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FOREWORD

When in 1976 we wrote “The Airgun from Trigger to Muzzle" we wer
aware that it was not a fu//investigation into the phenomena attached to spring
let alone the problems associated with pneumatic guns in their various formr
determined, after publication, to continue our quest for the truth about these s
machines. As the search progressed and many new facts came to light, we re
the merit of the old saying: "Nothing improves until someone stops and questi
accepted belief". This is because we often found that some of the old accepted |
attached to airguns were totally wrong. Probably the most outstanding example
“That a longer barrel on a gun increases its velocity”. This may well be true
case of a firearm, but holds little truth in the case of a spring gun.

The present work covers a far greater field than the previous, embracin
the study of pneumatics and the flight of the pellet. At the same time we ca
describe why a spring gun may operate in any one of “four phases”. depending
a multiplicity of factors. It is the appreciation of these four phases which provid
key to the understanding and management of spring guns and their often
performance.

Although a spring gun at first appears to be a very simple system, its ac
in fact far more complicated than that of a pneumatic. There are many f
influencing the performance of a spring gun, and very often the alteration of ¢
upset the others, so its design becomes a matter of balance and compromises. (
other hand the factors which influence the performance of a pneumatic ar
understood and controllable, alteration of any one element will usually bring abc
expected result without upsetting the others.

Since 1976 there has been an explosion in airgun designs and systems,
new gun being built to satisfy a particular demand in the market place. This di
has resulted in the old saying, “there are horses for courses” becoming
applicable to guns. Itis no longer possible to name the best air gun without accu
declaring its purpose, what might be the ultimate in one situation could be n
useless in another.

In this book little mention will be made of air pistols, this is because they
seldom used in experiments but their performance and characteristics are exac!
same as those of a rifle, only scaled down. Also, the word “weapon”will not be
We consider this name to be derogatory to airguns, implying violence and suggt
savagery !
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Chapter 1
INTRODUCTION

Most airgun enthusiasts start off with a spring gun and then perha
on to own a pneumatic. With this thought in mind spring guns would se
be the obvious starting point for a book on air guns.

It is a surprising thing that very often a subject which appears on firs
to be very simple, often, on further study, turns out to be very complicatec
statement is exceptionally true when applied to the spring air gun, as we
out when we first began to investigate the subject many years ago.

The trouble all started with a small 'barrel cocker' that we bought s
hand. Generally it would perform very well and give successively aci
shots, then for no apparent reason the pellets would go high or low, c:
much frustration. Being scientifically minded and curious we decided to
improve on the original construction by making the breech seal a better fi
cylinder was polished and the sear refitted. Each alteration and adjus
helped, but the real reasons behind the problems still remained obscure

More rifles were looked at and some bought so that we could ex
them and check their performance. In each case we measured wh
considered, at the time, to be their "vital dimensions", by this procedu
hoped to be able to spot why one type of rifle was better than another.
soon became clear that physical dimensions alone were not going to |
answer, there must also be other areas to be investigated.

In those early days accurate electronic chronographs were not avi
and we had to rely on our own home built ballistic pendulums to tell us ho
our pellets were travelling. But pendulums are slow and cumbersome t
so we built a sound operated electronic chronograph from old computer

~ the sound at the muzzle and the noise of the pellet hitting a steel

providing the start and stop pulses. This simple instrument was the forei
of a line of light operated chronographs, which were sold both to airgunne
industry in the years to come.

By this time we were utterly and completely committed to the solu
the problems of spring guns and why so little of the energy in the
appears in the pellet as it leaves the muzzle. As our interest in a
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Chapter 1 - Introduction

developed we searched the library shelves for a book that might help us, but
the space was empty, this work is aimed at filling that space. We hope that in
the following chapters the reader will find the answers to his own particular
questions; also he will be better able to understand the physics involved in his
gun.

Perhaps the most fundamental question that must be asked is: "Why use
air atall 7" After all, a bow projects an arrow without air and also a catapult can
fire a stone. Perhaps the air adds energy to the pellet, or is needed because
a gun has a barrel whereas a catapult does not."No, the air is only a medium
used to couple the heavy, relatively slow moving piston to the light fast-moving
pellet. It is this great difference between the mass of the driving force and that
of the projectile which makes a coupling medium necessary.

Physics is a subject full of graphs, so the reader must accept them as a
necessity in a book of this nature. The first one that we shall use fig 1.1 relates
three factors, pellet weight, pellet velocity and pellet energy. One of the chief
uses of this diagram is to compare two rifles of different calibres, but it can also
be used to compare pellets of different weights fired from the same rifle. It
makes these comparisons possible by providing the means of converting
weights and velocities to that all important figure, the "muzzle energy". Muzzle
energy is the term which describes the output power of a gun, neither velocity
nor projectile weight are adequate terms on their own, they must be combined
together before the power of the gun can be defined.

The muzzle energy of an air rifle is the figure normally used in legal terms
to determine whether or not the gun should be classed as a firearm. At the
present time in England restrictions are placed on rifles that can exceed 12 Foot
Pounds of muzzle energy, and on pistols which can exceed 6 Foot Pounds.
These figures were laid down in 1969 at a time when few rifles or pistols could
achieve these energies, since then however, technology has caught up with the
law and now most rifles are easily capable of these powers.

Over the years, manufacturers and sportsmen have always spoken of,
and perhaps boasted about, the velocity of their favourite rifle. While this may
be quite reasonable in advertisements or in the bar of the "Red Lion" it has little
place in physics, for no mention has been made of the weight of the projectile.
It is rather like telling your friends that you can travel at 50 miles per hour. This
in itself is not remarkable at all, until you carry on to mention that you do so by

The Air Gun from Trigger to Target 8

Chapter 1 - Introduction

16gr
14gr
12qgr
1 10gr

7gr

p 8gr

m |
e
o .
TR |
e
2 3 |
o |
@ & |
N O A o
o 0 = Te)
® Y N -

The Air Gun from Trigger to Target

T 11

900

800

0



Chapter 1 - Introduction

bicycle or steam roller ! Weight is just as important as speed, a fact that is
easily overlooked.

In order to determine the energy of any projectile, it must first be weighed
and then the velocity at which it is travelling measured. Normally the velocity
reading is taken within six feet or so of the muzzle, at this point the projectile
is at its maximum velocity and the muzzle blast that follows the projectile has
minimal effect on the measuring instruments.

These two factors, weight and velocity,” can then be substituted in
Newton's well-known equation for kinetic energy, that is the energy possessed
by a moving body.

E ="/,MV?
Where E = Energy, M = Mass, V = Velocity.

But since we are dealing here with weight and not mass we must
convert the equation into:

E=—
29

Where W = weight and g = the acceleration due to gravity. Which
in this book will be taken as 32.16 FPS®. This will give us the kinetic energy
which that projectile contains when it travels at velocity V.

Suppose that we wish to determine the energy in Ft.ibs. of a pellet
weighing 14.5 grains that is travelling at a velocity of 500 FPS. We must first
apply the above equation where; W = 14.5 Grains, V = 500 FPS, g = 32.16
FPS®. To convert grains to pounds we have to divide by 7000. (There are 7,000
grains in a pound). Thus E = 8.05 Ft.lbs.

It is well worth spending a bit of time here considering what a foot pound
really is. It is obviously made up of two common terms, a foot being a unit of
length. and a pound being a unit of weight, when these two are combined
together a unit of energy results. The blunt statement is that one foot pound is
the amount of energy required to lift a one pound weight one foot off the floor.

The Air Gun from Trigger to Target 10
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When one pound weight is supported one foot above the gr
it is said to contain one foot pound of potential energy. In other wo
contains one foot pound of energy which can be employed at some future
If, on the other hand it is released and falls to the ground its potential el
will be converted into kinetic energy as it drops, which will probab
absorbed by making a dent in the floor !

This energy must not be confused with what we humans might cor
to be work; for one of us to stand for an hour with a twenty pound wei
each hand would be hard work indeed. Yet in the world of physics we \
merely be supporting weights and would not be doing any work at all, at
not in the terms of Newton's laws.

Of course in air gunning we never have to deal with something so s
as weights falling to the ground, we are interested in pellets flying more o
horizontally. However Newton's laws may still be used to obtain the k
energy of our pellets because they are only small weights, but this time m
horizontally.

We have found throughout our work with spring air rifles that the o
mechanical efficiency of an "average gun" that is not burning oil, is about
That is for every foot pound of the energy stored in the compressed spring
one third of a foot pound will appear in the flying pellet. The reasons fc
inefficiency have been investigated and will be discussed in the foll
chapters. However, in order to start understanding the working of an ai
one must know the sequence of events inside the gun, for instance, do¢
pellet start at the moment of peak pressure ? Does the piston stop beft
after the pellet leaves the muzzle ? etc.

The sequence was established by making the various components
gun such as the piston and pellet interrupt light beams which in turn prox
electrical pulses to be displayed on an oscilloscope fig 1.2.

The piston starting, the piston stopping, the pellet starting and the
leaving the end of an eighteen-inch barrel each produced a pulse on tt
trace of the oscillogram. The only negative pulse (downward going) on the
is that of the piston stopping. The lower trace shows the pressure rise insic
cylinder as measured in this instance by an uncalibrated transducer.
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The first positive pulse is that from the piston starting after the trigger is
pulled, the second is from the pellet as it starts off up the barrel, the third
positive pulse is that produced by the pellet leaving the muzzle and the fourth
pulse (negative) is that of the piston finally stopping at the end of the cylinder.

So summarising the above sequence; the piston starts, the pellet then
starts, (notice that this happens at the point of peak pressure), the pellet then
leaves the barrel and the piston comes to rest against the front end of the
cylinder soon after. We will show in a later chapter that in fact, the piston comes
very close to the end of the cylinder at the moment of peak pressure, but then
rebounds backwards off the high pressure air cushion in front of itself.

It must be borne in mind throughout this book that everything happens at
very high speed. For instance, the time base of the oscillogram, i.e. the length
of the horizontal line is equivalent to 50 milliseconds (ms), that is, fifty
thousandths of a second. Thus the total time from the start to the stop of the
piston is about '/, of 50 ms i.e. 17 ms This is shown by the fact that the cycle
of events is completed in the first third of the trace. (In this time a pellet
travelling at 500 FPS would have covered a distance of eight and a half feet !)

Also, in most of the chapters the reader will find there are conflicting
effects that an alteration of an individual component can have on the final
performance of the rifle. The balancing of these factors will be discussed in the
chapter on Tuning, but these variations are responsible for the fascination which
the spring gun holds for airgunners.
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Chapter 2
THE FOUR PHASES

As we said in the last chapter, the spring gun is a very compli
machine. Although at first sight it might appear to be purely a spring ope
air pump mounted on a wooden stock - nothing could be further from the
For instance, in our early studies we accepted that the oil we used |
lubricated the works, unless excessive amounts were applied, in which ca
gun dieselled. We also accepted what then appeared to be a common
attitude, that if the spring power was increased then obviously the velocity
pellet must also improve; or if we polished the cylinder to reduce frictic
velocity would increase. As time went on and our experience from worki
many rifles grew, we began to realise that in fact what we often thought w:
obvious road to the improvement of a gun's performance was actually the
opposite. It was a bit like viewing life in a mirror, everything was reverse

One or two big disappointments forced us to take stock of what we
and what we were trying to do, that brought us to the conclusion that the '
problem was far more complicated than we had imagined and it was sugg
that in fact any spring gun could operate in any one of four distinct ph
these we called the Blowpipe, the Popgun, the Combustion arn
Detonation phases. Application of this theory offered answers to many
difficulties we had encountered, especially why identical models of the
rifle could produce such widely differing powers depending on variable f:
such as lubrication or pellet fit. In subsequent years we have always four
theory to be sound, problems with the performance of spring guns,
analyzed in this light, have been solved. Or if not solved, then the reasol
not, has become clear.

Phase | - Blowpipe

The first phase we christened the Blowpjpe phase because the
performs in a similar fashion to a native blowpipe, the projectile must be a
fit in the barrel so as to allow the reduced air pressure to move it alon
bore. This phase is normally only employed by relatively low powered gun
pistols firing the old fashioned cat slugs or perhaps steel BB balls. The BB
gun is seldom rifled and the ball is not tight in the barrel, in fact it is usually
in the breech prior to firing either by a light spring or a magnet to prevent i
falling out along the barrel.
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Since the ball is not a tight fit in the breech or barrel of the BB gun, it
therefore provides no seal, the piston is unable to build up pressure it before
it starts off and the final velocity is relatively low. In these lower powered pistols
and some early rifles too, the pellet had to be seated a short distance into the
bore, either by a separate tool or by part of the gun itself. The idea of this was
to ensure that no spring energy was lost in forcing tight pellets into the bore, but
more importantly to ensure that the gun would actually fire them!

In the market for very low powered junior rifles or pistols capable of firing
standard lead pellets the employment of the blowpipe phase is the only way in
which a reasonable degree of success is likely to be attained. Early pellet firing
rifles of this type were mainly of the "tinplate” variety which have now just about
vanished from the scene, except for those designed especially for the firing of
BB balls. Of course fairground rifles firing darts are still an important aspect of
this phase. The latest craze of "Soft Airguns" employs this phase, these fire
lightweight plastic balls from imitation firearms. However, little more will be said
in this book about the blowpjpe phase because it is not of any serious technical
interest. If the cylinder were large enough and the barrel long enough, the
oversize gun might have acceptable characteristics - which leads us nicely to
the next paragraph.

Mention must be made of the native weapon. This is probably the most
interesting, efficient and sophisticated example of a system for firing a projectile
by air that we know. The calibre, weight and shape of the dart have evolved by
trial and error over centuries to perfectly match the length of the blowpipe and
the power and capacity of the owner's lungs. The result is a wonderful system
upon which the hunter relies for his food, and therefore his life and the lives of
his family too. It is made for serious hunting, certainly not as a pastime. The
manufacture of the pipe itself is a marvel of workmanship and skill, especially
when one considers the lack of facilities. The pipe's length and calibre must be
correct so that the shooter can maintain a constant pressure behind the moving
dart as it is accelerated up the tube. Though one can only presume that over
the years the owner's lungs develop extra strength, in much the same way as
those of a modern glassblower.

Phase Il - Popgun

The popgun phaseis best described as the condition within the gun where
the pellet is firmly held at the start of the bore and no combustion of lubricant
occurs when it is fired. We have, perhaps, picked an unfortunate name for this
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phase; nobody likes to think of his expensive match rifle as being a popg
no other name describes so accurately a gun working without the
combustion. This phase lends itself to precise physical analysis better -
the others, and indeed was the subject of our previous work "The Airgt
Trigger to Muzzle." Each component in the system will be discuss:
analyzed in future chapters together with observations on their effect i
phases. A rifle working within this phase produces shots of very cor
velocity but of lower velocity when compared with those where combu:
the lubricant occurs. For successful operation within the popgun phe
various components of the gun must be designed and shaped to s
phase, for instance the entry to the barrel must be a polished radius s
ensure the pellet releases at the correct point in the piston's stroke ever
Also the piston's seal must be very good so that no oil or grease passt
the gun is cocked.

Spring guns designed for high level competition shooting work
phase and are capable of producing shot to shot velocity variations of
couple of FPS. However owners are often disturbed by the instruction -
oil must be applied to the working parts, this instruction ensures that no
lubricant is present to pass the piston's seals where it will burn and th
change the gun's consistency.

The term popgun was given to this phase because when the tri
pulled the piston rushes forward, increasing the pressure of the air in f
it and therefore behind the pellet also, until sufficient pressure has buil
unsticif the pellet and force it along the barrel; in much the same manner
co.rk flies out of a popgun once the pressure behind it has reached a
point. Inevitably, of course, the air is heated by the compression and the
expands to further increase the pressure behind the pellet before it leav
breech. However, the air cools again and loses pressure as it expands |
the moving pellet and the energy gained from the heating is lost, leavi
pellet with only the energy it obtained from the spring to drive it along.

As an interesting piece of history, in 1814 a firearms inventor
Sam_uel Pauley took out a patent for a system by which the powder
cartridges was ignited by a blast of air heated by violent compression in
cylinder by a spring-loaded piston.
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Phase lll - Combustion

The combustion phase is the phase in which most high powered sporting
spring rifles operate. As the piston comes forward on firing, the temperature of
the air in front of it rises with the pressure; this very high temperature causes
oil, or any other combustible substance to burn, thereby increasing the pressure
further, producing enough energy to drive the pellet up the barrel at a very high
velocity. Since the combustion relies on the high temperature created by the
compression we originally called this phase the "Diesel engine phase".
However, this led to complications with the next phase, and since it is a bit of
a mouthful anyway it came to be known by its present, more descriptive, name.

Because the final pressure in the barrel depends on the quantity and
characteristics of the lubricant present also the replenishment of this fuel, the
cycle is somewhat erratic and unpredictable. The final velocity may not be as
consistent as in the popgun phase, but this lack of consistency is of less
importance when shooting vermin at long ranges. Like so many other
characteristics of air guns, a compromise has to be struck between two or more
conflicting requirements.

Phase IV - Detonation

Finally, the defonation phase. This is a very difficult phase to study
because it is a phenomenon which seldom occurs, but when it does the results
can be disastrous. To experiment with it is risking permanent damage to the
rifle. As we understand it, it would seem that if a certain critical quantity of
lubricant is present in front of the piston when the rifle is fired, normal
combustion will take place; but then this combustion will in turn set off a chain
reaction in the remainder of the fuel and it will detonate. Detonation is an
instantaneous rearrangement of molecules which occur at very high
temperatures and pressures - as it happens large amounts of energy will be
released. A good example of a detonation is when a toy cap is struck. Energy
in the form of heat, light and sound are all produced by the instantaneous
expansion of the gasses. Our observations indicate that ambient temperature
influences the occurrence of detonations in air rifles, they may occur more
readily on hot days than on cold, depending on the lubrication employed.

Looking at firearms for a moment, a substance which detonates is useless
as a propellant, though of course a small amount is necessary in every
cartridge to set off the propellant. But if a cartridge were to be fully charged with
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a detonant on its own without the normal propellant, the gun wou
destroyed because no appreciable time would be allowed for the projec
be accelerated up the barrel and the pressure behind it would burst the bi
This action is the very opposite of the classic explosion of the old time
powder shot guns where the action was a clear slow combustion of the
they went off with a prolonged "wumph" instead of a "bang"!

Years ago, before the introduction of modern petrol and lubricatin
motor car engines had to be decarbonised every few thousand miles
irritating procedure was necessary because the combustion of the petrc
the burning of lubricating oils built up a deposit of carbon on top of the |
and on the inside of the cylinder head. This deposit reduced the volume :
the piston and therefore increased the compression ratio of the engine
point where it tended to run like a diesel engine igniting the fuel by the
compression. When this happened the ignition occurred too early in the pi
stroke and the increasing pressure caused the remainder of the fi
detonate, producing a high pitched metallic rattling sound which was ger
known as "pinking". Under these conditions the power output of the engi
drastically, making going up hill a slow and difficult business.

A detonation in an airgun produces a very sharp rise in pressure
the cylinder which is often sufficient to cause the walls to bulge in front
piston. The piston will then be smartly driven back against the spring a
high speed, often re-cocking the gun, or damaging the trigger mechanis
the same time the pellet will usually leave the muzzle at high ve
accompanied by a very sharp crack - loud enough to make your ears ring
plenty of smoke, and possibly an orange flame and sparks at the m
However, although the pellet usually emerges at high velocity this doe
always happen, many instances have been observed when the peliet hz
the bore below the normal velocity for that rifle. In most instances the extre
fasg return of the piston causes the gun to jerk violently, it also damage
Spring causing its coils to be permanently forced closer together.
shortening of the spring reduces its energy storage capacity and therefol
future power of the rifle.

~ Some years ago an attempt was made to harness a detonation i
W_elhrauch HW35/Barracuda. A small amount of an ether based substanc:
iniected into the cylinder before each shot by a small pump fitted ont
cylinder. Like all detonations the results were unpredictable and the syster
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abandoned, history never mentions the damage that must have been caused
to the spring by this fierce treatment.

A detonation has often been called a "diesel shot," or the gun has been
said to be "dieselling." We realise that this is not quite true because, as we
have already explained, a diesel engine relies upon high compression to fire the
charge of fuel in a controlled and moderately gentle manner to drive the piston
down. In a similar manner the propellant charge in a shotgun cartridge burns
slowly enough to accelerate the shot up the barrel at the required rate.
However, a "diesel shot" has all the characteristics of a detonation; the violence,
the noise, the savage recoil and the sparks; so we now consider a "diesel" to
be just another name for a detonation.

Although each of the four phases has been described on its own as a
definite function, in fact it is quite possible for a rifle to slowly change and
operate in each phase during a remarkably short span of time. Suppose the rifle
were to be overhauled and far too much lubricant used, some of it allowed in
front of the piston, then the first few shots might well be in the defonation
phase, as shooting continued and the majority of the lube burned or splashed
out into the stock, the gun would calm down and the shots would move into the
combustion phase. If much more shooting was done and the original unsuitable
lubricant became totally exhausted then the gun would revert right back to
operating as a popgun. Further, if slack fitting pellets were later fired the rifle
would certainly operate as a blowpipe. The whole sequence could then be
reversed if, foolishly, a lubricant were to be injected directly into the transfer
port.

The Nitrogen Experiment

Establishing the difference between the poogun and the combustion
phase is not easy. Clearly there is a big difference between the velocity
attainable by a well-oiled gun and one that is dry, the reason for this difference
was originally thought to be the friction in the unlubricated condition. We tended
to think that a dry leather piston head set up enough friction with the cylinder
walls to kill all the power. We did many experiments, some of them quite
bizarre, in the hope of isolating the energy produced by combustion from that
provided by the spring; a gun was totally cleaned and washed out to remove all
traces of oil or grease, then it was rebuilt using dry graphite powder as a
lubricant - it sounded like a "bag of washers", but there was still the smell of
exhaust. Even a totally dry gun was clearly finding something to burn because
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the acrid smell of exhaust at the muzzle was very obvious, even using
that had been thoroughly degreased still did not cure the smell.

Finally the "Nitrogen Experiment" was embarked upon. A .22 We
HW35 was stripped, degreased then carefully rebuilt employing the
amount of lubrication everywhere. The gun was then fired continually
chronograph until its velocity had settled to a constant figure of 636 FP
shooting a 14.4 grain pellet. That is 12.9 Ft. Ibs. We then placed the g
the gun together with a supply of pellets in a long plastic bag and sucke
air out with a vacuum pump; we left it in the bag for about half an ho
the air, and especially the oxygen, was drawn out from the leather pist
and from any other crevices too.

The bag was then firmly sealed around the barrel and a rubbi
pressed into the muzzle to make it airtight so that no air could possibly
it. Finally nitrogen, an inert gas that cannot support combustion, was bl¢
the bag expanding it to a manageable size for shooting, the gun w
loaded and fired a number of times, of course the bung in the muzzle h:
removed and refitted at each shot so that no oxygen could enter the s
loading the pellets was certainly no easy task. This time the gun only pi
426 FPS or 5.8 Ft.Ibs.

Once the combustion had been eliminated by the nitrogen th
power had dropped dramatically and was only producing 45% of the
power - just under half - without interfering with the characteristics
lubrication. The gun was later removed from the bag and fired in air as
the velocity soon returned to its original value. This little experiment pr
us once and for all that whatever lubrication is employed it will not only
the friction between the moving parts but will also add to the energy wi
system by providing a combustible fuel.

All the facts and arguments regarding the four phases apply equ:
to spring powered air pistols too. Although the spring power in a pist
lower than that in a rifle, the area of the piston is also reduced so
pressure generated as the pistol fires is about the same, certainly it can
enough to cause combustion.
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Chapter 3
THE SPRING

The definition of a spring is: " A device for storing energy." In i
of a cocked air rifle the potential energy is said to be stored in th
"Elastic" or "Strain" energy because it is accumulated by twisting the v
spring's individual coils, this can be clearly understood by lookir
illustration fig 3.1.

