the importance of stalking to anyone wishing to shoot low-velocity ammunition. Lateral dispersion is the concern of the weapon, but vertical dispersion depends on the time which has passed since it left the weapon. An important concept, which as a youth I never quite grasped, is that the bullet doesn’t fall towards the ground at a constant speed: it accelerates. It accelerates downwards at 32.16 feet per second per second. This means that if you dropped a bullet out of the leaning tower of Pisa, as Galileo once did, after exactly one second the bullet would be falling at 32.16 fps. After exactly two seconds it would be falling at 64.32 fps. After exactly three seconds it would be falling at 96.48 fps. As the leaning tower is 179 feet high, the maximum time it can spend falling is three and a third seconds, and therefore the greatest speed it can attain is 107 fps.


These delightful figures mean that we can tell exactly where our bullets are at any time after we’ve shot them. The drop in feet may be calculated by multiplying the time (measured in seconds) by itself, and then multiplying this figure by 16.08. Or as a mathematician would have it, S = ½g t2. Why the drop is called S, I have never fathomed. 




S = drop (in feet)


t = time (in seconds)


g = gravitational acceleration (32.16 fps/sec)


                     S = t2 x (g ÷ 2)





After a quarter of a second our missile has fallen 12 inches. Suppose we are shooting a catapult ball at 180 fps, which is quite likely. A quarter of a second after we’ve shot it, the ball will have travelled about 15 yards. So we know that at 15 yards, we need to aim a foot above the target to hit it.


The significance of this is that a bullet’s drop is not related to the speed, but to the square of the speed, which means that if the bullet is travelling half as fast, it will drop four times as far over a given distance. Therefore slight increases in bullet velocity are worthwhile if for no other reason than assisting range estimation. In the field, it is difficult to estimate precise ranges. Towards the extreme range of a catapult, a 10% error at 30 yards is of course 33 yards. At 200 fps, a catapult ball drops 69 inches at 30 yards and 84 inches at 33 yards, which is significant.


Target archers usually draw their arrows to the chin. The line of sight is about five inches higher; specifically, at eye level. Target arrows fly at about 170 fps. A ringsight, fitted to the riser (or handle) of a target bow such that the arrow hits the centre of the target at 15 yards, will mean that the arrow will also hit the centre of the target at about five yards. The arrow only rises above the line of sight by a peak of about an inch for the whole of the interim distance. Why? Because the eye of the archer is looking along the tangent of the curve of the flight of the arrow and, since this curve approximates to the curve of a circle having a very large radius, it is pretty nearly a straight line.


The human-powered bullet therefore operates under the restraint of physics. It is hard to give it high velocity, because there is little time to effect an acceleration and because the amount of energy we can supply is limited, unless we reduce our rate of fire. But momentum is easily transferred to it simply by increasing its weight. A high momentum efficiently transmits a blow to a target, but a low velocity gives a high trajectory and limited penetration. We therefore have to shoot it at short range, and choose our targets carefully.
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