Imagine what happens as this spring is compressed; the wire ir
is twisted until the coil lies flat on its neighbour, at the same time tt
used to twist it is stored within the wire. This potential energy will be «
into kinetic energy when the spring is released to drive the piston
cylinder.

fig.3.1

There is however, obviously a limit to which the wire may b
before it becomes permanently deformed; imagine that the coi
illustrated spring were spaced much further apart, then the wire woul
be twisted further before they became coilbound, probably causing a p
deflection from which the wire would not recover; in other words the
has been "over stressed". Most air gun springs are designed to make
best use of the material from which they are made and when fully cot
the stress in the wire is at the absolute maximum allowable, no imp
in performance can be made without the spring either breaking or |
permanently deformed.
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The principle dimensions of a spring which influence its stiffness and
therefore the amount of energy it can store, are as follows: if the diameter of the
wire from which the spring is made is doubled then the spring will be sixteen
times as stiff, that is of course if none of the other dimensions are altered. If the
diameter of the spring itself is doubled then it will be only one eighth as stiff as
previously. If the number of active coils is doubled in a spring of given length,
then the stiffness is halved. Finally, of course, the material from which the
spring is made is probably the most significant factor of all, influencing not only
its strength but also its life. But of course the bottom line to all these statements
is that the stiffer the spring the greater will be its ESC.

Calculating the spring power

Since so little energy is available in an airgun relative to a firearm it is
very important to know just how much is available within the compressed
spring, and also to know how efficiently it is employed in projecting the pellet
when it is released. It is not too difficult to measure the amount of energy stored
by a spring in a cocked gun, but it must be remembered that the energy figure
(ESC) obtained only applies to that particular spring when fitted in a particular
model, the same spring in another gun will have very different characteristics
because dimensions such as the cocked and uncocked lengths have a profound
effect on the amount of energy stored.

The amount of stored energy is best determined by the use of a graph
which is constructed from the spring's own characteristics fig 3.2.

The most troublesome part of a spring's analysis is the determination of
its length at two convenient loads, say 100 and 200 pounds. Once these two
lengths have been found the rest is easy. Itis the magnitude of the weights that
produces the difficulty; this can only be solved by the researcher, but the
method that is normally suggested is to stand the spring upright on the
workbench then thread a long rod through the spring and through the bench,
weights may then be attached to the lower end of the rod.

The first two points to be plotted on the graph are A & B. These are
determined by subtracting from the free length the lengths of the spring when
loaded with 100 Ibs. and 200 Ibs. The free length is of course the length of the
spring when it is outside the gun, and the subtraction is necessary because the
figures are deflections not lengths.
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Once the two points have been positioned a straight line may be drawn
through them. Although in theory this straight line should pass through the zero
point, in practice, however, it never does. This is due to a number of factors
which do not concern us here.

Points C & D may now be positioned. Point C being the initial
compression applied to the spring when fitted inside the uncocked gun; it is
found by subtracting the uncocked length from the free length. Point D is the
fully compressed length of the spring when the gun is cocked. It is found by
adding the length of the piston's stroke to the initial compression point at C.
Two vertical lines from the points C & D to the horizontal axis may now be
drawn; the area contained within these lines represents the energy stored by
the spring when the gun is cocked.

In the example we have taken to demonstrate this the dimensions were:

Free Length: 10.0"
Length at 100 Ibs.load: 7.9"
Length at 200 Ibs.load: 5.4"
Uncocked length: 7.5"
Piston Stroke: 2.6"

The calculation is:

Free length minus length at 100 Ibs. gives point A. (10 - 7.9) = 2.1"
Free length minus length at 200 Ibs. gives point B. (10 - 5.4) = 4.6"
Free length minus uncocked length (initial compression).

Point C. (10 - 7.5) = 2.5"
Initial Compression plus piston stroke (total compression).

Point D. (2.5 + 2.6) = 5.1"

These figures produce a diagram in the form of a trapezium whose area
may be calculated to give a figure of 436.8 inch pounds: That is 2.6" x 116 Ibs
=301.6 in. Ibs. for the square section and '/, (2.6 x (220 - 116)) to give 135.2
in Ibs for the triangular section. So dividing 436.8 in Ibs by twelve to convert to
the more conventional figures we find that the spring stores 36.4 Foot Pounds.

An interesting extension of this system, which eliminates the necessity of
using two weights every time, is to carry out the above procedure on a spring
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which is then kept as a "master", the lengths at the two loadings being ca
kept with the spring. Future springs may then be threaded onto a pi
screwed rod end-to-end with the master; as soon as the master is compt
to the lengths which indicate the previous loads, it then follows th
compression of the unknown spring may be measured to obtain its def|
at the calibration loads.

Spring life

The working life of a spring has always been a constant sou
difficulty, very often the spring is the first thing to be blamed when a st
rifle's power deteriorates, yet in all probability the spring's performance
more than adequate and what has actually happened is that the gu
burned up most of the original lubricant and is "out of fuel." All that is nec:
to restore the power is to re-lubricate it.

On the other hand, the life of a spring in a lower powered comg
target rifle is usually very long indeed because the gun is operating
popgun phase and little or no lubricant is available to cause combustion,
in excess is so detrimental to the spring.

Taking as an example of spring damage, the case of a rifle whose
has over lubricated it by injecting oil directly into the cylinder via the tr
port; after a few low powered shots during which most of the excess oil
expelled, the quantity of lubricant present in front of the piston will re
critical point and the gun will detonate. The enormous pressure will dri
piston backwards compressing the spring as hard as possible, perhaps
re-cocking the gun while at the same time a pronounced bulge may be f
in the cylinder.

Although it might be argued that it is impossible to compress a
beyond the point where it is coilbound and therefore it can not be
strained even if a greater load is placed on it. This is not quite true, w
been advised by a leading spring manufacturer that in fact a spring ¢
subjected to excessive strain if the load is applied and released ve
indeed, allowing very energetic vibrations to be set up among the coils.

The exact sequence of events during which the spring be
overstrained is not easy to follow and is best studied by calculation. Su
say that at very high speeds vibrations are set up within the coils which
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them to be stressed to a greater degree than when they are purely closed up
tight. The problems with airgun springs arise from the very closeness of the
coils when compressed and the very sudden release to its full length when
fired. There would be no difficulty if they were released slowly, perhaps at the
same speed as they are cocked; but just try to imagine what happens to the
spring once the trigger is released. First of all the front coils thrust the piston
forward with such speed that the tail end follows and is in fact dragged away
from its seating against the trigger block; by this time the piston has been
suddenly stopped on a cushion of air at the front of the cylinder and is now
bouncing backwards down the cylinder to meet the forward moving tail coils of
the spring, the condition will then immediately reverse, the piston and spring will
try to drive each other in their original directions, a thoroughly chaotic state of
affairs during which the spring will be overstrained and lose part of its length.
The vibrations will be so severe that the piston and spring may be suspended
for fractional moments within the cylinder without touching either end. They may
both then complete a couple of smaller shuffles backwards and forwards along
the cylinder before finally coming to rest, possibly even after the pellet has left
the muzzle.

If there is excess oil present in the cylinder and the rifle detonates then
the piston will be driven back very fast indeed against the forward moving tail
coils of the spring, it is this very sudden and violent reversal of the spring's
direction which causes the damage. The harm that the spring suffers by a
detonation is usually very clearly shown by the coils becoming closed at the
trigger end only; if a spring breaks, it is usually at this end that the fracture
occurs. We were able to confirm this phenomenon some years ago by asking
customers to return springs supplied by us for replacement if they failed in
service. One end of the spring had previously been painted and the customer
asked to fit it with the paint at the trigger end, it was always at this end that the
trouble occurred.

In practical terms, over the years we have damaged many springs
ourselves during experiments, in each instance the spring's length has been
reduced by violent explosions inside the cylinder, on these occasions the
pressure in front of the piston may rise as high as 20,000 PSI for an
infinitesimally short interval of time. It may thérefore be said that a detonation
is death to a spring.

It has often been suggested that leaving a rifle cocked for long periods
weakens the spring, this is probably true if the spring is not of top quality, but
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a properly made spring will withstand solid compression almost indefi
without any loss of length. However as a safety precaution it is cer
advisable never to leave a rifle cocked for a minute longer than is absc

necessary.

There is only one way in which a spring can lose its ESC, and that
becoming shorter; they do not lose strength with age or by usage. St
fig.3.2 will show that if the spring we took as an example were to ha
length reduced by a detonation and then re-tested, the height of the enc
zone would be reduced and it would move to the left on the diagram th
reducing its area, from which it follows that its ESC must also be diminis

With this harmful reduction of a spring's length in mind, and the prob:
that a new spring is likely to be damaged by the combustion of e
lubrication immediately after an overhaul, it has been suggested that tr
spring should be refitted during the overhaul. The new spring being ins
only after a number of shots have been fired and the rifle has settled do
give consistent velocity shots without excessive combustion. It is also a
plan to note down the length of a new spring before fitting it so that any I
length may be checked at a future date.

Very often when a spring is removed it will be found to have bent |
like a banana; although this deformation is unsightly it will have no detrin
effect on the ESC of the unit, but will probably emphasise "spring twang" ¢
gun fires. Most of this irritating twang may be eliminated by the use of
plastic sleeve fitted around the spring as it is inserted into the piston, tho
slight amount of clearance must be allowed inside the tube to accej
increase in the spring's diameter as the gun is cocked. Alternatively,
twang may also be eliminated by a plastic guide running inside the spr
place of the steel guide. Most British manufacturers now fit plastic spring ¢
when they build their rifles and pistols because of the demand for quieter

Since a spring's end rotates slightly as the gun is cocked, and re
itself to the same degree when it is fired, it has been suggested |
worthwhile making provision for this movement by some sort of antif
bearing at one end in the hope of increasing the efficiency of the system.
opinion this is a somewhat pointless exercise since, as we have al
e;plained, there is a moment in the firing stroke during which the spr
either totally out of contact with its trigger end support, or only in ven
contact with it. An interesting historical note here, to eliminate the probl
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spring twist some early rifles were built with two short springs wound in opposite
directions separated by a washer at the middle.

The optimum spring power required for a rifle depends on many factors,
but at best it must be a compromise and the choice will depend on the purpose
for which the rifle is intended. A low powered spring will have the advantages
of low recoil and high consistency in velocity, because of these two factors good
accuracy will result. On the other hand if the rifle is required for longer range
shooting, perhaps for sport, then a greater energy input may be required and
pinpoint accuracy sacrificed. However, that is not the end of the story, any
airgun is a compromise between many opposing factors, only a few of which
are embodied in the spring.

At the outset of our investigations we took, what we then thought to be the
common sense view, that a rifle's performance depends totally on the power of
the spring and nothing else. Since then we have grown to realise that the
spring's performance is only one of many factors that go to make up the
success of the gun, we have subsequently handled rifles which produced
adequate powers without the necessity for huge springs. It is fair to say that if
all the factors in a gun's performance are working together in a beneficial way
the gun will not require a large energy input. The problem lies in understanding
all the factors and persuading them to work together in the same direction.

Assuming one removes the spring from a rifle of unknown history, what
should one look for as to its future value as a power unit. A visual inspection
will soon reveal whether it has partially collapsed, indicated by the closeness
of the coils at one section rather than another. This complaint is usually
accompanied by buckling, which is easy to spot, since the spring will be visibly
bent. Each of these ailments, (except buckling) reduce the performance of the
unit by robbing it of its original length, which as we have already shown, is the
important factor when evaluating a spring. Experience is the best judge in
determining whether a spring which has been in service for some time has lost
some of its original length. The following may serve as a rough guide; most
springs, when new, have a gap of about one and a half times the wire diameter
between the coils. But if the wire is thinner than normal the gap will increase to
twice the wire diameter. Another indication is the amount of initial compression
that has to be applied, in most instances this is about two inches.. It is also
advisable to check that the spring is almost coilbound when the gun is cocked,
thus using the maximum energy available in that spring.
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Whilst on the subject of unsuitable springs, the usual question 1
answered: "Can a more powerful spring be fitted?" In most cases the
is "No." Obviously if the original had lost length, or did not belong to th
the first place, then a new correct spring will be more powerful. A more g
spring can only be longer or be made from thicker wire and so will prob.
fit both inside the piston or over the spring guide. If it is longer, it will
become coilbound before the gun can be cocked, so some coils will ha
removed.

Other types of spring

There are several rifles on the market that employ two pisto
therefore two springs, the pistons face each other from opposite end:
cylinder and move together to drive the air upwards and outwards i
breech that lies approximately half way along the cylinder. However, th
purpose of this system is to eliminate recoil rather than to increase tt
energy.

Another system by which energy can be stored is by compres:
instead of compressing a spring fig 3.3. Gun makers Theoben use this
in their gas ram powered rifles; instead of compressing a spring as the
cocked, air, or any other suitable gas, within a sealed cylinder is comp
The cylinder in this instance being the piston itself which is forced bac
over a hollow dummy piston, the joint made perfectly airtight by a lip s

Referring to fig 3.3. The piston is shown half way along its strok
moves backwards into the cocked position air is drawn into the cylindi
in a normal spring rifle. At the same time air, or another gas is compress
space B from inside piston C. The seal at D permanently prevents its
from the system which was originally charged to its working pressure 1
a valve fitted inside the port at E. This initial charge should last indefin
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In all major respects the gun is conventional as regards cockin‘g and
loading, in fact unless one knows that the spring is missing together with the
lack of noise and vibration, one is little the wiser. The same air is of course
used over and over again, it does not have to be replenished after each shot.
Although the term "gas ram" may sound unfamiliar, they are a very common
device indeed, normally called a gas strut; modern cars use them to support the
hatch back door, bonnet or boot lid when they are open. They appear as a long
cylinder into which a highly polished rod is forced to compress the air as the
boot is closed. The air, or in this case probably an inert gas such as nitrogen,
is under terrific pressure at all times, but especially when the ram is closed, so
they must a/ways be treated with respect and never taken apart.

Theoben rifles derive many advantages from employing a gas ram instead
of a coil spring; mainly because it never loses its power, gnc_i in some instances
this power may be varied by adjusting the pressure ans]de the cylinder by
means of a special air pump. There is no spring twang or vibration. Also, ’|f any
unsuitable lubricant or indeed if any lubricant at all, is injected into the cylunde(,
the resulting explosion will not have the same immediate damaging eflfect as it
would were a conventional spring fitted. Inevitably though, prolonged misuse will
reap its own rewards.
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Chapter 4
THE CYLINDER

The cylinder of a spring rifle is not only the housing for the pistor
driving force, it is also the foundation for the whole construction. The trig
breech, the barrel, the sight, even the stock all use it as their attachme
its strength and rigidity is therefore crucial to the success of the gun. T
fact that if the screws holding the stock to the cylinder are not fully tight
will not be accurate indicate the importance of the tube's rigidity. It is
universally made from steel, the best known exception to this rule ir
guns is the Webley Eclipse. Webley took this revolutionary step in 198
to reduce the weight of their new rifle to a point below that of their com
models; it looks as though they backed a winner because nearly ten yee
the rifle is still in production. BSA have recently followed suite by using e
aluminium for the cylinder and body of their 240 Magnum pistol.

Whatever the material used for the cylinder, its walls must be
enough to resist enormous internal pressure if a detonation should occu
detonations can put a colossal strain on the material of the cylinder in
the piston and we have seen several instances where the cylinder has t
visibly bulged by such occurrences.

Besides being the physical foundation of the rifle, the cylinder is ¢
technical foundation. The early spring rifles that were popular in Ar
shooting galleries all had very large diameter cylinders but their piston's
was relatively short. The guns were powered by two springs, each woun
form of a cone from flat section spring steel and mounted inside the «
with the apex of the cones facing each other. Although the springs we
stiff, the output energy from these guns was low when compared with 1
rifles, probably because the short stroke did not allow the piston to gair
speed.

The modemn trend is to have a smaller cylinder bore but allow
piston a much longer stroke. Bore to stroke ratios have steadily climbe
the years and now stand at 1 to 3.7 in the case of the Webley Patriot |
4%"). The greater the bore to stroke ratio the higher the efficiency of the
system is likely to be, that is assuming that a spring of the correct m.
power is fitted. There is inevitably a limit to the magnitude of the ratio
obviously the smaller the diameter of the rifle's cylinder, the lower the
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output is bound to be; unless of course the stroke is made disproportionately
long. Also, the output power of such a rifle would of course not only be
restricted by the reduced swept volume, but also _by thp d|ff|cu1.ty of making a
spring of high ESC which at the same time would fit inside tbe piston. Although
such a rifle might not be powerful, its efficiency in terms of input/output energy

would be high.

We did an elaborate experiment to gain information about the interaction
of the three factors of bore diameter, piston stroke and_spripg energy. In any
experiment one aims to vary only one factor at a iim_e, in this case it was the
piston's stroke; It was however, impossible to ma!ntaln the same input energy
throughout the wide range of piston strokes, in spite of employing a number of
springs and packing washers. Adjusting the stroke }epgth pf the 30mm diameter
piston was not difficult, we cut its rod in half and joined it by a long stud onto
which distance pieces were threaded fig 4.1.
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During one part of this exercise we were able to maintain an ener
of 15 Ft.Ibs. and using 12 Grain .22 pellets we found the following:

STROKE RATIO SWEPT VOLUME OUTPUT EFFICII

mm. Bore : Stroke cm®. Ft.lbs. Percen
24 1:0.8 17.0 2.1 14.0%
30 1:1.0 21.2 3.1 20.6%
36 1:1.2 25.5 4.5 30.0%
42 1:1.4 29.7 4.8 32.0%
48 1:1.6 34.0 3.5 23.5%
54 1:1.8 38.2 3.4 22.6%
60 1:2.0 42.4 2.0 13.3%

The interesting point here is that when the bore to stroke ratio wa:
(42mm) the rifle, in this instance, gave its best output from a spring of
Ibs. Either side of that 1:1.4 ratio the power started to decline
demonstrates in a very clear manner that there is an optimum ratio for
spring power for each size of rifle. Though it must be said that individual
of any make may vary in their optimum input power; this is probably d
multiplicity of factors, many of them very small but together having a larg
on the characteristics of the rifle.

Further examination of a/ the figures obtained from this expe
during which over a thousand shots were fired, show that larger bore tc
ratios are always more efficient than small ones. Also, that in every cas
was an optimum spring power for that ratio, increasing the input power |
that point caused the output energy to fall.

Inevitably the presence of any combustible material in front of the
will tend to magnify the efficiency figures, especially where the bore to
ratios together with the input energies are high. Efforts were made dur
experiment to eliminate any extra energy entering the system t
combustion, but this is next to impossible to achieve completely
recourse to an inert gas.

The dimensions of the cylinder control the compression ratio of tt
that is the amount by which the air is compressed when the rifle is fired
slightly theoretical figure but one which gives a good guide to the pr
efficiency figures to be expected. The "compression ratio”, in air rifle te
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the ratio of the air volume swept by the piston relative to the small volumes
inside the transfer port and recesses in the piston head, even within the pellet
itself. For example suppose the volume of the port and other small upswept
volumes was one cubic centimetre while the volume swept by the piston was
two hundred cubic centimetres, then the ratio would be two hundred to one.

More correctly, and particularly when speaking of motor engines, the
compression ratio is the "total volume", that is the total volume in the cylinder
when the piston is at the bottom of its stroke, divided by the "clearance volume®
that is the total volume in front of the piston when it is at the top of its stroke.
In our case we realise that there is so little clearance volume when the gun is
uncocked that our definition makes the term clearer when speaking of airguns.

The compression ratio of spring guns has increased over the years
because the length of the transfer port has decreased - the port has even been
completely eliminated in some instances - with the result that the calculated
ratio may exceed a thousand to one. We earlier said that this ratio is theoretical,
this is because in most instances the pellet moves away up the bore before the
piston reaches the end of its stroke and therefore the ratio falls from that
moment and can never achieve its maximum value. Also, it must be
remembered that at a certain point in its travel the piston will reverse its
movement under the influence of the air it has compressed in front of its head.

Not many physical problems arise in an airgun through cylinder faults, but
air leaks are not unknown. Most cylinders are made from tube with the front end
held in place by screw threads, welding or brazing. Cases have arisen where
air has leaked into the grooves cut into the end plug to carry the brazing
material. This type of leak is extremely difficult to detect other than by pouring
a small amount of oil into the cylinder then heating the breech so that air
expanding through the flaw will produce a stream of bubbles. A thin film of
solder over the whole area has always produced a satisfactory cure. A very few
instances have been found where the stock mounting screw holes have been
drilled too deeply and have penetrated the cylinder or transfer port.

Many of the holes and slots in the cylinder's walls have the sharp edges
left on them by the original machining. In some instances the edges will have
been made even sharper and more prominent by the cocking and firing of the
gun, these obstructions must be removed with fine files before any attempt is
made to slide a new piston into the cylinder, if they are not the edges and burrs
will ruin the sealing edges of the piston head.
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Probably the most important aspect of the cylinder is the surface
its bore. The finish on the section of the cylinder wall that comes in cont
the piston's head is perhaps the most crucial area of the whole gun, ¢
as far as performance is concerned. There are, in general terms two 1
finish, rough and smooth. The choice depends on what the gun is to t
for. If it is to be a competition rifle in which consistency is of primary imp
and velocity only secondary, then the bore will be highly polished so
piston's head scrapes back any lubricant with it as the gun is cocke
ensures that no oil can pass the head to be burned, adding to the gun's
in other words it acts only in the popgun phase.

Alternatively, if the gun is to be used in the field, power will be of
importance, then a roughened surface will trap oil in its grooves and fur,
the piston is drawn back. This oil will be picked up as the piston comes
again and burned in the heat of compression putting the gun firmly |
combustion phase. This assumes of course that a modern plastic lip
piston head is fitted in both instances.

In the case of a leather head the situation is slightly different b
leather tgnds to wipe any surface clean, either rough or smooth. Leatr
like a wick and absorbs the oil; squeezing it out again as it comes
compression. In this situation the finish on the cylinder walls is not so im
rough or smooth the leather will mop up the oil causing the velocity to t
erratic than if a plastic head were to be fitted.
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Chapter 5
THE PISTON

When one thinks about a piston one immediately visualises some
plug that slides inside a cylinder making an airtight seal with the walls. C¢
that would appear to be the dictionary definition, like everything ¢
airgunning there are the few inevitable "ifs" and "buts" to be added.

The piston in a modern spring rifle serves a number of ends,
mounting for the air sealing piston head, it contains and guides the spril
it provides a mass to carry kinetic energy when the spring is released.

Taking the last point first: we examined, in some detail, the el
altering the weight of the piston by adding lead weights inside, by doing
was possible to double its original weight. But the results surprised us, \
expected a large alteration in muzzle velocity, either up or down, we wi
sure which. Instead there was a small reduction in velocity, but tr
immediately became very unpleasant to shoot because of a very pronc
jerk on firing.

We soon realised that within the limits imposed by its dimensions &
weights of practical materials, the mass of the piston cannot be varied ¢
To see the situation more clearly we usually apply a bit of imaginati
suppose the piston to be very heavy indeed, then upon release it wc
accelerated forward slowly causing more recoil than normal because
spring pushes the weight forward it must also push the rifle backwar
forgetting that the spring and its piston are a separate system within th
of the rifle, and not permanently attached to it. When the piston arrives
other end of its stroke it will have gained considerable momentum an
impart a forward motion to the whole rifle as it violently compresses the
remains within the cylinder. The result, even with a normal piston, is a pr
whiplash effect which in its severest form may damage a telescopic sig
least cause it to move backwards along the cylinder. A lightweight
produces far less recoil but may be totally impractical to manu
economically, and in any case the spring itself, which may be fairly he
also responsible for some of the trouble and that can't easily be dont
with. Whatever the weight of the piston the energy within the system is
the same, and that is the energy stored in the spring when the gun was ¢
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When the piston is heavy, the energy in the spring is transferred to it more
slowly making the gun uncomfortable to shoot. However, a light piston can
accelerate faster and hence less jerk is felt. When it arrives at the other end of
the cylinder, a heavy piston is harder to stop than a light one, and although a
cushion of air exists between the cylinder end and the piston head the effect of
the piston's weight is still very clear.

A graph of typical piston travel against time is shown in fig 5.1. It can be
seen that the velocity is approximately constant after the initial acceleration,
until it nears the end of the cylinder, when it slows down abruptly and stops for
an instant at about '/,, inch away from the cylinder end. From this position it
bounces back to a point nearly '/, inch away from the cylinder end, it then
returns and comes to rest against the end of the cylinder.

Piston Travel
No pellet
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If there had been no pellet in the breech that piston would have carried
on at the same velocity until it crashed into the end of the cylinder, doing no
good to anything ! If, on the other hand, the barrel had been completely blocked
and no air allowed to escape, then the piston would have bounced back much
further than the '/, inch. It would then have moved forward again and finally
come to rest at the end of the cylinder.
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The reason that the piston is forced back, or bounces, is because :
instant when the piston is at the front of its stroke, the air is at its hi
pressure; now the air is not able to transfer its energy instantaneously 1
pellet since a pellet requires time to accelerate. Hence the highly comprt
air forces the piston backwards until the forward thrust of the spring equa
backward thrust of the air. Of course, during this backward movement
piston, the pellet has started off down the barrel, the piston again c
forward, this time completing its stroke.

If, however, it were possible to stop the piston from travelling backw
this wasteful expansion of the air would be avoided and more energy wot
imparted to the pellet. Having realised that this bounce caused such a
drop in cylinder pressure, we immediately set about trying to prevent i
thought up many novel systems and wasted innumerable hours in attem
hold the piston firmly in the forward position. It is comparatively ea
accomplish this on a slow speed trial when the piston is moved bacl
forward under hand control, but as soon as the gun is fired problems arise
of all, the piston is at the front of its stroke for an infinitesimal instant o
and secondly, the pressure being exerted on it at that moment is enorn
Any device capable of restraining it must be able to act instantaneousl
must also be strong enough to withstand the backward thrust of the p
which is the maximum cylinder pressure multiplied by the frontal area
piston. In our case this resulted in a force of over 1,000 Ibs. Almost half ¢
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\ 27O

i L
M —- \;L!.leum \wmmiw’ .

fig.t

Motion stopped
g somed—

The Air Gun from Trigger to Target



Chapter 5 - The Piston

A sketch of our final attempt is shown in fig 5.2. The idea is that the rod
can pass freely in the direction of forward piston travel, but as soon as it
attempts to return, the steel balls lock inside the tapered casing and prevent
any further movement. When reloading the rifle, the balls are held away from
the casing by the release screw which must be operated at each shot. All the
parts of this device were made from tool steel then hardened and polished. Yet,
in spite of all our endeavours, upon firing, all the working parts were distorted
and the whole unit dragged away from the rear of the gun. At this point we
decided that the scheme was impractical because it had become abundantly
clear that the forces involved were greater than the normal gun could stand. If
a gun could be built that incorporates a non return device, we foresee that the
increase in velocity would be significant. It is a great pity that this must remain
a debatable point that we have not been able to settle by practical experiment.

Theoben partially overcome the adverse effects of piston bounce by fitting
an inertia piston inside the main piston of their gas ram rifles (fig 3.3). This
cunning device is similar in shape to a cotton reel, but the hole through the
centre is much smaller and the reel is fitted with 'O’ rings instead of flanges.
These rings ensure that under normal circumstances the inner piston stays put,
such as when the rifle is being carried or pointed up or down.

When the rifle is cocked the inertia piston is pushed to the front end of the
piston and is held there by the 'O’ rings. Immediately the piston is released and
starts moving forwards the inertia piston, being fairly heavy, tries to stay in its
original position relative to the outside of the gun, allowing the main piston to
move over it. But, by the time the main piston has reached the front of its stroke
the inertia piston has changed its mind and is moving forward too, just in time
to meet the main piston coming back as it bounces off a cushion of compressed
air at its front. This sudden extra thump administered to the main piston by the
inertia piston has many benefits, it increases the overall efficiency by reducing
the piston bounce; also the main piston.can be lighter than normal which
reduces recoil or more correctly the jerk of the rifle.

There is another important factor in this system, the small hole drilled
through the centre of the inertia piston allows air to pass in a controlled manner
from one side to another. The size of this hole is crucial to the correct working
of a system which, although appears simple, is in fact mind blowing in its
complexity, requiring thought in at least four dimensions, inertia, speed, friction
and airflow. If one factor is incorrectly gauged, then instead of improving the
performance, the gun will become very rough indeed.
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There are two basic designs of piston, one has a rod running dov
entire length terminating in a notch, or more correctly in gunmaking ten
"bent", with which the sear engages as the gun is cocked; the alternative
has no central rod, the bent being cut directly into the end of the skirt. Thi
no technical advantage in either system, the choice being a matter fc
designer when he lays out the rifle and decides on the style and position «
trigger mechanism.

The skirt of the piston is pressed very firmly against the top of the cy!
by the end of the cocking link as the piston is pulled into the cocked pos
this movement under pressure very often scores the skirt as well as the 1
the cylinder bore, especially if the lubrication has been neglected. The prot
associated with rubbing a steel piston against a steel cylinder ma
eliminated if a nylon or soft metal liner, such as brass, is fitted to the pis
end, though this solution is usually left to the owner rather than employ
the manufacturer.

A piston must move with incredible speed when the rifle is firec
therefore friction or any other factor that tends to impede its progress mt
suppressed or, if possible, eliminated. Grease or oil between two close
moving surfaces will tend to slow them down through "drag” and of cours
heavier the lubricant in terms of viscosity the greater the drag will be. This
may be reduced by decreasing the area of the surfaces in immediate cc
with each other:; it is for this reason that the central portion of the piston's
should always be machined to a smaller diameter than the two ends that
it along the cylinder's bore. The reduced body diameter not only cuts dow
area of the surface in contact with the cylinder but also provides a res
area for grease which will slowly move forward along the piston each tirr
gun is fired.

The slow forward motion imparted to the grease is caused by the pit
bounce, as the piston rushes forward it carries a film of grease with it
continues forward as the piston bounces back. But at the next shot the g
will tend to move backwards slightly as the piston starts its forward strok
it is a case of "One step back and two forward" at each shot. Eventual
grease will end up as a thick collar wedged firmly behind the piston heac
where it will slowly move forward to the front if the rifle is intended for use
combustion phase.
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Some gun makers machine a slot right through the side of their pistons
along which the cocking link slides, in some instances bumping over the coils
of the spring as it goes. Other makers insert a shim steel case around the
spring, partly to keep the cocking link from dragging on the spring and partly
perhaps to reduce the amount of grease that can move from the spring into the
cylinder. Again, some makers only machine a flat or shallow groove along which
the link can slide, there being no communication between the inside of the
piston. A prime example of this being the Theoben, where the inside of the
cylinder contains air under pressure.

The reason for discussing the slot in the piston's side is to emphasise that
very often the spring is also the storage reservoir for lubricant, or fuel, when this
is the case it must have an easy but controlled access to the cylinder. Of
course if the gun is designed to be used in the popgun phase then the less
lubricant that finds its way to the front of the piston the better, in this instance
it is preferable to eliminate the slot altogether.
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Chapter 6
THE PISTON HEAD

We have devoted a whole chapter to the piston head, this is beca
our experiments have shown that although it is small, it is probably th
important component of any spring gun having a greater influence
performance of the system than most owners imagine. The head ni
controls the phase in which the rifle operates, but also the shot t
consistency. In the past what we now call the head was always known
piston washer; that was not an unreasonable name when it was a simg
cut from leather. As time went on the disc became a leather cup with a
leather filling up the space inside the cup; these days it is a very sophis
component usually moulded from polyurethane.

When we first started to investigate how spring guns worked, v
assumed that a piston head should provide a frictionless yet airtigl
between the piston and the cylinder walls. We went to enormous len
achieve what we considered to be a perfect piston head, that is one wt
not allow any air to pass it, yet at the same time was virtually frictionles:
sliding down the bore. Probably the ultimate in a long line of experiment,
is the one shown in fig 6.1. It is made up from four plastic rings each o
can expand or contract with minimum effort so as to form a perfect seal v
cylinder wall.
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We gauged the quality of the seal between the piston head and the
cylinder wall by firing the rifle when the barrel was blocked at the breech, the
time taken between releasing the piston and it finally coming to rest gave a
figure for the efficiency of the seal; this came to be known as *the piston time."
Blocking the breech safely and without damage to the rifling was a problem in
the early days, until we hit on the idea of using a device which, because of its
similarity to an early Russian satellite, we called "The Sputnik". It is shown in
fig 6.2., in simple terms it is a cap which may be clamped onto the rifle's
muzzle by the three screws, it firmly grips a thin rod running down the bore as
far as the breech where it supports a pellet whose skirt is sealed by a small
amount of Plasticine behind it.

We soon realised that a rifle fitted with what we considered to be a perfect
piston head, that is one which gave an almost infinite piston time, never
produced the power that we expected. A leather head, on the other hand, which
gave us an approximate time of only four seconds was far more satisfactory.
Also, we learned that a tight piston head, for whatever cause, was a guarantee
of low power.

About this time a fellow enthusiast sent us a home made solid nylon head
that carried the classic scars made by very hot gasses passing through a
narrow gap at high pressure (fig 6.3). This head gave us the clue that perhaps
we were dealing with something far more complicated than we had ever
imagined.
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Further experiments with Perspex viewing windows fitted at the f
the cylinder and in the transfer port showed that when the rifle was workir
and producing its maximum power there was a bright flash of whit
occurring at the front of the piston, also that the main combustion was
occurring not so much in the cylinder itself but in the transfer port.

el

Leather heads are very forgiving when it comes to rough treatme
occasion we have seen ball bearings, tacks, nails and matches embed
leather heads; yet after picking out the "foreign bodies" the heads we
serviceable (fig 6.4). This type of head will also survive long periods
without lubrication and still return to life after a good soaking in oil.
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Heads in the form of leather cups were the obvious solution to sealing the
air inside the cylinder in various forms. They became the standard seals fitted
to airguns in the past; though Webley favoured metal piston rings in their early
rifles and pistols; while BSA later used synthetic rubber 'O’ rings in theirs.
Hindsight would indicate that in the case of rings the seal was probably too
good and little or no lubricant could pass to the front of the piston to provide the
fuel for combustion, resulting in a gun which could only operate under
conditions of restricted combustion.

Airguns, both rifles and pistols, designed specifically for paper target
competitions, benefit from a head fitted with ring seals because virtually no
lubricant can pass them and the resulting highly consistent, yet low velocity
shots without any combustion are exactly what are required in that sport.

Leather cup heads (fig 6.5) have some curious characteristics though,
some heads would give exceptional powers simultaneously with very good
consistency; yet another head would be hopeless, low power together with a
wide spread of velocities. The reason behind these variations is not altogether
clear; perhaps the success of the head depends of the position on the hide from
which it was cut, or the tanning treatment to which the hide was subjected
before the washer was cut. The processes through which a hide is passed
between being a cover for the animal and a head for a piston are diverse, long
and complicated and therefore allow plenty of scope for variations in the
properties of the final product.

' fig.6.5

Since leather has characteristics rather like a sponge, it has the property
of absorbing oil. This absorbtion is naturally slow, and when the leather is
formed into a piston head the rate of absorbtion is further influenced by whether
the head was manufactured with what we call the shiny side, on the inside or
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outside. Leather has two sides, the shiny side and the rough side. The
side is the outside of the hide which carried the hair when it was on the a
at the same time forming a semi waterproof barrier against the rain, it the
absorbs oil very slowly. Alternatively the rough side is the side which u
be on the inside and can absorb water or oil much faster.

Most commercial leather heads are moulded with the shiny side ¢
and therefore restrict the speed at which the oil will be absorbed from the
and cylinder, this leads to the odd phenomenon that spring guns t
produce higher velocities than normal immediately after standing for som
- especially with the muzzle pointing down. Excess oil will have been abs
by the leather while the gun was not in use; it will then be burned up fast
first few shots to give high velocities before being replaced at a slower |
each subsequent shot. The reverse of this situation has also been obs
where the rifle has been standing on its butt for long periods, the combi
fractions of the oil will have drained away from the piston head leaving
and therefore unable to produce high velocities. This leads to the ol
statement that spring guns should be stored horizontally, preferably wi
trigger uppermost - an odd posture for any gun.

We did a series of experiments with different types of head to inves
the effect of removing the shiny side from the leather. Using a standard |
head as a reference base, velocities of about 670 FPS were recorded w
grain .177 pellets. The standard leather head with its shiny side outside s
off - after being soaked in lubricant -with high velocities around 800 FP
these gradually fell to around 600 FPS indicating that it could not "wick" e
fuel through the leather to sustain maximum power. The final head had its
surface ground away to improve its wicking and absorbtion abilitie
performance rose gradually over about twenty shots to give a consistent vt
of 750 FPS. Throughout these tests a fairly "active" lubricant was used
to emphasise the effect of the wicking action. (fig 6.6).

Types of Piston Head

sso_Velocity fps
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Of course no oil can possibly pass through a plastic head, so it has to rely
on another totally different system to supply fuel for combustion. These heads,
which are usually made from a grade of polyurethane, are designed with a lip
at the front which faces ahead to scrape the oil along as the piston moves to
the front of the cylinder. In the last chapter we described how lubricants build
up like a collar just behind the piston’s head and how this collar is held there
because as the piston bounces, the lubricant that is clinging to it is moved
forward towards the head at each shot. This collar provides the reservoir of oil
which replenishes that moved forward by the lip at each cycle.

The amount of fuel passed forward at each stroke can be controlled fairly
accurately by the “fit" of the head in the bore. Normally the sealing lip at the
front is very flexible and exerts little pressure on the walls ensuring adequate
lubricant remains to be moved forward. Itis the body of the head behind the lip,
which controls the size of the collar of lubricant and therefore the amount
available to pass forward. We found that by reducing the diameter of this part
of the head by grinding we could control the rate of combustion. The
poiyurethane plastic normally used for moulding these heads is very soft and
difficult to cut accurately by any means other than grinding, or at least by
rotating fast against a pad of glasspaper.

Normal systems of measurement such as verniers or micrometers are
very unreliable when dealing with soft plastic; so we gauged the fit of the piston
inside its cylinder by measuring the force necessary to move the piston down
the lubricated bore, see fig 6.7. We found that when the cylinder was mounted
upright in a vice, a weight of six pounds was necessary 10 move a new head
down the bore; at this figure the gun operated slightly above the pop gun
power. In other words it was not being supplied with much fuel. Adjusting the
size of the head until half a pound would just move it, proved to be too slack
and the gun immediately became unstable giving very erratic, mostly high,
velocities. Further experiments with the size of the head showed that
approximately two pounds thrust gave maximum power without instability.

A leather head wipes most of the lubricant from the polished cylinder walls
as it is drawn back on the cocking stroke, some of it being absorbed by the
leather to replace that which was burned at the previous shot, the remainder
collects behind the head to form a collar of grease and oil which is smeared
onto the walls as the gun fires. The cycle is then repeated each time the rifle
is fired. The piston rushes forward, lubricating the cylinder as it goes, and a
small amount of oil is burned as it reaches the end of the cylinder. In most
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rifles, the spring after firing holds the head against the cylinder end, keepin
leather firmly compressed so that it is unable to soak up much of the
lubricant to replace that which was burned, until the next cocking stroke.
power reducing characteristic may be eliminated by fitting a resilient plug ir
the cup so that the leather is not under compression when the gun is uncoc

Weight

Cylinder

fig.6.7

The sequence with a plastic head is that when the piston is drawn
to cock the gun, the lubricant behind the head is spread thinly onto the cyli
walls by the lips of the seal and rubbed into the grooves and hollows Ieft b
honing stones as they were rotated in the bore during manufacture. Whei
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piston comes forward on the firing stroke, the lip at the front of the head
scrapes the lubricant from the walls and carries it forward to the end of the
cylinder, where it will be burned as the pressure and temperature rise. Although
the whole system sounds a bit "iffy", in practice it can work very well and
consistently for long periods, in fact right up to the point where it runs out of
fuel. No engineer in his right mind would suggest making a diesel engine whose
fuel was supplied in a similar manner, yet as far as we are concerned the fast
forward and return or -bounce- of the piston provides just the right movement
to keep the gun supplied with the correct amount of fuel for each shot.

The secret of the success of a plastic head lies in the roughness of the
cylinder walls against which it rubs; it needs a slightly coarse surface which can
store the lubricant in its microscopic troughs and hollows. A plastic head fitted
in a cylinder whose walls have been highly polished will give good consistency
but not the maximum power of which the gun is capable; this is because there
is not enough fuel available to generate good combustion. A leather head on
the other hand works best with smooth walls. This is because less friction is
generated by the sides of the cup as they are expanded against the cylinder
bore by the enormous pressure generated inside them, especially at the end of
the stroke.

It is highly probable that because the piston comes forward so fast, the
lubricant will be atomised by the lip of the plastic seal as it is stripped from the
walls to form a fine mist. An atomised spray will of course burn faster and more
efficiently than a film which has been peeled off the walls to form a solid mass
on the front of the piston. The same argument might be applied to a rifle fitted
with a leather head: in this instance however, the lubricant will be stored in the
leather like water in a sponge, but when the sponge comes under sudden
compression its charge of lubricant may again be squeezed out in the form of
a mist. Realistically, this is only a theory which has yet to be proved by practical
experiment.

It is interesting to notice that when a rifle has been overhauled and the
remains of the old lubricant cleaned out, also, perhaps a new spring fitted and
re-lubricated: the first couple of shots will_be of low velocity. These may be
followed by a few at very high velocity before the gun settles down to its
consistent power. This initial wide variation in velocity can be explained by the
lubricant moving slowly forward from the spring and body of the piston before
it forms into the important ‘collar' of fuel behind the head from where it can be
distributed evenly at each shot. The few shots at extra high velocity are
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probably due to the small amounts of fuel that have slowly built up at th:
of the plstqn becoming large enough to burn energetically, or even det
However, it must be admitted that the exact reason for these shots
obscure and the explanation for their presence may provide a clue to a ¢
understanding of spring guns.

Not all manufacturers make use of the roughened surface of the cy
walls t_o capitalise on its benefits, even though they use a plastic lip ¢
head, instead the bore of the cylinder is left with the degree of finish pr;
by the tube manufacturer. The tube is then chemically blacked with the
the gun's_components‘ However, it has been our experience over the yea
the blaclgng on a metal surface increases its coefficient of friction many
so the piston's movement may well be impeded by its presence in the t

The amount of fuel available at the front of a leather head m
controlled by increasing the surface area exposed to the high pressure air
leather heads have a plastic or metal disc in their centre through which a
passes to hold them firmly onto the piston, if leather is substituted fc
plashc and the shiny surface removed from the outside of the head so
increase the absorbtion rate, then in all probability the gun will become un
through the availability of excessive fuel. The actual amount of fuel bun
each shot, whatever type of head is fitted, must be very small indeed, pe
about one tenth of the weight of a postage stamp. ’

The piston time test will immediately show up a fault in an old §
head, such as a split at the bottom of the lip groove. Occasionally these
may leak because a small piece has been shaved from the lip as the
was inserted past the screw threads or cocking slot, this will reduce the
time to the point where investigation is advisable. A replacement head ¢
immediately cause the time to rise to a matter of hours rather than sec
Alternatively a leather head usually has a shorter piston time than its |
counterpart, but if the time becomes excessive the fit of the head shot
checke_d‘because it indicates that the head has become compacted to the
wherg it is creating friction and its wicking ability is also being impaired, th
starving the gun of fuel. ,

‘When_stripping a gun for an overhaul, or just for an inspection
condition, it is well worth taking the trouble of withdrawing the piston slow
carefully so as not to disturb the grease that is still clinging to it. Examii
of the grease behind the head can reveal plenty about the condition
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lubricant also about its suitability. At the same time the front of the head can tell
the observant owner much about the gun's condition, for instance if the front of
the head is covered by a layer of grease it will indicate that the pressure
attained on compression is not high enough to burn it, or perhaps that the
piston is allowing too much lubricant to pass forward at each cycle. A light
brown coloured front face on a plastic head usually indicates that all is well and
the fuel is being burned efficiently, that is if the gun is working in the
combustion phase. Alternatively if the gun is being used for competitions and
is adjusted to work in the pop-gun phase than the front of the piston should be
dry and of the natural colour of the plastic from which it was made. It is difficult
to tell anything from the colour of a leather head, they all look the same; but its
wetness or perhaps dryness is a good indicator of its condition and the
suitability of the lubricant being used.

It is debatable whether a leather or plastic piston head expands with
enough force under the pressure of combustion to cause it to grip the cylinder
walls firmly and thus resist its backward travel. This situation would certainly
improve the efficiency of the whole system by reducing piston bounce and
increasing the pressure behind the pellet.

Theoben Engineering have taken the concept of the plastic piston head
a stage further with their Zephyr head. lts outline follows the normal design of
a plastic head, but it has a number of shallow grooves cut into its front face
radiating out from a shallow depression which matches the entry to the transfer
port. As the piston completes its stroke, the air remaining in the cylinder is
guided to the port increasing the efficiency of the system fig 6.8.

fig.6.8
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Chapter 7
THE AIR

We all know what is meant by "An airgun," and we also know thi
name covers a number of very different systems, the two main divisions .
course the "spring gun" and the "pneumatic."

In each of the two systems the air is used in a very different way;
first it acts purely as a medium coupling the heavy slow-moving piston -
light fast-moving pellet. It"adds no energy to the system, unless of cot
supports combustion of the lubricant. In a pneumatic the air takes the pl:
th? sprigg. storing energy until it is transferred to the pellet when the trig
released.

This chapter will only be concerned with the air in a spring gun. W
describe, first of all, how the air behaves when no combustion takes |
which is the popgun phase. Later we will look at it when its oxygen comp
combines under heat and pressure with the combustible fractions c
lubricant to constitute the combustion phase.

_ The air rifle was preceded in history by the bow and arrow, ant
interesting to compare the two systems because they are both similar in th
projectile is accelerated by a spring, the wooden bow being the counterg
the coiled steel in the rifle. There is however, one great difference betwee
two; in the bow no air is employed, whilst in the rifle, air is interposed be!
the spring and the projectile. The air is necessary because of the great dis
between the mass of the tiny pellet and that of the heavy spring and ¢
whereas in the bow and arrow, the mass of the projectile is approximately
to that of the bow string and the lighter sections of the bow that bend to fi
arrow. The air in the gun may be compared with the gearbox in a motc
I:nk|_ng or 'matching' the slow-moving wheels and body to the light, fast-rr
engine.

: It is very important to thoroughly understand the function of t
ina rifle, so let us take it to the extreme and imagine how we might get
without any at all. Just suppose that we were to saw the barrel off a rifle
place a pellet directly on the top of the piston; on firing the gun the pellet
fly away with the same maximum velocity as the piston had attained
moved forward up the cylinder, about 50 FPS. Obviously this is very low
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Adiabatic Compression

(In a 1 Inch dlameter cylinder)
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compared with the probable muzzle velocity the pellet would have attained
a complete rifle. The pellet's energy at this velocity would also have
correspondingly low since the pellet is so light.

Applying the same reasoning, if we were to load the same sawn of
with a lead ball whose weight approximately equalled the weight of the p
then the ball would emerge with about the same velocity as before, (50
but being heavier, its muzzle energy would be far higher since the ene:
proportional to its mass. This extra energy shows that by using the heavie
we have achieved a far better "match" between the projector and project

Now that we have determined the reason why air is necessary, whi
the pressures involved inside the airgun cylinder ? This difficult paramete
only be measured satisfactorily by the use of a 'piezo ceramic transduce
its associated charge amplifier. These instruments can be made into very
robust units which can be screwed directly into gun barrels or air rifle cylir
they therefore lend themselves admirably to the study of internal ballistics
pressure transducer converts pressure into an electrical charge tr
processed by the charge amplifier. The resulting signal may then be disp
on an oscilloscope see fig 7.1.

In our case, the oscilloscope trace takes the form of a curve in whic
vertical axis represents pressure and the horizontal represents time (not |
travel). As explained in chapter 5, the piston travel can be related to tirr
this creates no problems when drawing a pressure/volume curve. The
shown in fig 7.2. is similar only this time it has been based on the theor
calculated figures and continues on upwards long past the point wher
pellet would normally release and allow the pressure to fall again.

From these curves we are able to establish that for all practical purp
the compression is adiabatic and that the peak pressure inside a t
cylinder is in the order of 1250 PSI. Adiabatic means that the compre
takes place without any 'loss or gain of heat into or out of the system'. It
be understood that it is a basic law of physics that whenever a ¢
compressed its temperature rises. If the rate of compression is high enot
prevent any heat escaping through the pump walls, the compression is s
be adiabatic. If, on the other hand the pumping is slow enough to allow the
to escape, the compression is said to be /isothermic.
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Pumping up & bicycle tyre is a good example of isothermic compression
because the slow steady strokes allow the heat in the compressed air to escape
to the atmosphere through the pump body and connecting tube. Aiternati_veiy
a spring airgun must be the classic example of an adiabatic compression, since
the action is very fast.

Calculating the Pressure

Now that we have established that the compression is adiabatic, we can
calculate the theoretical pressure and temperature from the following
equations:-

P V=P,V ... (1)

Which gives us the initial relationship between the absolute
temperature and the volume.

P, = Initial pressure.

V, = Initial volume.

P, = Final pressure.

V, = Final volume.

n = Ratio of the specific heat capacities of the gas.
(Which for air has the value of 1.408)

T,V =T,V (2)

Which gives us the relationship between the absolute
temperature and the volume.

Where:
T, = Initial temperature of the gas in Kelvin.
(i.e.) Degrees Centigrade + 273
T, = Final temperature of the gas in Kelvin.

Also the work done on, or by, the air when the volume
changes from V, to V,is given by the equation:

P2. Vz - P1. V1
Work dong = ——m————— ... ... (3)
n-i
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Before applying any of these equations to our problems, we must first |
understand how the air is actually compressed within the airgun cylinder. ~
may at first seem to be obvious, but it is in fact not quite as simple as
imagines.

When the trigger is pulled, the piston is released and is forced forwart
the compressed mainspring. From the moment of release it is pushing the
inside the cylinder into a smaller and smaller space, thus causing an incre
in pressure. But at a certain point the piston cannot compress the air any fur
and is forced backwards by it for some little distance before coming forw
again, in other words the piston bounces.

In order to understand this more fully, consider a bicycle pump that
been blocked off and made airtight. If it is now supported vertically, the hai
drawn up and a weight attached, it will be noticed on releasing the weight,
piston falls then bounces back off the cushion of air that it has compresse

The exact same procedure takes place in the airgun cylinder, only m
faster, the whole cycle lasting only about 15 milliseconds. (That is the 1
taken for a pellet travelling at 500 FPS to cover a distance of 7.5 Ft.!).

We have seen in Chapter One that at the point at which the piston st
its backward bounce the pellet releases and accelerates up the barrel.
looking at it another way, the pellet holds back the air until a maximum pres:
is reached, at which point the grip of the pellet is overcome and it starts av
At the same moment the piston can deliver no further thrust to the air beca
of its slow speed and therefore lack of energy. From this moment it is pus
backwards by the air in front of it. These are the events taking place when
pellet is the correct fit in a breech of optimum shape (see Chapter Ni
Without these important factors, the piston travel and pellet start times
upset, resulting in lower efficiency.

The graph of piston travel against time (fig 5.1.) shows the accelera
of the piston from the moment the trigger is pulled to the time that the pit
hits the end of the cylinder, having bounced once on the cushion of air th
has compressed.

It is clear from this graph that the point of smallest volume correspol
in our example, with a piston position of 0.10 inches away from the cylir
end. Since this is the point of smallest volume, it must also be the poir
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greatest pressure. We may now proceed to calculate the value reached at the
peak pressure. Let us call the volume at this point V,.

Applying equation (1):
P,. V=P, V,

P, will equal normal atmospheric pressure, since at
this point the piston has not yet started to
compress the air.

V, is the initial volume of the air in the cylinder, that
is the volume before the piston starts to move.

Since in this case the cylinder diameter was 1 inch and the
piston stroke 2.5 inches we can calculate the volume:

V, = nPh = 3.142 x 0.5° x 2.5
= 1.964 cu. ins.

P, =14.7 psi

V, =nr’h = 3.142 x 0.5° x 0.1
= 0.0785 cu. ins.
& P, =P, [11]"
v,

Thus: P, = 1366 psi.

Since the above calculations cover a typical rather than a
particular case, the lost volume of the transfer port has not been taken into
account. This is because, during our experiments, the size and shape of the
transfer port were altered. But it would be a simple matter to establish the
volume of the port and add the figure to V, and V, at the start of the calculation.

This value of P, is therefore, the maximum pressure reached inside the
cylinder. It must, however, be emphasised that this pressure is only reached for
an instant and the slightest backward movement of the piston causes it ta drop
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dramatically. If one looks at the adiabatic curve drawn in fig 7.2. one will rez
that a backward movement of only 0.02 ins. will drop the pressure from 1
to 1000 PSI ! And a further drop to about 500 PSI is brought about if the pi:

moves back only 0.1 inch.
Calculating the Temperature
. When the piston accelerates forward, the Kinetic Energy that it cont:
is not only used in compressing the air but also, unfortunately, in heating it
Thus, the temperature increases tremendously with the exponential ris:
pressure. The new temperature can be calculated from equation (2).

T, V™ = To VT

T, = Room Temperature = 20 °C
=20+ 273K

V, = 1.964 cu. ins. (as before)

V, = 0,0785 cu. ins. (as before)

Thus: T, =1098 K =816 °C

o At this temperature it is easy to see why oil, or anything ¢
combustible in the cylinder ignites, and the gun is said to be "dieselling."

; Once again we must emphasise that this temperature, like the pressi
Is only reached for a fraction of a second. The rise in temperature can be s
against piston travel in fig 7.2.

It was said in our definition of an adiabatic compression, that
heat enters or leaves the gas, as in the case of a spring airgun. Although
temperature of the air has risen, the rise is solely due to the increase in intei
energy, and not to any transference of heat, there is just not time fc
significant transfer to take place.
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If the piston were imagined to be fixed in its extreme forward position for
some time, then heat would leak away through the cylinder walls, until the
temperature became equal to that of the surroundings. The compression would
no longer be adiabatic. As the temperature drops, so too would the pressure -
even assuming no leakage. It would drop, in fact, to the pressure that would be
expected from an isothermic compression of the same magnitude.

We are now in a position to calculate the actual amount of work done on
the air as it is compressed by the piston.

Thus, using equation (3):

Pa. Vz - P1_ V1
Work done = ——MM8mm™
n-1

Using the previous values for pressure and volume:

14.7 PSI

1.964 Cu. Ins.
1366 Cu.Ins.
0
1

1

.0785 Cu. Ins.
408

N

:5<M"U<'D
o nn

Thus Work done on the air = 192.235 in.lbs. = 16.0 Ft.lbs.

We can now see that the total energy required to compress
the air to 1366 PSl is 16 Ft. Ibs., this must, therefore, be the total amount of
energy contained by this air at the stated pressure. It must, however, be noted
that at these high pressures, a drop of only 64 PSI. means a decrease of one
foot pound in energy.

If the piston remained in the forward position, the full 16.0 Ft.Ibs. would
be available to propel the pellet up the barrel, but instead, the piston bounces
back from this point using up some of the energy. The amount used can be
calculated from the same adiabatic equations as before, but this time for an
expansion. The calculations are, however, complicated by the fact that as the
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piston moves back so the pellet accelerates forward up the barrel. We
therefore, account for the extra volume behind the pellet.

. If then the piston bounces back a distance of 0.4 inches away fro
cylinder end, and the pellet in this time has reached a distance of 7 inches
the breech.

Then from equation (1):

P, = 1366 PSI.

V, = 0.0785 Cu.ins.

V, = Volume in cylinder + Volume in barrel.
= (n x (0.5)° x 0.4 + (7 x (0.11)? x 7) Cu.ins.
= 0.5803 Cu.ins.

Hence: P, =81.7 PSI.
This _is the pressure in the cylinder when the piston has bounced
Now applying the equation for the work done on or by a gas, equation (:

Thqs yvork done = 146.6 _in.lbs. = 12.2 Ft. Ibs.
(This is the energy given up by the air in its expansion)

_ Subtracting this from the 16.0 Ftbs. that the air contained whei
p|stor_1 was 0.1 ins. from the cylinder end, we obtain the amount of el
remaining in the air: i.e. 3.8 foot pounds.

& We must now consider how the 12.2 Ft.Ibs. given up by the air has
distributed. From the spring energy curve (fig.3.1) we can determine the
Ft. Ibs. was used in compressing the spring 0.4 inches. This was effec
wasted since the compression of the spring served no useful purpose. We
know that when the pellet is seven inches up the barrel, it is moving w
velocity corresponding to an energy of 5.8 Ft. Ibs. (see fig. 9.1). Thus w:
left with 4.5 Ft.Ibs. for which we have not been able to account. Proba
good proportion of this has in actual fact been dissipated in heat, since alth
Ihe_ process looks adiabatic, in practice some heat will be lost to the
cylinder. Also at these high pressures only a slight error in the measureme
the piston travel will produce a large error in the energy value.
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At the beginning of the chapter we mentioned that the air had a very
different function in an airgun which was working in the popgun phase relative
to its role in the combustionphase. In the foregoing pages we have shown how,
in the popgun phase, 1t is possible to apply calculations so as to determine how
the energy from the spring is passed through the air to the pellet.

In the combustion phase, however, the situation is totally different,
because. rather than energy being lost in the air, an amount of energy enters
the system through the burning of lubricants in the oxygen fraction of the
atmosphere. The amount burned at each shot is next to impossible to measure
accurately; various suggestions have been put forward over the years such as
weighing the gun very precisely before and after each shot. This procedure
might appear to be a simple solution, but at each shot a certain amount of
unburned oil is exhausted from the muzzle in the form of smoke, also atomised
grease will often be found to have followed the pellet up the barrel. However,
a fairly accurate answer may be arrived at by experiment and calculation.

In Chapter five we explained how fuel was transported from its reservoirs
amongst the coils of the spring and around the piston body to the back of the
piston head; and from there to the front of the head. Then, in Chapter two we
showed that a normally lubricated rifle, intended to operate in the combustion
phase, only produces about 45% of the power of which it is capable if its supply
of oxygen is removed. This demonstrates clearly that a very crude "diesel
engine" system exists that has a reliable and repeatable fuel feeding system
and that the combustion of that fuel really does increase the energy that drives
the pellet.

The maximum quantity of fuel that can be burned at each shot must be
in direct proportion to the amount of air in the cylinder at the start of the stroke;
also the maximum amount of fuel that it is possible to bumn in 14.4 grammes of
air is only 1.0 gramme. Thus the average gun of around 60cc, could only burn
a maximum of 80mg of fuel.

However, the fast advancing piston only takes about seven milliseconds
to complete its journey, and under ideal conditions the fuel may need three
milliseconds in which to achieve reasonable combustion. So unless conditions
are exactly right and ignition commences at the exact and critical moment, it is
probable that the power from that particular shot will not be as great as it could
have been had the timing been better, and there are innumerable factors that
can upset the timing.
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_ When comblust!on occurs the pressure within the cylinder rises faster
higher as shown in fig 73 The curve would have continued upwards be'
the plateau to form a spike, but the electronic amplifiers clipped the top. |

_n has been observed on many occasions that an over powerful sprin
nqt yield the expected increase in pellet energy; this is because the pist
driven forward so fast that there is not enough time for complete combusti
take place, the air and unburned fuel will be ejected from the muzzle anc
or no extra energy will be provided so the gun reverts back to virtually opet
in the popgun phase.

The weight and fit of the pellet also influence the timing, because
pellet is a tight fit, more pressure must build up before it moves away u
barrel thus allowing adequate time for complete combustion to occur
therefore more energy to be imparted to the pellet. Nevertheless, like
other fact.or in airgunning 'an over practised virtue swiftly tums into a vice
the velocity of a too tight pellet is as disappointing as that of a slack one
fit of the pellet must be correct before the greatest velocity will be attaine
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Any gun can only contain an amount of air equal to the swept volume of
its cylinder. The thought struck us " What would happen if"... the volume of air
present were to be increased slightly by raising its pressure before the shot was
fired. No sooner a thought than a deed -a rifle was modified to provide this
facility and the cylinder connected to a small compressor via an air port
positioned just in front of the cocked piston. A series of shots were fired at
increasing pressures from atmospheric up to 75 PSI, but as the pressure was
increased the velocity of the shots decreased. Equally well, when the cylinder
was subjected to a slight vacuum, low velocities were again produced. In other
words the normal conditions of spring power and swept volume are correct for
a cylinder full of air at normal atmospheric pressure; if this pressure is altered
then in all probability another factor such as spring power would have to be
adjusted to compensate. From this it might be argued that a spring gun's power
varies with the barometer - it probably does, but by a very small amount.

It is a well established fact that a spring gun will usually propel a light
weight pellet at a higher velocity than a heavy one and that this increase in
velocity will more than offset the decrease in weight when the energy figure is
calculated. This increase in muzzle energy can probably be explained by the
very short time during which the pellet is accelerated along the barrel, the
lightweight pellet will obviously pick up speed faster than a heavy one. The
difference in pellet weight will also, in all probability, have an effect on the all
important timing too. On the other hand, a heavy pellet, will usually attain higher
energy levels than a lighter one when fired from a pneumatic rifle; this is
because a pneumatic releases a far larger charge of air at each shot and
therefore is able to maintain a high pressure for greater distances along the
barrel to accelerate the heavier pellet more efficiently.

The smoke emitted from the muzzle at each shot is a good, though
not perfect, indicator of how efficiently the air is combining with the available
fuel. If the piston is supplying the correct and constant amount of fuel for each
shot, there will hardly be any smoke at all. Opening the breech and looking
through the barrel will perhaps reveal a slight golden vapour obscuring the
daylight, if there is no visible vapour then the smell of exhaust will be detectable
at the muzzle. The consistency of the velocity under these conditions will be of
a high order, whereas at darker smoke densities and higher velocities the
consistency will not be as good. Unfortunately that is not the end of the story,
we did a series of experiments to determine the relationship between the
amount of smoke blown out from the muzzle and the velocity of the shot. We
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hmc}udnted two hydraulic lip seals back to back on a piston in place of the r
ead.

These seals are shown in fig 7.4 and ensured an airtight piston w
the same time not allowing any lubricant to be passed forward from the s
A pad of leather in the middle of the front seal acted as a reserv:
absorbing the small samples of different grades of oil injected throuc
transfer port with a hypodermic syringe; the piston, meanwhile, haviné

pulled slightly away from the cylinder end to allow the fuel free access
leather pad.

f
!

IR il
A
fig.?.ti

We very soon realised from this experiment that plenty of smoke
clear indicator of high velocity though not necessarily good consistenc
therefore assumed that the combustion of oil in a spring gun must be
inefficient indeed; as the density of the smoke left in the barrel fell so al
the velocity, while at the same time the velocity consistency improved. |
be said, however, that some oils gave many more shots than others fro

same amount injected into the cylinder, also some samples produced |
velocities than others.

It was also very noticeable during the experiment we mentioned €
(the one during which we increased or decreased the air pressure and v:
in the cylinder before a shot was fired), that the amount of smoke incr.
dramatically as the air pressure was lowered. Yet at the same time the ve
f_ell below normal. This throws light on what actually happens inside the cy!
first of all the low pressure will suck the lubricant forward past the pisto
as the gun is fired the reduced oxygen available will not support as
combustion as normal and most of the oil will be blown out as smoke. Sc
we have a situation in which we appear to be arguing against what we
alreaqy said, that heavy smoke is indicative of high velocity. The rifle i
experiment was producing plenty of smoke, yet its velocity was very low
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probability is therefore, that there must be a smoke density at which the
maximum velocity is achieved; lower powers being generated at densities above
or below that value.

Although it was obvious to us by now that the heat and pressure
generated within the cylinder by the action of the spring on the air was causing
the oil to burn, thereby increasing the pressure still further and adding extra
energy to the pellet. We felt we would like to take the project even further and
try to measure the extra volume of gas generated by the burn. In our early
experiments in this direction we used a cap firmly locked and sealed onto the
muzzle of the rifle; provision was made for a toy balloon to be attached to the
side of the cap. Upon firing the gun the pellet became trapped inside the cap
while the air inflated the balloon. The size to which the balloon was expanded
by moving the piston gently along the cylinder was noted before the gun was
fully assembled. Firing a pellet at high velocity caused the balloon to expand
considerably more than previously. We were initially surprised to note that the
balloon first expanded even more, then slowly reduced slightly. This extra
expansion was of course caused by the temperature of the air as it left the
barrel, as the air cooled its volume slowly reduced until the balloon was slightly
larger than it had been when the piston was moved gently by hand.
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This rather simplistic experiment indicated that the idea was worth
pursuing so we constructed a more sophisticated test bed on which the .22
action could be more permanently mounted (fig 7.5 & 7.6). With this equipment
we were actually able to gauge the increase in exhaust volume during the
combustion phase over and above the 98 cm® of air the gun contained prior to
firing. At the same time we were able to measure the velocity of each shot by
means of a chronograph which was connected to two insulated points that
projected slightly into the bore.

In practice the flexible connection below the tap A is disconnected while
the gun is cocked and the pellet inserted, the tap is then set to connect the gun
with the cylinder B only. The lightweight free fitting piston within the cylinder is
then lowered to the bottom before the flexible tube is reconnected and the gun
is fired. The pellet travels on past the muzzle to be caught inside the airtight
cap, whilst at the same time the air blast blows the piston inside B part of the
way up the cylinder. The tap is then tumed so that the air in the cylinder may
be transferred to cylinder C when the piston is pressed down. As the air enters
the cylinder it displaces the coloured water from a preset level in C into cylinder
D altering their relative levels and therefore pressure. Cylinder D must now be
moved in its clips to equalise the water so that it is at exactly the same level in
C as itis in D. Under these conditions the pressure of the air in C is the same
as the atmospheric pressure outside, which of course is the same as the
pressure in the airgun at the start of the sequence. Assuming combustion has
taken place the volume of air trapped in C will be greater than that originally in
the gun.

It is now possible to calculate the extra volume of air exhausted from the
muzzle because it fills the space in C between its present level and original
level at the beginning, assuming that the bore diameter of the tube is known.

With this apparatus we could inject any type of oil, grease, water, or other
substance directly into the cylinder via the transfer port. We were then able to
measure any increase, or even a decrease, in the volume of air exhausted
behind the pellet. Injecting anything into the transfer port is never a good
practice, and of course we had to suffer the consequences in the form of
damaged springs, but it was a price well worth paying in this instance.

Over a long series of shots it became clear that the volume of the exhaust
expelled increased in step with a boost in velocity depending upon the
substance injected into the cylinder. A figure of 18% extra exhaust was the
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maximum ever obtained at a velocity of 840 FPS. It must also be said tr
increase in volume was a somewhat erratic performance.

At one point during the experiments a small quantity of c
tetrachloride was injected into the cylinder, its fumes acted somewh:
nitrogen and in stifling any combustion restricted the gun's performance tc
of about 460 FPS which is not far from the low of 426 FPS which we obs
from a similar gun operating without combustion during the nitrogen exper

Turning then to look at the average high velocities of about 64¢
produced by this gun in the combustion phase when there was a normal ¢
of lubricant present in the cylinder, and from which it was producing an
12% of exhaust, we can compare these with the maximum high of 63¢
obtained during the nitrogen experiment. We felt that the sets of high ar
figures were close enough to confirm that a spring gun requires a sug
lubricant in order to produce its maximum velocities, also that the incre.
volume of exhaust is an indicator of the gun's performance in the comt
phase.

It is curious, however, that some lubricants tend to give higher vel
than others. This is surprising because the calorific value of a fuel (that
heat energy they can give out on burning) is near enough the same foi
oils. The answer probably lies in the manner in which the lubricant is mixe
the air as the piston flies forward. If it forms droplets or mist it will burn
efficiently than one which remains as a thick film.
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Chapter 8
THE TRANSFER PORT

The transfer port, that is the small hole that connects the cylinder to
barrel, must be looked at in two ways, both in its function as a simple
passage in the blowpipe or popgun phases, and separately as a combus
chamber in the combustion or detonation phases. We will consider the port
in its role as a transfer passage between the cylinder and the barrel.

Over the years the size of the port has been a constant source of inte
and curiosity. Rifles have been ruined by over enthusiastic use of drills in
hope that a larger diameter would increase the power of the gun. A larger |
has always appeared to be the gateway to higher velocities; but like every of
factor in airgunning a compromise between conflicting factors must be st
The difficulty lies in establishing the exact nature of the factors involved.

There are three main variables to be considered when investigating
geometry of the port. (i) /ts dlameter. (1) /ts length. (iii) /ts shape.

Before discussing these points, however, let us first consider exactly w
happens when the air rushes through the passage. As the piston stre
forward, pressure is built up behind the pellet, the pellet then releases its
and accelerates off up the barrel at the moment of peak pressure in the cylin
(if it is a correctly fitting pellet). As it accelerates, the pressure behin
immediately falls, the high pressure air in the cylinder then rushes through
port to equalise the lost pressure, hence an airflow has been created from
cylinder to the barrel. This pressure difference must be maintained to prese
the airflow. But, to accelerate the pellet further, the flow must increase, and
can only be achieved by a continuously increasing pressure difference betw:
the pellet base and the cylinder.

When the pressure on the barrel side of the port drops to about half of
cylinder pressure , a condition known as "critical flow" is set up. At this point
airflow through the port is brought to a constant velocity and cannot be furt
increased without raising the cylinder pressure. But the cylinder pressure
already falling due to the backward movement of the piston and the forw
motion of the projectile, this means, therefore, that the pellet can no longer
accelerated. It may however be pushed along at a constant velocity, sil
although the flow rate cannot be increased it will not necessarily decrease

The Air Gun from Trigger to Target



Chapter 8 - The Transfer Port

The only way in which the rate of flow may be improved upon is by raising
the cylinder pressure or, maintaining the existing pressure for a longer time by
holding the piston in the forward position. Our efforts in this direction have
already been described and it is clear that it is "easier said than done”.

When critical flow is reached, flow impeding shock waves form in the
transfer port, because under these conditions the velocity of the air flow is equal
to, or greater than that of the local speed of sound. It must be remembered that
the local speed of soundvaries considerably depending upon the pressure and
temperature within the port as the air passes through it at the moment of firing
and may be vastly different to the normal accepted figure of about 1100 feet per
second.

It should be clear from the foregoing that it is of vital importance that there
should be as little restriction as possible to the air flow so that the pellet obtains
the maximum acceleration before critical flow is reached. Let us now discuss
the three factors mentioned earlier, since maximum airflow depends upon the
format of this port.

The diameter of the port is somewhat dependent on the calibre of the gun,
if the port were larger than the calibre there would be a probability that the
pellet would be drawn back into the cylinder. To determine the most efficient
port size for our particular gun, we adopted a system of trial and error. This
involved the drastic operation of machining out the existing port to a diameter
of about three eighths of an inch. We then machined a series of
interchangeable ports each identical, apart from their bore diameters, which
were machined to individual sizes, ranging from '/, up to '/g,". The rifle
chosen for all these experiments was of the break barrel type, it was, therefore,
possible to use an "O" ring to seal the breech and at the same time hold the
false port in position. The rifle was not very large by today's standards having
a bore of 1" and a stroke of 2'/,"; therefore its swept volume was only 1.96
Cu.ins.

With this system we were able to experiment with each port size in as
many experiments as we wished whilst ensuring similar conditions. The
following table lists the port diameters together with the average velocities
obtained with each size, the calibre being .22".
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Port Diameter (ins.)

Average Velocity
(Port Length °/,")

(Feet Per Second)

1/16" (0.0625) 334
5/64" (0.078) 338
3/32" (0.094) 420
7/64" (0.1094) 424
1/8" (0.125) 428
9/64" (0.141) 425
5/32" (0.156) 423
11/64" (0.172) 414

From these results it is clear that the optimum port diameter in this ca
is about '/,". Either side of this diameter the velocity immediately becom
lower, for smaller diameters this is easily understood, since a small hole offe
far more resistance than a large one which, in turn, will allow a greater ma
rate of airflow through it. The reason for the velocity falling when using a p
diameter greater than '/," is less easily understood. It is probable that mu
above this figure an unacceptable amount of "lost volume" is produce
resulting in a decrease in the final pressure, and therefore, a reduction in t
accelerating force behind the pellet.

At a later date we repeated the experiment with a larger rifle as part of .
in depth study which included varying the input energy as well as the port siz
In this instance the piston diameter was 1.18" with a stroke of 2.56" giving
swept volume of 2.8 Cu.ins. The optimum port diameter was again '/," whi
surprised us, however since the port was 1" long the increase in lost volur
obviously counteracted the increased swept volume. We used two springs, o
with a power of 36 Ft.Ibs., and the other 45 Ft. Ibs. The lower powered spri
produced higher output powers, thus a higher efficiency, re-affirming c
previous observations that greater spring power does not necessarily yie
greater velocities.

"Lost volume" is a term we use to describe the volume of air contained
the transfer port and other holes or recesses in the piston head, also the sm
space inside the pellet itself. It is in fact space which, though unavoidab
creates inefficiency in the system. Taking an extreme case to illustrate the poi
suppose that the lost volume amounted to a large fraction of the total volur
swept by the piston. The piston would then accelerate forward and hit the e
of the cylinder before there was enough pressure build-up to arrest it, neitr
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would the pressure generated be great enough to start the pellet off up the
barrel. It will be noticed that in the first gun the maximum port diameter tested
was ''/,,", this was because any further increase in diameter resulted in the
piston actually hitting the end of the cylinder. In other words the spring had
enough power to compress all the air within the swept volume into the lost
volume, allowing the piston to strike the end wall.

The length of the port is far more difficult to alter or experiment with, but
it is obvious that the shorter it is the better, as it then produces less lost volume.
Also being short there is less resistance to air flow due to wall drag on the air
as it rushes through the passage. Over the years we have seen the design of
rifles evolve until in many recent models the port length has diminished to
nothing. It is worth bearing in mind, however, that there is nothing special about
the port, it is in reality, only an extension of the barrel backwards behind the
pellet. If the port is eliminated altogether by designing the breech so that the
barrel seals directly into the end of the cylinder, then the beginning of the barrel
takes the place of the port throttling the air flow to the back of the pellet as it
accelerates up the bore.

Early rifle makers often drilled the port at an angle so that it joined the
centre of the barrel to the centre of the cylinder. This was probably done in the
belief that the air would flow faster from the centre of the cylinder rather than
from one side. Present day practice seems to indicate that there is no
difference, because angled ports have been abandoned. However, any slight
advantage that might have been gained by taking the air from the centre would
be eliminated by the increased length of the port also interference with the air
flow at the sharp edged ends of the hole.

Air, like any other fluid, has viscosity, viscosity is the property of a fluid
which makes it resistant to flow. Compare treacle emerging from a tin to the
flow of water from an upturned bucket, also the viscosity of the treacle will
diminish as its temperature rises and it will flow faster. Of course air is not as
viscous as water at normal temperatures and pressures, however it has, like all
gasses, the surprising property that its viscosity increases with temperature and
also with high pressure. Since, in the main, we are dealing with high pressures
and temperatures, energy losses in the air due to this action could be
significant.

In order to get a practical idea of what happens at the port, it is
helpful to imagine the air to be a liquid. With this thought in mind, it is not
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difficult to remember how the flow of a stream is impeded as it flows ovel
rocky bed; the sharp edged stones form waves and eddies that restrict t
smooth passage of the water. In a similar way, most of the rifles that we ha
looked at have a sharp edge at the entry to the port, since it is simply a drill
hole. Obviously there is nothing better than a sharp corner for upsetting the fl¢
of a fluid and causing flow restricting eddies; in fact, it would be true to say tt
a sharp corner is the opposite of streamlining. This edge, is therefore, a part
the system where energy is certain to be lost.

Again, practical experiment was the only method open to us
investigate the energy losses at the transfer port. We took one of the false po
and shaped the entry to a bell mouth; this immediately increased the veloc
of the experimental gun by seven feet per second. Other guns that we ha
modified in this respect have produced better results than this, which goes
prove that the shape and size of the port is individual to each type of gun.

So, what is best? Well, very often the designer of any spring air gun
"between the devil and the deep blue sea" in this area. What is required, is t
shortest possible length of optimum diameter port with a smooth lead-in for t|
air, and, incidentally, a polished surface throughout, this smoothness is
course important whatever the size or shape of the port. Unfortunate
however, it is not always possible for the port to be short without losing physic
strength in that area, especially in the design of barrel cockers.

The production of a bell mouth at the entry end of the port is a refineme
that is not often encountered on mass produced rifles. From a purely theoretic
point of view the best possible shape for a transfer port would be a bell mou
at the entry followed by a venturi; that is a hole which contracts at the centi
then opens out again to a diameter that corresponds with the entry to tl
breech. However, after going to the trouble of making such a device, we we
disappointed to find that the practical advantages were insignificant.

_ The breech sealing washer on some early break barrel models is fitt:
into a recess cut directly into the end of the transfer port. There is of course
danger here that some energy will be lost at this point, since it is unlikely th
Fhe airflow will remain smooth as it passes through the washer. The situatic
IS made worse because the washer is likely to be compressed when the actic
Is closed thereby reducing the diameter of the hole.
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One well known make of tap loading rifle at one time had a funnel shaped
end to the cylinder, giving a streamlined flow of air from the cylinder into the
barrel. The piston had a cone shaped end to coincide with the angle of the
funnel. Another great advantage of this system was that the transfer port was
exceptionally short since the tap was positioned directly at the apex of the
funnel. The whole point of the design was that efficiency losses in this area
were kept to a minimum. Unfortunately, one can only presume, the
manufacturing costs outweighed the increase in efficiency.

The question of transfer port efficiency was the subject of an in depth
investigation carried out at Bristol University by Messrs. Maddox and Rowson.
They showed that it is possible, under certain circumstances, for the air in the
cylinder, for an instant to attain a negative pressure; but only for an instant. If
the pellet has moved a short distance along the barrel when the piston bounces
backwards it may pull some of the air that has already passed through the port
back into the cylinder. This did not altogether surprise us, because we had
occasionally found particles of lead adhering to the piston head and cylinder
end of rifles that we had serviced. We had often wondered how they had got
there and had come to the conclusion that perhaps they had been sucked in
from the breech as the rifle was cocked. However this phenomenon will only be
observed with rifles working in the popgun phase, in the combustion phase
there is no possibility of air being drawn back into the cylinder.

Maddox and Rowson also showed that once a certain air speed through
the transfer port is reached the flow becomes supersonic and the port becomes
choked by shock waves. After that the air cannot go through any faster with the
result that pressure builds up in front of the piston. On occasions we have fired
sporting rifles without a pellet in the breech and have noticed that a very loud
crack is produced and the barrel is left full of smoke. In the light of the work of
Maddox and Rowson it is clear that once the port chokes up, any further
pressure build may become high enough to cause combustion to take place and
the rifle behaves just as though there was a pellet in the breach. However,
since the airflow through the port under these conditions is supersonic, the
noise from the muzzle will be the familiar crack of a supersonic bullet or
perhaps, a whiplash. In this instance the sound is increased by the combustion
of the oil, leaving the barrel full of exhaust.

If, on the other hand, the gun is small, or its power and dimensions do not
lend themselves to the conditions we have just described; then in all probability
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there will be insufficient pressure build up in front of the piston to arrest
travel. The piston will then violently hit the cylinder end.

Turning now to the part played by the transfer part in the combust
phase. In this instance the port ceases to be a corridor for the passage of h
fast moving, high pressure air, instead it becomes a combustion chamber f
the fuel ignited by the heat and pressure generated by the spring and pistc
We investigated, as far as we could, the combustion within the port by inserti
three perspex rods A, B & C.into the combustion area (fig 8.1). The first A w.
positioned in the end wall of the cylinder. Its inner end had been filed al
polished in such a way that it resembled a tiny periscope looking along the bc
directly at the approaching piston. The next was placed directly into the pt
itself, and the third entered the barrel just in front of the pellet when in
normal position prior to firing. Each %,4" diameter rod was shaped where
enters the port or barrel, its end surface blending perfectly with the surroundil
contours so as to form neither an obstruction nor a void. Port B. appears to |
larger than those either side of it, this is because we had expected to be at
to examine the light in more detail if the viewing end of the rod was made |i
a lens. In the event the light pulse was made exceptionally visible by the ler
but little extra information was discernable.

The photograph (fig.8.1) shows the ends of the rods, together with t
illumination seen by a camera as the gun fires. The phenomenon demonstrat
by this picture is not so much that a bright flash occurs as the fuel ignites, t
that the ignition has occurred mainly within the transfer port. Also, since port
is placed in front of the pellet's head and is only uncovered as the pellet leave
it is very interesting to note that such a bright light is visible at all at that poi
This clearly illustrates that the fuel is still burning as the pellet moves along t
bore, and probably does so for the first few inches.

The exact nature and timing of compression ignition has, over the yea
been the subject of intense world wide investigation by mathematicians a
diesel engineers such as Sir Harry Ricardo in this country. However, their wc
involved more precisely controlled machines than our somewhat whimsit
guns; but it is never the less of great interest to read their books on the subje
since they serve to enforce the arguments and principles involved in t
combustion phase.
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Chapter 9
THE BARREL

When we speak of the barrel of an air rifle, we mean the whole tube
extending back from the muzzle to the breech, the point where the pellet it
seated ready for firing. Although it may seem unnecessary to make such ar
obvious definition, we have done so because we want to make it quite clear tha
we have included the section of the bore that holds the pellet before "blast off.'
It is, in fact, this small part that helps to determine the consistency of the rifle
but more of this later, let us first have a look at the controversial topic of the
barrel length.

Barrel Length

We went to a great deal of trouble over the study of barrel length since
much of the current thought on spring airguns was being derived from firearmr
principles. This comparison is completely unscientific, as are most othe
comparisons between firearms and airguns. In the case of the firearm the
projectile is under acceleration along the whole length of the barrel; this tota
acceleration is arranged by matching the quantity and type of propellant in the
cartridge to the length of the barrel. The propellant having been carefully
designed to burn itself up within the time the projectile is in the bore. This beinc
so, the gasses produced by the combustion of the propellant keep up a nearly
constant pressure on the base of the bullet giving it enormous energy.

Unfortunately, the spring airgun is severely handicapped in this respec!
because there is only very limited energy available to accelerate the pellet anc
that is virtually all imparted to it in the first five inches or so of the barrel. After
this distance, the pellet neither loses nor gains speed until it has covered a
further twenty five inches or so, after which it begins to slow down due tc
friction from the barrel wall and also because of the volume of air that the pelle
is having to move ahead of itself along barrel. From this it is clear that a spring
airgun with a long barrel is not more powerful than its shorter barrelled
counterpart, though it must be said that a sporting rifle operating in the
combustion phase may benefit from a longer barrel than one that is working in
the popgun phase.

The fig 9.1. shows the typical acceleration of a .22 pellet up a barrel.
From this diagram it can be seen that the pellet was accelerated during the first
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five inches of its travel only, the remainder of the journey was accomplished at
a steady velocity. The reason for this stable velocity is that critical airflow has
been set up through the transfer port due to the reduced pressure in the
cylinder. This critical flow as already mentioned in a previous chapter, means
that the air can now only flow at a certain speed, hence the pellet is only
pushed at a steady rate and not accelerated.

Acceleration of Pellet
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The graph in fig 9.1 was arrived at by the use of the very odd looking
barrel shown at the bottom of fig 9.2. which had holes drilled in its wall at one
inch intervals all along its length, into each of these holes an insulating bush
was screwed and each bush carried a small screw that was pointed at the end
and could just enter the bore. With this strange device it was possible to make
contact with the pellet at any desired point along the barrel, as the pellet passed
any screw that had been adjusted into the bore, electric contact was made
between the screw and the pellet at that point and therefore with the barrel
itself. Coupling this to a chronograph it was possible to establish the time taken
for pellets to traverse various sections of barrel. This experimental piece of
equipment could be coupled up to any number of sections of the extendable
barrel shown in the top of fig.9.2. By this process, we were able to study barrels
of up to five feet in length. At these extended lengths, the velocity had fallen to
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an utterly useless figure, but the experiment was well worth while since it
proved beyond doubt that a long barrel is not the key to high velocity in a spring
rifle.

fig.9.2

The opposite situation exists in the case of pneumatic rifles. Here there
is usually more than adequate air available to accelerate the pellet all the way
along the bore, in many instances an even longer barrel could be used to
advantage, but then the rifle would not only look wrong, but its balance and
handling would be next to impossible. In cases where quietness is important,
the excess air must be vented into a silencer, air that might have been used to
further accelerate the pellet had there been more barrel in which to do it.

Pellet Fit

During our experiments with differing barrel lengths we were made very
aware that the fit of the pellet and therefore the shape of the breech are crucial
factors in the power of the rifle. Once we realised the importance of this point,
we set about investigating it in great detail. First of all we checked what we call
the "static" pressure required to start the pellet down the barrel through various
breech shapes. We connected short lengths of 0.22 barrel to a hand operated
oil pump in such a way that we could increase the pressure behind the pellet
very gradually, whilst at the same time being able to watch the rise in pressure
on a gauge. As the pressure reached the point at which the pellet released and
moved forward up the tube the pressure gauge needle fell, the maximum
pressure obtained in each case being noted.
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Each short length of the 0.22 barrel had a different shape machined into
its breech so it was not difficult to compare the static release pressure of the
various shapes when fitted with standard pellets. It was also possible to
investigate the pressures attained by pellets with expanded or collapsed tails.
It must, however, be emphasised that this is an experimental static starting
pressure only, and that the hydraulic test was done on a much slower time
scale than the one witnessed inside the gun. The actual starting pressure
(dynamic) being approximately three times this value, mainly due to the inertia
of the pellet.

After checking the static starting pressure each barrel was mounted on the
experimental gun and its performance measured with the chronograph. The
results, all the average of 20 shots, are recorded below:

Breech shape Static Pressure (psi) Velocity (fps)

Sharp right angle breech. 374 psi. 371 FPS.
Slight radius at breech. 444 " 434 "
45" Chamfer at breech. 442 " 373 "
60° Chamfer at breech. 399 " 390 "
Slow taper into barrel. 308 " 292 "

It is clear from the results with this particular gun that a static
pressure of 440 PSI. is required to produce maximum velocity in .22 and is best
attained by a polished radius at the breech. This optimum shape is illustrated
in fig 9.3. It is possible to have a pellet too tight in the breech, resulting in it not
starting until after the peak pressure is reached, producing a lower muzzle
velocity. This fact can be proved by expanding the skirts of pellets beyond
reasonable dimensions, then checking their velocity.

The reason that a sharp right angled breech produced a low pressure and
therefore low velocity was because, instead of re-forming the tail of the pellet
it sheared a ring of lead from the skirt, this shearing of the tail must obviously
require less force than re-forming it into the bore.

We concluded from these experiments that at the moment of firing, the tail
of the pellet must first grip the end of the bore, then as the pressure behind it
rises. the skirt collapses until it becomes the same size as the bore, at which
point it releases and accelerates up the barrel with the maximum pressure
behind it. The importance of the pellet's grip on the breech prior to firing is lost
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if the pellet is first forced through a sizing die. These tools appear on the mark:
from time to time together with glowing accounts of their advantages, normal
of course‘they only serve to reduce the rifles velocity through reduction of th
pelle_t's tail diameter, though in some instances, it must be said, they can be «
service where the pellet in its normal state is totally unsuited to the barrel or th
power ofl the rifle. The breech shape is of less importance in the case of

pneumatic, because in most instances the front of the bolt pushes the pelle
forward into the rifling making it a perfect fit before the gun is fired, virtually i
the blowpijpe phase. ‘

/ / 7 \
Pellet in optimum breech shape ) fig.9.3

_An added bonus arises from the correct breech formation; the fine
velocity becomes far more consistent. We found the variation over a ,number C
shqts to be 2% with the correct shape, while the others showed a figure in th
region of 6%. This was obviously a worthwhile improvement, it is probable the
the 2% variation was due to differences between the pellets.

The polished radius that we found to be so efficient is not easy to achiev:
when the rifle is fitted with a loading tap. Taps have always had a tapered hol:
{nto which the pellet is dropped, as we have shown in the above table a tape
is apoul the worst possible shape with which to achieve efficiency an
ponglstency. Taps may also decrease efficiency, because the pellet wi
inevitably take up a position at the barrel end of the hole thereby increasing thi
lost volume of the transfer port. However, tap loaders are steadily giving war
to more sophisticated loading systems such as magazines, the BSA rotar
breech, or the system adopted by Weihrauch on their classic model 77 wher

th_e pellet is loaded directly into the end of the barrel after the cylinder has beer
withdrawn.
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Break barrel designs are not quite so popular now that scopes reign
supreme, because there is always the worry that the barrel may not take up
exactly the same position, shot after shot. The break barrel system was t_he
most widely used in the early days of popular spring guns, but on expensive
rifles it was replaced by an under lever and tap because the early breech joints
were liable to leak, or quickly became loose. Also, the fact that the barrel had
to be used as a lever reduced their popularity further because they could
become bowed.

The Muzzle

Turning now to the muzzle end of the barrel. It is vital to the rifle's
accuracy that the muzzle is mechanically perfect, there must be no burrs,
patches of rust or enlargement, though it must be said that this last bleml_sh is
unlikely to be found in an air rifle. Firearm barrels are often cleaned using a
pull-through which is purely a piece of cloth attached to a length of cord. If the
cord is allowed to drag on the bore as it passes the muzzle it will eventually
enlarge it through "cord-wear" ruining the accuracy of the rifle.

Quite obviously the muzzle is the most important section of the barrel as
far as accuracy is concerned, it is responsible for imparting the final directiqn
to the pellet. If the end of the barrel is not square to the bore then the pellet will
take off in the wrong direction. To check this point we deliberately machined a
muzzle at an angle of about fifteen degrees to see what would happt_an, We
were surprised to find that although the pellets left the muzzle at approxm]aie!y
the same angle as the new face, they flew quite accurately producing a
remarkably small group on the target, which had to be placed well away from
the normal line of the barrel.

It is vital that the pellet must be a firm fit in the bore as it leaves the rifle
otherwise pin point accuracy will be lost and it is for this reason that many
manufacturers compress the last three quarters of an inch or so at the end of
the barrel to form a 'choke'. Although the term choke is better known in shot
gunning circles where the reduced diameter at the muzzle holds the shot in a
tighter pattern as it leaves; we airgunners have borrowed the term. However,
the degree of reduction in an airgun barrel of perhaps 0.001" is nowhere near
that used in a shot gun, where the reduction may be in the region of 0.030" or
more.
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The reason for choking airgun barrels is to ensure that the pellet leaves
the barrel at a tight spot. It is no discredit to any barrel manufacturer to say that
his barrels are not perfect and need a choke to improve their performance.
Whatever system of barrel manufacture or rifling is employed the bore diameter
is bound to vary by very small margins over its entire length; each barrel will be
different and the large and small diameters will not occur at the same places in
every example. If every barrel has a choke pressed into it after all the other
machining operations are complete, and if that choke makes the bore slightly
smaller than any previous tight spot, then the pellet is bound to leave at the
tightest point along the barrel's length. In an ideal world all barrels would be
perfect, their diameters would be exactly the same all along their lengths, there
would be no blemishes anywhere within them to upset the pellet's travel. In
practice however, this is next to impossible to achieve, at least not at a realistic
price. Neither is it correct to say that just because a barrel is choked that the
choke is there to disguise a poorly made item. Many manufacturers choke their
barrels to make them less pellet fussy and to gain more uniform results from a
wider range of pellets. They probably find a choke to be an advantage because
as the pellet moves along the bore its diameter is reduced by wear, therefore
the pellet is smaller when it leaves than when it started; even though the bore
is perfect. So the choke compensates for this reduction in diameter.

In the early days of choked barrels, the choking was often excessive, in
the region of 0.004", this robbed the pellet of much of its power. On several
occasions we bored out that section without any apparent loss in accuracy but
with a large improvement in power, perhaps we were lucky in that the pellet still
left at a tight section of the barrel; that was a chance we took.

As a quick experiment to check on the advantages of a choke we once
deliberately reversed the barrel and loaded the pellet into the choked muzzle
end. The pellets flew in all directions; obviously the choke had reduced them
to the point where they became a very slack fit in the remainder of the bore,
rendering them totally inaccurate. This simple experiment demonstrated how
accuracy partly depends on a tightly fitting pellet, particularly as it leaves the

muzzle.
Rifling

The history of rifling is in itself a fascinating story. Ever since its true value
was first established in about 1800, there have probably been more
experiments carried out trying various groove shapes and rates of twist than
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with any other part of a gun. No doubt fortunes too have been made and lost
during the search for perfection. Some of the designs were fascinating; rifling
whose pitch slowly increased so that the bullet's spin rate was increased
gradually as it travelled along the bore. Rifling whose depth increased as it
approached the muzzle was also tried, the object of these strange designs was
usually to prevent the bullet "stripping" the rifling as it left the breech. Stripping
appears to have been a major worry in the early days when all bullets were
made of lead, and not metal jacketed as now. It was thought that if too much
powder was loaded behind them they would not grip the rifling correctly. They
would then travel up the barrel as though it was smooth bored, leaving the
muzzle without spinning. This argument is hard to follow when it is realised that
the early gunmakers fully understood that a bullet expands into the rifling as the
pressure developed by the burning propellant increases.

It is perhaps difficult to understand why rifling, once thought of, did not
immediately become a standard on all barrels. There were, however, other
factors working against its advantages; fouling in the barrel caused by the
burning of black powder caused the early barrel makers much frustration. Also,
the lack of an acceptable breech loading system to defeat the problems of
muzzle loading, held up the development of successful rifling systems.

However, in 1909 Dr. F.W. Mann wrote a book called "The bullet's flight
from muzzle to target." It has ceased to be considered as a major work in the
field of ballistics because it is mainly about large calibre lead bullets, which of
course are now well out of date. It is, nevertheless, a work of great importance
to air gunners, because his methods of investigating bullet flight are still
applicable to our lead pellets. Many of our own studies have been based on his
experimental techniques.

Dr. Mann devoted most of his working life to the study of bullets' flight, he
did more controlled experiments with lead bullets than anyone else in his day.
He clearly demonstrated that stripping, in normal circumstances, is a myth. He
even forced a bullet through a riffled barrel until only a quarter of an inch of it
was left in the bore, he then gripped the protruding front end of the bullet and
twisted it expecting it all to rotate in the bore, yet in fact, the bullet twisted off
flush at the muzzle leaving the remainder intact in the barrel. This simple
experiment, and others, proved beyond doubt that even a modest depth of
rifling is capable of imparting the very small amount of energy to the bullet that
is required to make it spin.
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It is important to realise that a spinning pellet contains two forms of
energy, together with the linear kinetic energy with which we are all familiar, the
pellet also contains "rotational energy” that is the energy imparted to it by the
rifling. Calculating the magnitude of spin energy is somewhat more complicated
than linear kinetic energy, it involves determining the pellet's moment of inertia,
which of course partly depends on the speed at which the pellet is spinning
together with its structural form also its diameter. However, as far a our normal
pellets are concerned, the amount of rotational energy involved is negligible
when compared with its kinetic energy.

Dr. Mann mentions that throughout all his work with rifles, much of which
involved stopping bullets in snow or oiled sawdust, he never saw a bullet which
had stripped. We would endorse this statement, in all our experiments, where
pellets have had to be stopped in flight for examination, we have never seen
one that has stripped. It just does not happen.

Even after all these years a perfect rate of twist has yet to be agreed
upon, perhaps it never will; each barrel maker still has the flexibility to use his
own ideas on the subject. Yet the direction of the twist of the rifling appears to
be standardised as right hand, that is, the pellet rotates in a clockwise direction
as it moves from the breech.

Looking down the barrels that we have used during our work, we find
rates of twist anywhere between one turn in thirteen inches and one turn in
thirty four inches. We have heard of experimental twist rates well above and
below these values, yet none proved to be exceptionally accurate. Looking at
the twist rates in firearm barrels the variation seems to be as wide as that in
airguns.

It must be remembered that air guns firing the popular shuttlecock shaped
pellets do not totally rely on the gyroscopic effect of the rifling to keep them
steady in flight, they rely on the pellet's shape too. In all probability shuttiecock
shaped pellets were first made in the hope of increasing the accuracy of early
ball firing, smooth-bored airguns. Some bright airgunner must have noticed that
a shuttlecock always flies nose first and miniaturised their shape in lead. Even
today it is surprising just how accurate a smooth-bored gun can be when firing
a modern pellet at short range. So our pellets may be said to be dual stabilised,
firstly by the spin imparted to them by the rifling and secondly by the air as il
passes over them once they leave the muzzle; like the shuttlecock.
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An interesting calculation shows that a pellet travelling at an average
velocity of 550 FPS from a barrel rifled at the rate of one turn in sixteen inches,
will be spinning at a rate of about 25 thousand revolutions per minute, an
enormous speed. But, after it has covered a distance of thirty yards, it will only
have revolved about seventy times.

The shape of the grooves and lands of the modern air rifle barrel are fairly
standard (fig 9.4), the lands being the sections between the grooves which grip
the rifling. In most instances the lands and grooves are of equal width, but their
number varies anywhere between six and twelve. Again the manufacturer
makes his own choice on the number. The depth of each groove seems to be
fairly constant at between 0.002" and .003" for both .177 and .22 calibre, but in
the case of .25 the depth may rise to about 0.004"

Normally the diameter at the bottom of the grooves is the same as the
quoted calibre, therefore the diameter measured at the tops of the lands is
smaller than the calibre by twice the rifling depth. Individual manufacturers,
however, may deviate from this standard, this path is normally followed for
commercial reasons, such as trying to make the barrel only suitable for a non
standard brand of pellet. As we see it this is long term commercial suicide and
renders no service to air gunning in general. Understandably air gunners are
unwilling to be tied to any one make of pellet and will eventually shun both the
non standard rifle and its odd pellets.

fig.94

We said earlier that the lands are usually the same width as the grooves,
but Weihrauch always make their .22 barrels with a somewhat unusual rifling
form. The grooves here are very wide while the lands are little more than sharp
ribs spiralling along the bore. This system has many advantages, there is very
littte deformation of the pellet when the rifling is printed onto it, also the air seal
is exceptionally good, especially in instances where the air pressure is perhaps
not high enough to expand the tail into the corners of more conventional rifling.
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There is in fact another type of rifling called polygroove, here the riflin
resembles numerous small corrugations. There are far more grooves than ol
normal systems, and often the grooves are hemispherical, leaving sharp land:
in b_etween to grip the lead bullet. Polygroove is not very common these day:
but in earlier times it was used on many large calibre rifles and invariably on ai
canes.

A similar system is called microgroove, it consists of very many shallov
grooves, so shallow in some instances that it is very difficult to see them withou
a magnifying glass. They spin the pellet perfectly satisfactorily and do far les:
damage to it than more conventional rifling patterns where deep rifling, togethe
with a choke, may cause the outside of the pellet to resemble a circular saw
Fig 9.5. shows two similar pellets that have been pushed through differing
barrels. The one on the left has been through a tight barrel, that was als(
choked. It has obviously been damaged to the point where its accuracy wi
suffer. The one on the right was a correct fit, the head rested on the land:
perfectly, while the rifling was gently printed on the tail.

_ Referring back to Dr. Mann, he demonstrated that if a lead plug covere
with emery was spiralled backwards and forwards along a smooth bored barrel
the bullets would pick up perfectly on the shallow scratches. They would ther
leave the muzzle, spinning just as though the barrel had been rifled in a mort
conventional manner.
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We followed Dr. Mann's instructions and scratch rifled a smooth bore .22
barrel. The pellets emerged without a blemish, it might even be said they were
of a better and more even shape than when they started. However, it must be
admitted that in this instance the accuracy was not as good as that from a
normal barrel, but then ours was not choked. It would seem to us that some
form of microgroove rifling holds plenty of promise for air guns. Although it
might not be popular with newcomers who would like to see positive spirals
when they look down the bore.

Barrel vibration

In the field of firearms, barrel vibration is often blamed for inaccuracy.
High speed photography has been used to examine this phenomenon and
shows that a rifle barrel vibrates and wriggles about like an excited snake as
the bullet travels along it. This is not surprising when one considers the huge
pressures generated by the burning propellant as it forces the tight fitting bullet
along the tube.

We investigated barrel vibration to see if it was the cause of inaccuracy
in airguns. We were interested only in vibrations caused by the pellet itself while
it was in the barrel and immediately it left the muzzle; we did not want to be
concerned with any vibrations set up by a spring and piston so we used our
pneumatic projector in this instance. Later on, in the chapters on pneumatics,
we will describe the projector in more detail, but for now it may be accepted as
being a very solidly mounted pneumatic rifle whose barrel may be left
unsupported over the majority of its length.

We mounted vibration transducers on the muzzle of a breech mounted
barrel so that any vibration would be picked up and displayed on an
oscilloscope. A slight thump with a hand anywhere on the barrel would cause
the trace to move violently, yet firing the gun produced very little reaction. By
causing the pellet to break a circuit carried by a pencil lead, as it left the barrel
we could determine whether the small amount of vibration we had seen
occurred before or after the pellet had left the muzzle.

This experiment showed an insignificant amount of vibration before the
pellet left, but that the small amount of movement we had seen, occurred after
the pellet had left. This after exit vibration could have no effect on the accuracy
of the shot.
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Various other experiments were embarked upon to cross check the first,
also to assure ourselves that vibration played no part in the production of large
groups. In one instance we clamped a heavy lathe chuck onto the muzzle, on
another occasion we mounted the barrel in soft rubber rings, but the effect on
the group sizes was negligible. The important factor always appeared to be the
combination of barrel and pellet, later on we realised that in fact the
combination of pellet, barrel and velocity have a far greater influence on the
size of the group than any amount of vibration from a rifle in good condition.

Lubrication

The cleaning and lubrication of barrels is an area that has always
generated great controversy. A correctly greased spring powered rifle will
always keep the barrel sufficiently lubricated by virtue of the small amount of
grease and oil vapour which follows each pellet through the bore. On the other
hand a pneumatic rifle, or a spring rifle working in the popgun phase, will not
lubricate the barrel at all. Marksmen using these rifles often advocate the use
of a small amount of spray lubricant to wet their pellets at the start of a
competition. In years gone by nobody ever cleaned the barrels of their air rifles.
Recently, however, the quality of rifles and pellets has increased to the point
where their potential accuracy is very high indeed, and a clean, slightly oiled,
barrel has proved to have great advantages. Cleaning rods fitted with soft
brushes are used occasionally to remove the grease and lead shavings which
may remain in the rifling. But, like so many other things in airgunning, “7o over
ao it is to unao i." Too much cleaning of the barrel, especially with harsh
brushes or uncoated rods will do far more harm than good.

Defects

Occasionally barrels, either through accident or misuse, become bent. If
this damage is not immediately visible it can be the cause of endless frustration,
especially if a scope is fitted because there is doubt as to whether it is the
barrel or a misplaced scope which must be blamed for the missed shots. It is
not difficult to pull a barrel back straight provided the damage is not
concentrated in one spot, as when the trigger of a break barrel has been
released before the breech has been fully closed. In that instance the barrel is
often severely kinked at the point where it enters the breech block. However,
if the barrel is removed from the cylinder it can usually be straightened by
gripping it in a vice between pieces of softwood then gently pulling it back true
with the aid of a straightedge.
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Barrel makers employ a system called "shading" to check the straightness
of their tubes, this is a highly skilled trade in which the reflection of a broad
black band fixed across a window, is viewed through the barrel. By tilting and
rotating the tube the shadow is caused to move gently and smoothly along the
bore, an experienced eye can than detect any errors which may be corrected
immediately.

The examination of the bore and rifling of a barrel may best be
undertaken by looking through from each end against a bright light; an eye
glass is of great assistance as it will reveal the condition of the bore to a
considerable depth, areas up to about three inches from the end can be brought
into sharp focus, any blemishes or deep scratches may be clearly seen by this
method.

It is possible to examine the form and condition of the rifling at either end
of a barrel if it is oiled inside and then blocked with cloth at a convenient
distance from the end. The portion to be examined should then be warmed and
filled with molten sulphur. Once it has cooled down the plug can be easily
pushed out for examination with a magnifying glass. We have found that
sulphur gives a better image than the more traditional lead. Be careful not to
overheat the sulphur or it will turn to a substance like chewing gum.

Airguns suffer from a curious phenomenon, if a series of shots are fired
and then the breech is held near the mouth and gently blown through, the
velocity of the next shot will be higher than that of the previous ones. There are
various possible explanations for this curious performance, perhaps blowing
through the bore removes the heavy vapours which may impede the next shot,
alternatively the action of blowing may cause a film of moisture to be deposited
in the bore which lubricates the next shot. This suggestion seems to be the
most likely since blowing the fumes out from the muzzle end does not cause an
increase in velocity.

However, as a final thought whilst on the subject of barrels, it is interesting
to consider for a moment the gun that is all barrel and very little else, the blow
pipe. The incredible feats of range and accuracy with which they are credited
are made even more surprising when one realises that it is difficult to produce
even one pound per square inch pressure when blowing into the pipe. Yet
tribesmen are reported to be able to kill birds and monkeys at considerable
ranges, in some instances without the use of poisoned darts. The secret being
that the blow pipe relies on its length and the size of the hunter's lungs to
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prqduce a useful velocity. Whereas the spring operated air rifle employs a tight
fitting pel!qt to produce a small volume of highly compressed air behind itself
the blow pipe missile is a very loose fit in the bore to enable the hunter's Iungé
to maintain a constant acceleration all the way up the pipe. In other words, it

relies on a !arge volume of air at a steady low pressure rather than a small
volume at high pressure.

~ No doubt the pipe length has been developed to the maximum to suit the
size o_f the hunter's lungs, whilst at the same time keeping the volume small by
reducing the calibre to the smallest practical size of dart. The weight and
construction of the dart itself will also have evolved by trial and error, but the
success of the final combination is world famous. '
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Chapter 10
RECOIL

In the years since we wrote “The Air Gun from Trigger fo Muzzle" the
characteristic possessed by every gun, called recoil, has become more
important than ever to the air gunner. This deepened interest in recoil has partly
been generated by the almost universal use of scopes, because it can damage
them, or at least move them along the cylinder losing their correct alignment as
they go. Though without a doubt the most important reason for the wish tc
understand recoil and hopefully diminish it, is that it works against the very higt
levels of accuracy attainable by the rifles and pellets available today.

However, the type of recoil that causes the damage to scopes only occurs
on rifles where the energy is stored in a spring or gas ram, and since that recoi
is not true recoil at all, we will come back to it later.

True Recoil

True recoil is mainly caused by the acceleration of the pellet from its state
of rest to the high velocity it reaches as it exits the muzzle. It is best examinec
against the background of Newton's third law of motion which states: "7o ever)
action there /s an equal and opposite reaction’. Very often enthusiasts, bott
airgunners and firearms owners alike, will argue about the point at which the
recoil occurs, some believing that it happens at the moment the shot leaves the
muzzle, others that it develops only after the shot has left.

The action of recoil can be demonstrated very clearly by two people
standing face to face on an ice rink, if one of them tries to push the other away
they will both move in opposite directions at the same moment, the lightel
person moving faster. From this example the true sequence of recoil is not
difficult to understand, if one imagines a monster projectile equally as heavy as
the gun itself, it then becomes clear that the action of recoil must begir
immediately the projectile starts it journey along the barrel. At this moment the
gun will be pushed backwards simultaneously as the projectile is pushec
forwards. The fact that in the case of our airgun the projectile is far lighter thar
the gun itself makes no difference to the timing, only to the magnitude of the
forces involved.
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There are in fact three causes of recoil in a pneumatic air gun, the most
imnortant of which is that caused by the weight of the pellet. It is important, not
because it is always the greatest, but because it occurs while the pellet is still
in the barrel and can therefore effect the accuracy of the shot. The second is
that caused by the rocket effect of the air blasting out of the muzzle after the
pellet has left, finally there is a very small amount of recoil caused by the weight
of the air in front of the pellet as it is accelerated along the bore. This last factor
may be ignored as far as airguns are concerned, there is neither enough weight
nor velocity in that small volume of air for it to influence the final recoil figure.

The rocket effect is perhaps surprising, but if one forgets about the bullet
for a moment and imagines a firearm to be a true rocket which has a large
amount of propellant loaded in the breech, then it is not difficult to realise that
as the propellant charge burns and expands inside the barrel there will be an
out-rushing of very energetic gasses whose reaction in a rocket would send it
skywards. In the case of the airgun, the reaction generated by the expanding
air forces the gun backwards into the owner's shoulder instead of upwards into
the air. In fact, the air may be considered to be another projectile behind the
original pellet, but of course it will not have the same weight as a pellet though
it may be travelling faster. Its effect on the total recoil figure can be surprisingly
great as we will explain later.

Earlier, we said that the recoil commences at the same moment as the
pellet leaves the breech, this implies that it must cease when the pellet leaves
the muzzle. Yet we have just shown that recoil arising from the jet effect occurs
after the pellet has gone, we must therefore split the recoil into two parts, but
in so doing we are also splitting hairs, especially where airguns are concerned.
It is perhaps simpler to magnify the situation by first looking at a system
containing greater energy, the shot gun. When a sportsman fires he feels a
considerable kick driving the butt into his shoulder, the recoil he experiences is
the combination of the three factors that we have already considered together
with the extra recoil produced by the wads and cards which go to make up the
weight of a shotgun's charge. Later in the chapter we will show that in fact the
recoil generated by the rocket effect may amount to about two thirds of the total
recoil energy. Bearing this in mind it is obvious that the only part of the recaoll
which can effect the accuracy of the shot ‘must be that generated by the
projectile itself, the remaining rocket effect can have no influence on the pellet
once it has left the muzzle. The same situation also arises in the case of very
powerful pneumatic rifles whose rocket effect again makes up a considerable
proportion of the total recoil.
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The magnitude of the pellet generated recoil depend
_the we_ight of the projectile, its velocity and the Eveigr?tuopfo ?r:gr%?xaac?t:?s’
immediately explains why even a powerful pneumatic produces very little }ecoil
The pellet is light, the velocity relatively low and the gun is very heavy wheﬁ
compared with its projectile. Since the weight of the gun is such an important
factor in the calculation of the recoil it must also be remembered that the
s_hootgr _becomes part of the system, the better the gun fits its owner and the
firmer it is held the lower the movement of the rifle will be because its stock is
well supported and therefore appears heavier. Though of course this argument

is more applicable to firearms than air rifles because the forces in such shot
guns are much greater.

. Let us now consider the first of these three elements in further detail, that
is the gun's reaction to the forward acceleration of the pellet. By Newton's'third
law, the pressure driving the pellet forward up the barrel exactly equals the
pressure driving the gun backwards causing the recoil, and they both act only
for the time the pellet remains in the barrel. By the principle of the conservation
of linear momentum; the motion of the pellet forward in feet per second

multiplied by its mass is equal to the rearward motion of the gun i
second multiplied by its mass. gun in feet per

If:

The mass of the pellet = M
The mass of the pellet = m
Velocity of the gun =V
Velocity of the pellet =v

Then by the conservation of momentum: mxv=MxV

Weight

Since mass =
Acceleration of gravity

w w
Thus we have: —_ = —

g 9

Wh_ere - W = Weight of Gun. w = Weight of pellet.
(g is constant and the same for both gun an pellet.)
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Then:
wyv. =WV, (1)
w.v
Thus: V= —
W

We may now calculate the velocity of the recoil, and hence the energy
imparted to the gun by the reaction from the pellet's acceleration.

Weight of gun (W) = 6.625 Lbs.
Weight of .22 pellet (w) = 0.00214 Lbs. (15 Grains)
Velocity of pellet (v) =430 fps.

Substituting values: 0.00214 x 430

V= = 0.1389 Ft./Sec.
6.625
From the equation for energy:
WV?
E=
29

Thus again substituting values:

6.625 x (0.1389)°
E= = 0.002 Ft. Lbs.
2 x 32.16

Being practical sort of people, we could not let the recoil investigation
depend solely upon a mathematical solution, so we set up the spring gun to
give us some practical results. We suspended it by two cords from a beam in
such a way that the barrel was level and remained SO during the recoil swing.
We then fixed a pointer to the side of the rifle and placed a scale in a fixed
position beside it; from then on it was a simple matter to photograph the scale
and pointer at the moment of firing to determine the exact amount of recoil. We
fired the gun by means of a solenoid mounted on the butt, the solenoid being
positioned at right angles so that its movements had no effect upon the recoil
readings.

Upon firing. the gun swung backwards and forwards like a pendulum and
in so doing lifted slightly. It is the amount of this vertical movement as the gun
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swings back that we need for our further calculations because it is the 'feet' in
the Foot Pound calculation. If we know the weight of gun and the distance
through which it lifts we can calculate the amount of energy in foot pounds
transferred to it by the shot. Since the lengths of the supporting cords are
known and the amount of the swing measured, the application of some more
mat_hematics will show how much energy is being expended in recoil. It will be
obvious from equation (1) that a light 0.177 pellet will produce less swing, and
therefore, less recoil, than the heavier 0.22 pellet. From our experimenfs we
f0un§| that a 0.22 pellet weighing 15 grains produced a swing of 0.4 inches on
our rifle weighing 6.625 Lbs. when it was suspended by cords 22 inches long.
So by the use of Pythagoras the vertical distance through which the rifle was
lifted during its backward swing can be calculated (fig 10.1).

PN

~
—

. - P —
0-4 > fig.10.1 |

CB=(y+X)=22

~
‘ )
1

Therefore: X=22-y . (1)

Since triangle ABD is a right angled triangle then: AB? = BD + AD?

Thus: 222 =x* +0.4°
Hence: X2 =222-(0.4)% ..(2)
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Using eqnt. 1... X = (22-y)?
x° = 22° - y° - 44y

Substituting from equation 2...

22° - (0.4)* = 22° - y* - 44y
or y? - 44y +(0.4)° =0

Solving this quadratic equation gives us:  y = 0.0036 ins.

In the case of this particular rifle the vertical lift amounted to 0.0036
inches, or 0.0003 feet. This figure may then be multiplied by 6.625 pounds
which is the weight of the rifle to give a figure of 0.002 Ft.Ibs.

Thus, this very small figure is the amount of energy used in pushing the
rifle backwards and upwards, or its total recoil energy, established by
experiment. It is so small that it may be neglected when considering energy
losses as a whole. It is, however, interesting to note that there is no difference
between this figure and the calculated value arrived at earlier, which was for the
reaction due to the acceleration of the pellet alone. One might expect some
small difference between the two figures produced by the rocket effect of the
air escaping after the pellet left the muzzle. The very small reaction caused by
this effect can obviously only be determined experimentally and cannot be
detected by the shooter because he feels it as part of the total recoil.

Rocket Effect

Out of curiosity we then decided to see if we could isolate the very small
rocket effect by a practical experiment. We made a muzzle brake and fitted it
to the end of the barrel, this device occasionally used by the military to reduce
the recoil of their rifles, reverses the flow of gasses from the muzzle. In our
version, the brake was an extension of the barrel, increasing its original length
by about two inches. Three small ports were drilled into the bore at an angle of
about 30 degrees to the barrel. The blast of escaping air would then be
deflected backwards in opposition to the rearward moving recoil, forcing the gun
to move forwards during the brief moment during which the pellet was in the
extra two inches of barrel. However, the results were disappointing, and
probably rightly so in view of the relatively low pressure and volume available
at the muzzle of a spring rifle. We had hoped that we would have been able to
detect a slight difference in the swing of the suspended rifle between the two
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conditions, muzzle brake fitted, and no brake; but the readings were all too
close to one another to make any discernible difference. Such is the life ol
investigation !

Having studied the recoil of a spring gun in some detail we realised thal
the investigation was not complete without carrying out the same experiment
with a pneumatic rifle. We therefore suspended the working parts of our
projector (fig.15.5.) from cords of the same length as those we had used earliet
in the spring gun experiment, we also added lead blocks so that its weight was
the same as the spring gun earlier, allowing direct comparisons to be made
between the two guns.

On firing, the pneumatic rifle swung through a far greater distance than
the spring gun. Since the recoil distance was so great we did not use
calculation to resolve the amount by which the rifle lifted as it swung, insteac
we drew an arc of twenty two inches radius on a piece of graph paper and then
directly read off the amount by which the rifle lifted as it moved backwards.

As already stated the results we obtained for the total recoil in the
pneumatic were considerably higher than those originally obtained for the spring
rifle under the same conditions, we now measured energies of 0.012 Ft.lbs.
instead of the earlier 0.002 Ft.Ibs. This increase led us to presume that the
extra recoil must be caused by the rocket effect, (far more air being releasec
after the pellet leaves the muzzle of a pneumatic than from a spring gun). A
long series of experiments showed up a surprising number of facts about recoil
as it appears in pneumatic rifles. Shots were fired with velocities high enough
to give between six and forty five foot pounds of muzzle energy, in some
instances no pellet was loaded, in other instances a silencer was fitted while on
other occasions the same muzzle brake which we had used earlier was again
employed.

At normal airgun powers, that is up to about twelve foot pounds, there
was very little difference in the recoil energy of the pneumatic whether or not
a silencer or muzzle brake was fitted. If a pellet was not loaded the recoil was
reduced by figures between a half and two thirds of the 0.012 Ft.bs. figure
established when a pellet was fired.

_ Howe;ver, at much higher powers the situation changed considerably; for
instance firing a 14.4 grain pellet at a muzzle velocity of 1134 FPS, that is 41.1
Ft.lbs. the gun swung back far enough to indicate a total recoil of 0.56 Ft.lbs.
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Fitting a silencer at this power reduced the recoil to 0.37 Ft.Ibs., while the
muzzle brake reduced it to 0.126 Ft.lbs. and firing it without a pellet produced
0.39 Ft.Ibs., a figure again near to two thirds of the maximum established when
a pellet was fired. This must therefore be approximately the energy generated
by the rocket effect.

In the case of the silencer, the reduction in the recoil results from the
expansion of the air inside the body of the silencer. The size and design of the
silencer must therefore influence the reduction of the recoil. A silencer with a
large expansion chamber will obviously reduce the pressure of the outgoing air
to a greater degree than a small one, therefore the rocket effect must also be
diminished.

Calculating the pellet generated recoil energy for the pneumatic, a figure
of 0.0128 Ft.Ibs. was obtained when firing a 14.4 grain pellet at 1134 FPS from
a rifle weighing 6.62 Lbs. The large difference between this calculated figure
and the figure of 0.56 Ft.Ibs. observed, must be the amount of energy imparted
to a rifle by the rocket effect.

Before leaving this discussion on true recoil it might not be out of place
to take a quick look at a very popular firearm; the 12 bore shotgun. Give or take
a pound or two it can weigh approximately the same as an air rifle, calculation
shows that a shotgun weighing 6'/, Lbs. will generate 16.9 Ft.bs. of recoil
energy when discharging 500 grains (1'/; oz.) of shot at 1,200 FPS. An
alternative source suggests that in fact the observed recoil of a shotgun to be
in the region of 31 Ft.Ibs., nearly double that of the calculated figure. The two
figures again serve to emphasise the enormous increase in recoil caused by the
rocket effect which we previously calculated for our pneumatic.

Spring Recoil

Returning now to the scope damaging recoil of which we spoke earlier;
this is caused by the piston and its driving force, whether it be a spring or gas
ram. Assuming the gun to be cocked, that is the piston is at the start of its
stroke and the spring compressed behind it. At the moment the trigger is
released the spring accelerates the piston forward very rapidly. However, as
Newton explained earlier, "To every action there must be an equal and opposite
reaction” This means that as the piston is forced forwards the gun must be
forced backwards by the expanding spring, the rearward movement is fairly
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energetic because the piston is usually heavy and its acceleration fast. Also,
about half of the total weight of the spring must be combined with that of the
piston adding to the rearward force acting on the rifle's body. This addition is
made because many of the front coils are accelerated forward along with the
piston by the coils at the back end of the spring.

The result of the combined forward movement of the piston and spring is
that the gun is first thrown backwards into the shoulder of the shooter, but af
about the peak of the gun's rearward acceleration the piston and spring are
suddenly stopped by a cushion of compressed air built up between the front of
the piston and the back of the pellet. The violent forward blow given to the
rearward moving gun by the sudden arrest of the spring and piston causes the
gun to change direction within a very small interval of time. This hammer blow
may be further compounded because the piston will continue to bounce back
and forth several times, driven by the remaining energy in the spring and the
air compressed in front of its head. It is this sudden reversal of movement
rather like a whiplash, which causes the scope, or indeed anything else
attached to the rifle to be thrown backwards, often with great force. The
magnitude and frequency of these forces vary with each type of gun and alsc
with the weight of the pellet, but the greatest variation to the pattern of the
vibrations in any one rifle is caused by combustion, if this is violent the forces
and vibrations transmitted to the scope may be catastrophic.

Various attempts have been made to calculate the magnitude of the force
acting on the scope when a spring gun is fired. This force must be stated ir
terms of g, in a similar manner to the forces acting on the pilot of a fast fighte
aircraft as he turns, or pulls out of a dive, or those acting on a motor car anc
driver when it stops suddenly. Whichever way we looked at the problem there
were factors involved which we could not resolve by calculation in &
satisfactorily accurate manner. We called on Roy Elsom to help us, he hac
collaborated with us in the writing of our previous book “The Airgun from Trigge
lo Muzzle" and understood the difficulty of the problem. He is now ¢
professional vibration engineer and has access to sophisticated equipment witt
which g forces may be measured directly.

We built up a .22 HW 35 rifle weighing eight pounds to give velocities o
about 550 FPS and then mounted an accelerometer on the end of a steel ba
clamped in the scope mountings. The bar weighed 1 '/, Lbs. to represent the
weight of an average scope. Firing 15.5 grain pellets showed a g reading o
about 25. We then fitted the dummy scope to an HW8O rifle which weighs nine
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pounds, this rifle gave lower g readings at higher velocities, 660 FPS. producing
about 20g. Injecting oil into the cylinder induced a few violent detonations with
velocities in the region of 870FPS and 60g. The value of g was not mirrored by
the velocity, like every other factor in airgunning there were other variables
influencing the result. A detonation of any magnitude always increased the g
value, firing without a pellet did not necessarily reduce its value, but a gentle
combustion shot at about normal velocities of 660 FPS gave lower g figures.
We came to the conclusion that in instances of correct combustion the
expanding gasses slow the piston down in a controlled manner to reduce the
violence of the piston's reversal. .

If an object is subjected to an acceleration of 2g its weight is doubled
during the time of the acceleration, we also now know that the acceleration
caused by the sudden changes in direction may induce forces of 60g in each
component of the scope. It is now clear that our steel bar could weigh up to 70
Lbs. at the moment the gun fires, so one has to ask whether the 'insides' of the
scope can stand having their weight instantaneously multiplied by 60, or more,
when the trigger is released. It would not be out of place to mention at this point
that the spring was irreparably damaged by this treatment.

Of course a pneumatic, or a firearm, does not punish a scope in this
manner because the pneumatic only produces pure recoil. In the case of a
firearm, if the scope mountings are not firm then as the gun moves backwards
the scope will inevitably move forwards towards the muzzle, not backwards as
occurs in a spring gun.

Twist Recoil

Another subject, which although not directly connected with recoil may be
mentioned here even though its effect amounts to next to nothing. It is the
twisting reaction applied to the rifle by the pellet as it sets off up the rifled
barrel. As we already know, any action must be accompanied by an equal and
opposite reaction, therefore as the pellet is forced to spin there will be a
reaction trying to rotate the barrel and therefore the whole rifle in the opposite
direction. True, but because the pellet is so light relative to the rifle, little
energy is required to set it spinning and the reaction is negligible. In military
terms this twisting may produce unique problems, especially in recoilless rifles.
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Chapter 11
LUBRICATION

The lubrication of spring guns is a most difficult subject. The reader wil
have already gathered from previous chapters, where combustion has beer
discussed, that the combustible qualities of a lubricant may have more influence
on the performance of the gun than its lubricating properties. The combustible
properties of any oil or grease vary widely depending upon their constituents
and conditions within the gun. We will therefore, first look at the requirements
of a spring gun; those of a pneumatic are vastly different and we will leave therr
until we discuss rifles working on this system in chapter 14.

It _is not unreasonable to start off by describing the action of an oil ol
grease in any machine. When spread between two close fitting surfaces oi
forms a very strong film, it keeps them apart and allows them to slide freely
over each other riding on the film. If there is no lubrication at all between twc
load carrying surfaces they will tear into each other as they move. If enougr
force and pressure are applied they may in fact become permanently weldec
together as they go, this action being commonly known as "seizing." Smoott
surfaces obviously respond to the action of lubrication better than rough ones
so the better the polish and lubrication of the working surfaces of an air rifle the
more pleasant it will be to operate. The rifle will also produce more consisten
velocities and will last far longer.

It could be suggested that any oil or grease can fulfill the requirements o
the actual lubrication of a spring gun since there are few moving surfaces tha
are under very heavy pressure. When considering any lubrication problem it i
the pressure per unit area which is important, rather than the total load
Probably the pressure per unit area is greatest on the cocking link joints, ofter
these pins are very small for the load they are expected to carry during the brie
cocking stroke, therefore they need plenty of care in the form of regula
lubrication. The breech hinge pin on a break barrel rifle also need:s
consideration, not so much because it is heavily loaded during the cocking
stroke - it has a far greater area of contact than the link pins; it leads a hard life
because it has to withstand much of the whiplash jerk as the cylinder is throwr
backwards and forwards by the piston and spring. It suffers in exactly the same
manner as the scope mounts which transmit the jerk from the cylinder to the
scope, instead the hinge pin must transmit it to the barrel. A film of heaw
grease here protects the hinge from damage. ]
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At the same time it is vital that the side faces of the breech joint are kept
well lubricated. These faces must carry out two opposing requirements, they
must hold the joint rigid when it is closed yet at the same time must allow it to
open and close without undue stiffness as the rifle is cocked. These conflicting
conditions are usually met by keeping the hinge pin pulled up tight, resulting in
heavy loading between the faces of the breech block and the inside faces of the
cylinder's forked end. Over the years, rifle manufacturers have used various
systems to reach a compromise. Each manufacturer employing his own system
of shims, washers, dished washers or even springs to make a joint which is firm
yet free to move without undue stiffness. Lubrication of this joint must be carried
out at regular intervals. Cheaper rifles very often have neither washers nor
threaded pins, relying only on a hardened pin. The manufacturers are obviously
prepared to accept that once the joint becomes slack the whole rifle will also be
too badly worn to be worth repairing.

Probably the area of a spring gun that suffers worst when lubrication is
ignored is the top of the piston's skirt at the trigger end. This small area is
pressed hard against the cylinder wall as it slides during the cocking stroke, if
it is not adequately lubricated deep scores will soon appear in both surfaces
causing grinding noises as the rifle is cocked. Eventually it will become
impossible to cock the gun when the piston and cylinder seize together.

As we have already said each of these areas could be adequately served,
as far as lubrication is concerned, by virtually any oil or grease. It must be
understood however, that in most instances a grease is really only an oil held
in a binder, like water in a sponge. Once the oil has dispersed, only the binder
will be left in the form of a hard soapy substance, usually black with age and
filth. In some instances the binder itself will have some lubricating properties
because it contains graphite or perhaps molybdenum disulphide, a favourite
substance for airgun lubrication.

When considering the lubrication of any machinery, especially when it is
fast moving, it must be realised that there is such a thing as "grease drag," or
in the case of oil, "oil drag." This works to the detriment of the machine. The
classic case of this situation is an over greased fast running ball or roller
bearing, the excess grease is then churned through the cage and rolling
elements of the race, in so doing it absorbs energy and therefore becomes hot.
The heat builds up causing the bearing to expand and generate friction and
more heat which under extreme conditions may cause it to seize solid.

The Air Gun from Trigger to Target 108

Chapter 11 - Lubrication

Obviously a thick grease will produce this condition faster than an oil or a thi
grease.

As far as airgunners are concerned the problems associated with greas:
drag apply only to the pistons of spring guns, and we touched on the subjec
in the chapter on pistons. The amount of drag caused by grease, or even oi
is increased by the size of the area of the surfaces in contact and also by the
proximity to each other. The pistons on early rifles were usually shaped lik
cotton reels, they had broad flanges at either end while the centre wa
undercut. This undercutting served two purposes, it provided a space fc
grease, while at the same time reduced the area in close contact with th
cylinder walls and therefore the ill effects of grease drag. Yet in spite of thi
early experience, many modern guns are made with a parallel sided pisto
without any relief at the centre of the body.

The inevitability of a cocking slot running along most of the length of th
cylinder means that the greased spring is open to the air, also allowing dust ¢
dirt into it. It is a far cry from the sealed spring units so often found on th
steering or suspensions of modern cars. The air may cause the grease t
oxidise, while at the same time the dust and dirt will combine with it to form
sludge; which is not beneficial to the smooth working of any gun.

The lubricating properties of any grease are a minimal requirement whe
used in a spring gun, it requires far more specialised characteristics before
is successful. As we have already described, the grease is open t
contamination by dust and moisture, it must be resistant to these. Som
greases when left open to the air will quickly discolour and disintegrate
obviously these brands must be avoided. The grease must not become thin o
a hot day, it may then become too fluid and run out into the stock. Th
lubricating oil in the grease must be firmly held in its binder, if it is not, the
over a period of time the oil will slowly be drawn away from its binder to othe
parts of the gun, usually into the wood of the stock, leaving in its place a thic
soapy sludge.

By farthe most important property of a lubricant for a sporting spring rifl
is its combustibility, or better, its value as a fuel. The number of lubricants o
the market is legion, new ones appear every year like spring flowers, by ne:
year they have vanished and gone ! Each combines with the air upo
compression in a seemingly different manner; although, as we have alread
described it, the action would appear to be simple enough - the pisto
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compresses the air, a certain amount of the oil is burned up in the available
oxvgen to give the pellet extra energy, and that is it.

In practice, however, there can be a vast difference in performance
depending on the oil; we usually describe lubricants as being "active" or
"passive." Active, if they readily cause the gun to operate in the combustion
phase. Others, usually heavier greases, are more passive and may be used in
high power rifles with less likelihood of the gun becoming unstable, that is
producing a series of high and then low velocities, or even moving into the
damaging defonation phase.

The difficulties encountered in the quest for a perfect lubricant for a spring
gun stem from the very high temperatures generated as the piston completes
its forward stroke. These temperatures may exceed one thousand degrees
centigrade in a powerful rifle, but only for an instant. No oil or grease, either
mineral or synthetic will withstand these temperatures without burning; even the
piston head itself may be scorched and any sharp corners melted or burned
away by the superheated air.

These high temperatures and pressures in a spring gun may be
accurately compared with the situation within the cylinder of a diesel engine. In
the engine the combustion of the fuel is brought about by the high pressure and
temperature generated as the piston moves forward. The fundamental
difference between the two machines is that in the engine the fuel is injected
into the cylinder at a critical and precise moment, usually just as the piston is
approaching the end of its compression stroke. Whereas in the gun, the fuel in
the form of lubricant, is collected by the piston as it moves forward and is then
burned in a haphazard manner as it is ignited by compression. In fact the actual
combustion mainly occurs within the transfer port, as previously discussed (see
chapter 8).

Dry powder lubricants such as graphite or molybdenum disulphide can
provide the necessary lubrication under these conditions of heat and pressure
but they are totally unacceptable in a spring powered gun. As part of our
studies of the combustion phase we tried lubricating a rifle solely with graphite
powder. Of course without combustion the velocity fell to a very low figure but
also the mechanical noise rose to unacceptable limits, it sounded like a 'box of
washers' because there was no longer a film of oil between the moving
surfaces.
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A lubricant which is too active in a particular rifle will usually make its
presence felt by excess noise, recoil and perhaps smoke from the muzzle. It
must not be forgotten however, that the same lubricant might be very successful
in a gun of lower potential. If the piston head is badly worn or damaged,
allowing too much fuel to be transported into the compression chamber, the gun
will become very erratic, some shots will be of very high velocity while others
will be very low, dark smoke will certainly be very noticeable. A very good
parallel to this situation is a worn lorry diesel engine that is being fed on an over
rich fuel/air mixture, it will travel along leaving a trail of smoke behind, whereas
a new engine will only leave a slight trail of vapour and familiar smell of
exhaust. A spring gun is exactly the same, if it is supplying itself consistently
with the correct amount of a successful fuel there will be hardly any smoke at
all. Opening the breech and looking up the barrel will perhaps show a slight
golden vapour obscuring the daylight at the other end. Even if there is no visible
vapour, the tangy smell of exhaust will be detectable at the muzzle.

The matter of testing differing types of fuel was discussed in more detail
in the chapter on the air, but it is next to impossible to foretell exactly how any
lubricant is going to perform in a particular rifle. We come back to the best
solution of all airgun problems; trial and error. The final choice depends on
many factors; primarily what is expected of the gun. Other factors such as
spring power; type and fit of the piston head, all go to determining how well a
lubricant is going to serve its purpose.

Obviously if a gun is to be used in paper target competitions at relatively
short ranges, it should be lubricated very sparingly with a passive lubricant so
that combustion does not take place and the shot to shot velocity is held at a
very constant, but relatively low figure. At the other end of the scale, if the rifle
IS to be used for field sports at greater ranges where maximum velocity is
required, a more active type of lubrication is required. In between these two
extremes there are a host of situations each requiring a different gun and
lubrication to suit the circumstances.

~ The consistency of the grease applied to the spring should be neither too
thick nor too thin, if it is thick it will impede the movement of the piston and
spring, if it is too thin it will slowly creep out away from the spring and into the
stock. The consistency of very thick cream would seem about right.

~ To combat the twin obstacles of contamination and oil migration it is
advisable to add new lubricant often, but a little at a time. Occasionally the
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whole gun benefits from being stripped, washed out completely and a fresh
supply added. The precise time between these clean-outs is impossible to
predict because it all depends on the amount of shooting that is done; also how
and where the rifle is stored. If it is stored conventionally, that is upright, resting
on its butt in a warm place, there is the likelihood that the oil will migrate
backwards out of the cylinder and into the stock. Conversely, if it is stored in a
less orthodox manner, lying on its back in a cooler place the lubricant will stay
in place without deteriorating for a much longer time.

The amount of grease required by any particular rifle depends again on
its application. Those which must operate in the popgun phase obviously
require less than those used for field sports. In our experience a gun should be
assembled with no grease or oil at all in front of the piston, a small amount then
smeared on the skirt of the piston, especially at the trigger end. The main body
of the grease should be spread on the spring before it is inserted into the
piston, but this quantity should never be so great that it is forced out of the
piston and into the cylinder when the rifle is cocked.

Several times in this chapter we have mentioned the multiplicity of spring
gun lubricants on the market. Although some are better than others in individual
rifles, we do not believe that the perfect grease has yet been developed.
Perfection, it would seem, is an impossibility in one product because it could not
give satisfaction in all guns. Perhaps a series of about five could cover the
whole range of requirements, they would vary in degrees of "activity" between
being totally passive right up to being very active. The enthusiast could then
choose for himself the one most suited to the needs of his sport and his rifle.

Inevitably the power of a rifle that is operating within the combustion
phase will slowly deteriorate as the active components of the lubricant are
consumed. Often this will lead to disappointment on the part of a newcomer to
airgunning, especially when he buys his first new rifle; after a few months it may
not have the same power that it did at the beginning. Certainly the spring will
be blamed for this loss, but in fact, the spring will in all probability, be exactly
the same length as when new. The cause of the trouble is of course that the
active elements of the grease will have dispersed to other parts of the gun or
will have passed across the piston's head to be burned in the cylinder. In other
words the rifle can be said to be, “Out of fuel" It is for this reason that we
always advise that a rifle should be lubricated “ittle and often”. Not all the
products of combustion will be driven up the barrel in the form of smoke, any
soot that is left behind will combine with unburned fuel to form a gummy deposit
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on the piston head and even in the transfer port too, neither of which will have
a ben(_eflm_al_ effect on the rifle's performance. Some lubricants have the propert:
of maintaining a longer useful life than others, this is a characteristic that car
only be determined by experience with the product in question.

. _ It is a curious thing that if for some reason a rifle is stripped and the
piston withdrawn then immediately replaced it will be found that the velocit
value will have altered considerably, usually downwards, only recovering itsel
after many shots have been fired. We mention this phenomenon to illustrate jus
how sensitive is the performance of a spring gun to alterations in what we cal
the "pattern” ofbthe lubricant. The word pattern has always seemed to us to be
the mpst df_escrlptive way of portraying the characteristic of the grease as they
comb_me with the mechanical idiosyncrasies of the rifle to produce a certair
\{elocny. If the pattern of the lubricant is disturbed the whole character of the
rifle will be upset until it settles down again many shots later.

] S_ince silicone oil first became readily available it has been sold for the
Iuprrcanon of airguns. Great care must be exercised with this oil since it is no
suitable for the lubrication of metal surfaces rubbing together under pressure
Itis fine for lubricating plastics and leather in contact with metal, such as pistor
heads_, but the tail of the piston must be lubricated with a more conventiona
material, though of course the two will eventually mix with each other to form
a compound of doubtful lubricating abilities. Silicone, however, is ar
exceptionally good oil for protecting the metalwork of a rifle from moisture anc
the corrosion that so often results from handling.

_ It has glways seemed to us to be pointless to use a multitude of lubricants
In a spring rifle, one on the spring, another on the piston and perhaps a third
on the trigger, and so on. Inevitably the violent movements within the cylinder
as the rifle fires will mix all the various oils and greases into one which may not
be successful in providing the consistency of velocity that is required. Since, as
we ha\fe already said, any grease or oil is capable of providing adequate
protection against friction, there seems little point in complicating an already
difficult situation with more variables.

_ Any rifle is likely to suffer from what is known as “spring-twang". This is
the Inevitable result of suddenly releasing a coiled spring within a confined
Space. The noise is of little importance beyond being irritating in most situations,
but to the hunter it may make all the difference between getting off one shot or
two at a group of quarry. It is possible to reduce the noise by fitting a plastic
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sleeve on either the inside or outside of the spring. However the normal cure
for this noise is a grease which is heavy enough to dampen the spring's
uncoiling vibrations. This cure must be used with caution because of course it
may also reduce the speed of the piston, which is not beneficial to velocity.

Inevitably any excess lubricant which is not burned at the front of the
piston will be blown along the barrel to lubricate the pellet. On the other hand
the insides of a pneumatic need so little lubrication that the small amount of oil
blown along the barrel may be discounted as pellet lubrication. Experience with
pneumatic rifles has shown that to obtain the best accuracy and consistency
from these rifles it is advantageous to slightly lubricate the pellets themselves
before loading them.

Over the years many people have suggested that the performance of a
spring rifle must be influenced by temperature, something we had never
ourselves observed. The only possible reason for this variation we thought
might stem from an increase in the efficiency of combustion of the available fuel
at higher temperatures. To test this, we wound a heating coil around the
cylinder and very soon found that there was no detectable difference in velocity
either in the popgun phase or in the combustion phase at any reasonable
increase in temperature. However once the cylinder became so hot that it could
not be touched the gun moved into the detonation phase and became totally
uncontrollable. Since this sort of temperature could never be experienced under
normal conditions we did not take this study further. We also cooled the cylinder
by injecting refrigerant into a jacket surrounding it. Having left the rifle cocked
so that the air inside had plenty of time to cool, we again found that the
velocities were much the same as for a gun at normal temperatures.

Although, from what we have just said about lubrication and the important
role it plays in the successful working of a spring gun, we may have given the
impression that such a gun is not reliable and must be continually serviced to
keep it shooting in a satisfactory manner. This is in fact far from the truth, they
are not really as difficult to manage as might be suggested. The system is very
reliable and consistent as long as it is fully understood. There are far more
spring guns manufactured each year than all other systems put together, this
fact alone speaks worlds for their success.
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Chapter 12
EFFICIENCY

The mechanical efficiency of any machine is the ratio of the useful wot

got out of it, to the work put into it. This ratio is usually expressed as
percentage, thus:

Work output

X 100 = Percentage efficiency.
Work input

In this book we have considered the work input of a spring air rifle to b
the amount of energy that is contained in the spring after the gun has bee
pockgd, and not the amount of energy that is required to compress the sprini
into its cocked position. This energy will always be greater than that in th
spring, because there is always a loss through friction at the pivot and slides
We hgvg not made a study of the losses in the mechanical linkage systen
since individual manufacturers employ slightly different mechanisms of varyin
mechanical efficiency and the loss would be of very little interest anyhow. '

The work outpul'is ‘the amount of energy contained by the pellet as i
leaves t_he muzzle, this is called the muzzle energy and, like the spring"
energy, is measured in Foot Pounds.

Assuming that the energy stored by the spring has been determined anc
when fitted in the gun can contain 20.4 Ft. Ibs. then:

Energy available from the spring = 20.4 Ft. Ibs.
Muzzle velocity, using 14.5 grain pellets = 430 FPS.
Therefore from fig 1.1 the muzzle energy = 5.9 Ft. Ibs.

59

Thus the efficiency = x 100 = 29%

20.4

_ This figure immediately strikes one as being remarkably low, yet all the
rifles that we have tested have produced about the same figure, between 25%

gnd 35%. The variation depends mainly upon the physical dimensions of the
un.
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We shall now closely examine each of the areas of energy loss previously
mentioned throughout the book, and also one or two other escape routes. Itis
the sum of all these losses that reduce the overall efficiency to the low figure
of 30%. Fig. 12.1 shows a graph that dramatically converts the potential energy
contained in the cocked spring to the kinetic energy in the flying pellet. This
rather complex looking diagram is perhaps the most important graph relating to
spring guns in the book, since from it can be determined the distribution of
energy in the system at any instant during the period of time from the trigger
being pulled to the piston finally coming to rest at the end of the cylinder.

Each curve is labelled to show the particular element of the gun it
represents, the thick black line running along the top being the total amount of
useful energy in the system at any one moment. The vertical axis shows the
energy in percentage (%) of the total input from the spring. The horizontal axis
represents the time in milli-seconds (thousandths of a second) from the instant

the piston starts moving.
The Spring

The spring is undoubtedly the most efficient part of an air gun since it
returns practically all the energy it accumulated during the cocking stroke.

From the moment the trigger is pulled, the spring delivers its full
complement of stored energy to the piston, it manages to do this very uniformly,
thus its energy decrease is represented by the almost straight line from the top
of the graph, at which point the spring contained 100% of the total energy, to
the lowest point where it contained next to nothing. At this point the piston has
compressed the air to peak pressure.

However, when the piston rebounds, the spring is again compressed by
the expanding air, and this amount of energy is wasted. The problems
associated with avoiding this energy loss have already been described in the

chapter on pistons.

The small losses of energy incurred by the spring are associated with the
friction between its coils and the inside of the piston, its ends also rub against
the end of the piston and the cylinder end plug. However, in a correctly
lubricated gun these losses are negligible.
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The Piston

In the chapter on pistons we mentioned that in order to produce a leak-
free seal between the piston and the cylinder wall, a piston must produce some
friction. It is this friction and therefore, loss of energy, that is the main cause of
the Total Energy line falling during the first seven milli-seconds of the piston's
forward stroke, during which time about three foot pounds of energy is lost. The
frictional part of this loss can, of course, be minimised by the use of a suitable
lubricant.

Turning to the line that represents the energy contained by the piston, it
can be seen that the piston gains its energy from the spring at a uniform rate
during the first six milli-seconds of its travel. Glancing at "Air" below it, the
piston is clearly passing on this energy to the air at a uniform rate. But once the
six milli-second mark is passed, the piston decelerates rapidly. The rapid
slowing down of the piston is caused by the equally rapid build up of air
pressure in front of it. This type of compression is called adiabatic and has
already been discussed earlier in the chapter on the air. In that chapter it was
pointed out that an adiabatic compression takes place without loss of heat. Now
we all understand that if a gas is heated it expands, and that if it is heated
within a closed container, the pressure will rise since it now cannot expand. In
our case we are in a way doing two things at once, first of all we are raising the
pressure of the air by compression, and secondly we are raising the pressure
further by heating it by this same compression. So, both these factors added
together, cause the piston to decelerate rapidly, resulting in the downward
plunge of the line on the graph. At the same time, the air in the cylinder has
undergone an exponential rise in energy, indicated by the sudden upward swing
of the "Air" line.

The Air

The energetics of the air in a spring gun is, without doubt, an extremely
difficult and complex subject to study, one must first of all start out with a
knowledge of the theory of gasses. Air is considered to be made up of millions
of tiny molecules, all moving about and colliding with each other within the
confined space of the vessel that contains them, in our case, the cylinder. When
the air is compressed, this same number of molecules are pressed into a
smaller space, hence the number of collisions between the molecules is
increased as also are the number of collisions between molecules and the
cylinder walls. When the air is compressed by the piston, work is done on the
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molecules, and their velocities are increased, hence their bulk kinetic energy
raised, this addition of energy appears as a rise in temperature. Now as alreac
stated, the compression is adiabatic and no heat energy is lost, therefore, tt
heat used in raising the temperature of the air during the compression strok
again I'i)!ecomes available to do work during the expansion of the air as it prope
the pellet.

However, due to certain molecular phenomena, there are attractior
between molecules that require energy to overcome them and hence a certa
amount is lost in breaking these attractive forces. This loss of energy
attributed to the "non-ideality" of the air as a gas, a theoretically "ideal" gas he
no internal energy losses. Unfortunately, no such gas exists.

Each individual gas is built up of different molecules, each having the
own internal "non-idealities”, so we experimented with alternative gasses to se
if we could find one that was more efficient than air. In each case we sucke
a charge of the gas into the cylinder as the gun was cocked, thereby ensurir
a completely filled cylinder at atmospheric pressure for each shot.

Air CO, Argon Butane Freon 22 Nitrogen Town Gas

432 319 412 142 227 429 330
424 304 415 57 193 420 348
430 312 415 107 186 432 353
420 324 422 112 153 434 345
437 308 424 100 170 431 343
433 324 413 106 169 432 345
439 307 420 66 185 437 346
439 313 418 101 148 441 350
425 320 432 56 192 433 352
431 318 418 103 166 438 352
Ave: 431 315 419 95 175 433 346

The figures at the at the bottom of each column are the average veloci
in feet per second for that column.

It can be seen from these figures that air and nitrogen are the mo:
efficient gases to use in air guns of conventional design, it is fortunat
therefore, that air is the gas recommended by air rifle manufacturers !! Also, «
Course, air is two thirds nitrogen in content.
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Obviously the mechanical efficiency of a spring rifle can only be accurately
calculated when the gun is working in either the blowpipe or popgun phase. In
any other phase chemical energy enters into the system and the quantity of this
energy is next to impossible to define. The total output energy is easily
calculated just as long as the weight and velocity of the pellet are known. The
input energy however, in both the combustion and detonation phases is made
up of the energy released by the spring together with the energy released by
combustion of the lubricant which in most instances will be greater than that

provided by the spring.

To our way of thinking the whole system of a spring gun is beautifully
subtle in its operation. Since it is a system that has evolved rather than
invented, one wonders if anyone could possibly sit down and design such an
unlikely scheme with any confidence of success, yet its achievements cannot
be denied since there are far more spring guns manufactured world wide than

any other type of airgun.

The subject of increasing the efficiency of the rifle is discussed in the next
chapter called "tuning". This is the art of getting the best out of the rifle without
recourse to extensive modifications.
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Chapter 13
TUNING SPRING GUNS

The successful management of a spring air rifle is part science, part art
but mostly art. The science part is all wrapped up in the initial design of the gur
which is not always easy to change. Up to this chapter the emphasis has beer
on the science content of the subject, so now it is time for the art.

The first question that must be asked is "What is meant by tuning ?"
There is no simple answer to this question, each enthusiast has his own ideas
on the s_upject; but we would suggest: The adjustment of the rifle’
characteristics anad components to give the performance the owner requires
Somg owners want their guns to give the maximum power, no matter at whai
cost in reduced accuracy and increased recoil. Others may want maximum
accuracy at whatever reduction in power; or perhaps something in between the
two extremes; but it must always be remembered that there can seldom be a
gain in one qirection without paying a price in another. How this, or any other
compromise is achieved is a matter of experience, that, like art, can't be learned
frorr_1 a textbook. Against these improvements the argument may be put up, *
it ain't broken why fix it 7" That question must be countered by the suggesti’onl
Fhat - a little investigation may make it work a whole lot better. This statemeni
is the foundation for the many hours of tuning put into new rifles by owners who
make few major alterations to the basic structure, yet manage to improve each
component so that eventually the gun is as smooth as silk, going through its
sequence of cocking, loading and firing without effort or resistance and with
minimum noise and recoil.

The factors by which success in tuning are judged could be defined as
smoot_h power, accuracy, consistency and continuance. Although we appear to
have listed four totally separate and independent subjects, they are in fact all
mextr!cably linked together when measuring the success of the rifle as a reliable
shooting machine. Perhaps continuance is the chief factor, it sums up the other
three. _It is most frustrating to own a rifle which satisfies the first three
Immediately after tuning, then reverts back to its old inconsistent ways within a
few months. An unsuitable lubricant is the usual culprit in this situation.

A Tuning is normally only applied to mass produced rifles. This is because
the manufactprers of such guns must satisfy a wide market for their products,
erefore their guns are a compromise between a marketable product and cost.
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Some operations, such as radiusing and polishing the entry to the barrel and
the transfer port may have had to be foregone in the interests of economics.
Also, the stock will have had to be made to fit a wide range of owners and in
so doing it may be found uncomfortable by a keen enthusiast who welcomes
the other characteristics of that particular rifle. In this instance he may be faced
with some careful carving before the stock suits his build.

Obviously no quantity manufacturer can afford to spend extra time on
each individual gun beyond testing it for velocity and accuracy. In this country
the manufacturer is also very concerned that none of his products leave the
factory operating at powers above the legal limit, this induces him to produce
guns that tend to operate below their maximum potential.

Many air gunners, especially those involved in vermin eradication, want
as much power as possible from their rifles, they need the ability to take shots
at longer ranges without the necessity for the pin point accuracy of the
competitive marksman. In terms of gun technology this quest for higher power
is very reasonable, after all without the search for new systems, followed by
their development we would still be using bows and arrows, and the wheel
would not yet have been invented. This pursuit of power has its limitations; as
we see it the airgun is to the firearm what the pedal cycle is to the motorcycle.
The power of an airgun, especially a pump up pneumatic, is limited by the
amount of energy the owner is willing to put into it. The firearm owner, on the
other hand, is only limited by the ammunition's chemical energy. This is not to
deny that pneumatic airguns may one day rival the smaller firearms, they
probably will, but spring guns will always be on a level with pedal-cycles, relying
for their power on the energy in the spring, boosted in some instances by the
combustion of oil.

In each of the previous chapters the part played by individual components
such as the spring, piston head or lubrication has been described; also the
effects that the various differing designs of these components are likely to have
on the operation of the rifle. Taking all these variable factors together offers
more opportunities for dissimilar combinations than a football coupon. Also, and
this is most important, altering one component slightly may upset the others
completely, perhaps resulting in a totally uhstable rifle; that is a rifle whose
velocity goes up and down like a yo-yo. Likely culprits for producing instability
are the lubricant or piston head, if there is too much unsuitable lubricant presen!
in front of the head instability will result.
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Tuning a spring gun is somewhat similar to weather forecasting, each
climatic factor may foretell a fine day, but an unexpected variation in
temperature however slight many miles away, may upset the wind direction, this
in turn upsets the whole pattern over the area in question, and it rains. Here we
have a classic example of chaos. The study of chaos is a somewhat new
science which requires enormous computing capacity to analyze an almost
limitlegs number of variables. A small variation in any one factor, particularly in
a spring gun, may substantially influence the final outcome; hence the
comparison with a football coupon.

Probably the foundation to any tuning operation is experience, experience
not only_of airguns in general but also a deep knowledge and understanding of
the gun in question, each one is different. One must know the model's strengths
and weaknesses too. One must be prepared to take notes of any alterations,
and_the reasons for making them. Obviously a chrono is an essential piece of

__equipment, for without one, one is working in the dark.[Always be prepared to |
' fit a less p_owerful spring; this is never an easy course to consider, especially
| when an increase in velocity is the goal, but it is very often the secret of

| J o
\_success.

~ Just to emphasise this statement the following figures were obtained
dunng an experiment to demonstrate that there is in fact an optimum value for
the input energy in any particular rifle.

Input Energy. Ft. Ibs. Output Ft. Ibs. Output Ft. Ibs.

14 Grain Pellet. 12 Grain Pellet.
38.65 5.85 (15.2%) 5.25 (13.6%)
36.79 6.13 (716.6%) 4.84 (13.0%)
33.03 6.24 (18.9%) 5.50 (16.6%)
24.74 6.75 (27.3%) 5.84 (23.6%)
20.91 6.58 (37.5%) 5.44 (26.0%)
18.17 5.72 (31.5%) 5.50 (30.3%)
1417 3.47 (24.5%) 4.33 (30.5%)

(The figures in brackets are percentage efficiency)
_The same spring was used throughout, but coils were cut from it as the
experlment progressed. The correct velocity at each power setting was
determined by the firing of at least five shots.
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Never be disappointed by failure because it is usually the gateway to
success. Failure tells you positively that you have gone the wrong way, or
perhaps gone too far in the right direction. For instance, the size of the transfer
port often seems too small and there is the temptation to enlarge it. However,
suppose the larger hole only yields a small velocity increase and it is decided
to risk further drilling, only to find that the velocity has now fallen. Two things
now become clear; the initial diameter increase was about correct for that
particular gun, but worse, the hole must now be accurately bored out even
larger to accept a bush which has a correct sized hole running through it. At the
same time this exercise illustrates why it is imperative to have the equipment
and ability necessary to restore the gun to its original state before any major
alterations are attempted, just in case things go wrong.

When embarking on tuning, or any other alteration to an air arm, it is well
worth taking the extra time and effort required to keep notes and small sketches
of what has been done, also the date on which the work was carried out. Such
details as pellet type and weight together with velocities and perhaps copies of
the target groups are worth keeping too, it all makes an invaluable reference
source not only for that gun, but also for comparison with others but not
necessarily of the same type.

Great perseverance is often necessary when the expected improvement
does not materialise. There is always a good reason why a rifle does not
perform correctly, its detection and subsequent cure may require immense
patience and experience. Experience (something you learn the hard way) can
only be gained by working on difficult rifles, easy problems provide little
knowledge. The careful analysis of failure is probably more important than
success because success is accepted and seldom investigated. In the old days
of steam locomotives there was a saying amongst footplate men which went
something like, "/t takes a bad engine to make a good fireman" . Very
applicable to airguns too.

It is too easy to expect too much from tuning a rifle. It is sheer folly to buy
a small rifle and expect to be able to tune it up satisfactorily to the performance
of a larger one; after all it is impossible to get a quart out of a pint pot. It makes
far more sense to spend time investigating the capabilities of the available rifles.
Then, long before any consideration is given to tuning, the model which meets
your requirements in its unmodified form should be purchased. Tuning, as
explained to us by an old hand in the gun trade, "Is only making-it work right.”
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Never embark on a major alteration one wet Sunday afternoon just
because boredom has replaced an outing. Monday morning will bring frustration
and a damaged rifle. Any alteration must be carefully planned beforehand, all
the components that may be required such as a new spring, a pot of suitable
grease, engineer's tools and above all a chrono must all be to hand before the
job is started. The rifle cost you a lot of money, so it is well worth planning the
operation carefully, just as though it was surgery; in some instances you will
have only one chance, so you must be confident that you have the ability, tools
and experience to get it right first go. Undoubtedly the whole undertaking will
take many hours longer than you ever anticipated, so don't be disappointed if
the job is not complete next day.

In the chapters about the cylinder and piston head, we described the
importance of the surface finish of the cylinder bore, we showed how the slight
grooves and scratches left by the honing stones serve to store the lubricant.
Any machining operation leaves a surface which, highly magnified, resembles
corrugated paper; obviously two sheets of this paper will not move across one
another easily if the ridges on one sheet interlock with the furrows on the other.
If the ridges move at right angles to the furrows a compromise situation exists
which can only be excelled by the ideal arrangement where ridges and furrows
move in the same direction. This configuration must be encouraged in any
acceptable gun, otherwise it will not have that smooth action which is the hall
mark of a carefully made machine.

It is an odd fact of life that the machining operations normally and
correctly used during the manufacture of an air rifle very often leave the finish
on each surface in the worst possible state to work smoothly with its partner.
For instance both the cylinder and its piston are both shaped by rotation,
rotation either of the component itself or the tool that shaped it. This leaves a
series of microscopic grooves running around the two surfaces which in service
will be expected to slide across each other. Similarly, parts of the trigger
mechanism which must slide effortlessly over each other are often
manufactured by processes which generate scratches across their surfaces.

In the case of a cylinder in which a plastic piston head will move, the
Scratches serve a useful purpose, and it is better not to polish them away. So
It now becomes imperative that the machining marks on the piston, especially
those on the tail, be removed with fine emery paper rubbed along the contact
Surfaces, otherwise the gun will feel very rough during the cocking stroke. A
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final polish on a buffing wheel, again running along the piston, will guarantee
a silk smooth movement.

The surfaces of trigger mechanisms are best left alone unless the owner
is used to working accurately with the finest carborundum or arkansas stones.
Too much enthusiasm here will result in a dangerous rifle or the very costly
replacement of a complete trigger unit. Nevertheless, the final goal is always to
ensure that the rubbing surfaces are highly polished and that the final strokes
of the polishing medium all run in the direction of movement.

The polish on any metal surface is really only a matter of degree, however
good it looks; a powerful magnifying glass will always show up imperfections.
Improvements can be made by a bit more hard work, but greater magnification
will show perfection has not yet been achieved. Remember that the smoothness
of the surface is best judged by drawing a finger nail across it rather than the
soft end of a finger; the nail is remarkably sensitive and can detect the slightest
imperfections with ease.

While on the subject of surface finish probably the most difficult to
examine is the inside of the cylinder. But if a piece of a hand mirror, or even a
discarded dental mirror, is dropped down the tube the light reflected from it will
illuminate the surface making the quality of its surface very clear.

Obviously any attempt at tuning must be preceded by checking the
existing velocity with a chrono, especially when a power alteration is the
objective. Once the operation is complete, further chrono readings must be
taken using the same brand of pellets as before, checking for a change in
power, hopefully in the right direction. Suppose that a different piston head, or
spring, has been fitted, or perhaps an alteration to the shape of the transfer port
has been made in the hope of achieving a-higher velocity; with luck the second
chrono reading will be much higher than the first and victory may be claimed.

Unfortunately this apparent success may not be altogether true, there is
a pitfall here ready to trap the unwary. During the alterations to the rifle it has
of course been necessary to strip it completely while at the same time all the
old oil and grease will have been cleaned out. Once the job is complete, new
grease, probably the same brand as the old, is used to re-lubricate the rifle, this
then is the basis of the trap. It is probable that it is the fresh charge of grease
which is fully or partially responsible for the velocity increase, the active

| ingredients of the original charge having already been burned away.
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The difficulty of making any alteration to a spring gun's performance
without upsetting what we have called the "Grease Pattern" has always been
a major obstacle, it can have a profound effect on the results. During many of
our experiments we had to go to endless lengths to avoid removing the piston
and thereby upsetting the grease pattern, because in so doing the results of the
experiment would, in most instances, be rendered meaningless. In any
experiment it is of vital importance to change only one factor at a time: when
this factor is not the lubrication one has to go to incredible lengths to avoid
disturbing the existing grease pattern because it is a major factor in the gun's
performance.

Many times during our experiments we needed to know whether air was
leaking past the piston, or perhaps from the breech joint. We needed a quick
and reliable method of blocking the barrel at the breech so that the question of
leakage could be swiftly answered. In these situations we again made use of
the Sputnik which we described in chapter 6. When in position the sputnik
allows the action of the gun to be seen in a sort of slow-motion; the piston
rushes forward then slows to a crawl as the air escapes. At the same time it is
possible to determine the point of leakage, if it is passing the piston it is easily
heard while if it is escaping at the breech it is possible to locate the leak by the
use of spray on shaving cream.

_ There is a point here worth mentioning about breech seals, when dealing
with the early leather type it is imperative that they be kept moist with oil, if not
they dry up, shrink and will leak. A well oiled leather seal can be as good as a
modern 'O’ ring any day.

: Another area in which "time" is important in airgunning is in what is called
'Lock-Time". This is the very short interval of time between the trigger being
pulled and the pellet leaving the muzzle. We airgunners have incorrectly
borrowed the term from the world of firearms where it is used to define the time
between the pulling of the trigger and the hammer striking the primer in the
base of the cartridge, an even smaller interval of time than ours. Obviously a
short lock time in an air gun is an advantage since it reduces the likelihood of
the pellet being influenced by vibrations building up in the gun once the trigger
has been released.

LO(_:k time is measured in milliseconds, that is thousandths of a second.
!ts duration obviously depends on many factors, barrel length being very
Important. In general terms, a pneumatic has a shorter lock time than a gas ram
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which has a shorter time than a spring, while a pneumatic pis!ol has the
shortest time of all. Typical values would be 8.6ms for a pneumatic rifle, 10.5ms
for a gas ram and 13ms for spring, while the pistol is in the order of only 3.8ms

milliseconds.

The equipment necessary for measuring lock time is shown in fig 13.1.
The chrono starts counting simultaneously as the trigger releases as the
magnet attached to it closes a reed switch, the chrono is then stopped as the
pellet shatters the pencil lead placed across the muzzle. In the photograph the
muzzle has been deliberately drawn back from the pencil lead to make it visible.

fig.13.1

There is not much that the owner of an air arm can do to reduce its lock
time, certainly a stiffer spring might reduce the time whilst simult_aneously
increasing the velocity, but the adverse effects of a more powerful spring wouldl
probably outweigh the anticipated benefits of the reduced lock time througl
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increased recoil and vibration. Obviously an increase in velocity in any type o
arm must imply a reduction in lock time.

The process of tuning may be extended far beyond simple finishing anc
polishing into the realms of "customisation." In this field far reaching and majoi
modifications to the standard rifle may be considered, for instance the barre
may be cut short, or a completely new set of internal parts made and fitted. Ir
all probability the original stock will be replaced by one of walnut designed tc
fit the figure and fancy of the owner. This is a very specialised subject anc
highly skilled firms such as Venorm Arms of Halesowen have developed it to the
point where one of their rifles can take its place beside classic Best Englist
shotguns.

It is worth remembering that when Mr. Wesley, in his book "Air-Guns anc
Air-Pistols" mentions that various rifles or pistols were very powerful, he was
speaking about them in comparison with other arms on the market at that time
and not in terms of their actual velocity. He was certainly not comparing therr
with the capability of those available today. It is better therefore, not to try tc
bring these "old timers" up to the standards of today, they are a far too valuable
piece of history to be ruined in the imagined hope of super power, there really
is no crock of gold at the rainbow's end.

Whatever the results obtained by tuning spring guns, either disappointing
or successful, they will always remain a challenge and a source of fascination.
They are an enigmatic machine - a maze to which there is neither beginning nor
end.
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Chapter 14
PNEUMATICS

Although the spring gun has arguably been around for longer than the
pneumatic, the spring system only returned to favour towards the end of the last
century as a viable gun, and even then only capable of shooting darts or pellets
atvery low velocities. In all probability the very early technology of metalworking
was not high enough to produce the parts to a satisfactory standard, also the
making of a successful spring must have been next to impossible.

The building of a viable pneumatic, on the other hand was not quite so
difficult. Although they were far more complicated and costly than the firearms
of the day they had one great advantage, they could be used in bad weather.
The powder in the pan of a flint lock cannot be ignited if the wind blows the
sparks or the rain wets the powder.

In most instances the design of early pneumatics was based on the
concept of a removable reservoir which could be charged by pumping with a
separate pump. The reservoir was either the butt itself or a globe, usually
screwed beneath the lock of the gun. These fascinating old guns, whose calibre
was in the region of half an inch, have been the subject of many in-depth
studies, so we will not spend time adding to the list, except to say that they
were a practical gun and could produce powers equal to the black powder arms
of the day. It is important to realise however, that they worked at pressures of
about 600 PSI, this is very low when compared with modern rifles operating at
about 3,000 PSI. Also, they were always built as multi shot arms, that is they
could fire more than one shot after each pumping; inevitably the velocity of the
shots fell as the pressure in the reservoir reduced but in skilled hands this was
a surmountable difficulty. It has long been our contention that if the early airgun
makers had had an equivalent of our modern 'O’ ring, airguns would have
played a much larger part in the making of world history. Leakage at the valve
and joints was always a barrier to the popularity and further development of this
type of arm.

Early attempts to manufacture guns with their own built in pumps were
never really successful because the pump was always a simple piston and rod
System - like a bicycle pump. High pressures could never be achieved with this
arrangement within a reasonable number of pump strokes and the idea lay
dormant until Sheridan in America built rifles with a toggle lever system
Operating the piston. Guns functioning on this design, commonly known as
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"pump-ups." were very popular and several firms in America and Japan still
make them. We will go into the technicalities of this design in the following
chapter; but their popularity has diminished since the development of pre-
charged rifles because of the effort that must be put into them before they are
ready to shoot. Also, in most instances they are only capable of firing one shot
from each air charge; some will fire two or more, but of widely differing

velocities.

A variation of the pump-up system is known as the "single-stroke
pneumatic'. As its name implies the single-stroke is charged by only one stroke
of the pump handle. In this design the pump piston is normally driven forward
by a pair of toggle links, but there is no reservoir as such in which the
compressed air may be stored. Instead the air is held at high pressure between
the piston and the exhaust valve from where it is released when the trigger is
pulled, opening the exhaust valve.

The single-stroke system is usually to be found in rifles and pistols
designed for competitive target shooting where accuracy and consistency are
the chief requirements. Attempts have been made to use the system for high
power sporting rifles, however in our opinion the results have had limited appeal
because of the difficulty of completing the lever's stroke when the pressure in
front of the piston is at its greatest.

Pre-charged rifles have attained immense popularity during the last
decade, they have developed hand in hand with an increased interest in diving.
Diving clubs, shops and companies have been set up in most large towns, each
having facilities for supplying high pressure air at a reasonable cost. The airgun
enthusiast can now have his cylinder filled with enough air to last him months
at a remarkably low price. All he then has to do is couple his rifle to the cylinder
with a suitable tube to replenish its charge after shooting. Obviously great care
must be exercised when handling air at 3,000 PSI; cylinders, tubes and
couplings must be in very good condition, as also the gun itself. One word of
severe warning, never under any circumstances attempt to fill an airgun with
oxygen. Oxygen forms a highly explosive mixture when it comes in contact with
oil, inevitably there will be oil present somewhere in the gun and the result will
be a disaster not only for the gun but also for anyone near it.

In 1872 Giffard took out a patent for a pre-charged cartridge which could

be filled either with air or carbon dioxide. Each cartridge was fitted with its own
individual bullet ready for loading into the rifle. However, it seems that none
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were made on a commercial basis and the idea la

a psed, probably bec '
Fhe dlffsculty__ of manufacturing them accurately penougr):! fo?ust?)tg
interchangeability. Also, reliable sealing was probably very difficult to achieve

The idea of individually pre-charged cartridges i
years ago and several models haveghad varyi%g ggg?erg: ?Jfr?:étl)lr?]ymi:rfc?:
Success. '_rhese can be charged singly by fitting them onto a hand operatec
pump, or in multiples of six at a time from a diver's cylinder by the use of &
special adapter._The piston of the hand operated pump is again driven b .
toggle sys‘;em similar to that used on pump-ups and is capable of deliversi’n:
pressures in the order of 3,000 PSI. The concept of individual cartridges lends
itself to many applications such as revolvers or bolt action magazine fed rifleg

lr::fL:; in technical terms they are the same as any other single shot pneumatic

The normal layout for a pneumatic is for the air cylinder, or i
to be placed beneath the barrel. This is the most Iogigai pos'itiorilJ %@Ea%ﬁtlan?r?é
trigger mecham_srn and release valve can then be placed at the butt end of the
tube while the filling valve, or pump, can be built into the front end, beneath the
muzzle. The air from the release valve is then guided upwards thFough a shor
transfer port directly into the barrel behind the pellet.

A pneumatic rifle could be said to work best in the blowpipe ph
normally useq only when speaking about spring guns, but it cigs)((}:ri‘g))e;l ?r?éié%::n;
qf a pneumatlc_ very nicely too. The pellet should be waiting at the start of the
rifling for the air blast to send it up the bore, the air itself should not have to
waste energy in overcoming anything but the slightest pellet tightness before
it leaves the breech. Any initial pellet tightness at the start of its journey will

inevitably result in poor consistency since no two pell
\ ets offe
resistance to the rifling. P rexacty the same

The use of a bolt to seal the breech once the pellet has b i i
the parrel offers the facility of pushing the pellet foeward past ?ﬁg {?::52? rl,:)tﬁ
and into the rifling, it is for this very important reason that bolts always have
either a pin or a hollow sleeve at their front so that each pellet is seated
tc!fl)rrectly into the bore. Closing the bolt forces the pellet into the rifling so that

€ energy required to engrave the rifling on the pellet comes from the owner
2Qd pdot the air. Thg energy required to form a pellet to fit the barrel may be
3 nsi erabfe' especially if the pellet's walls are of a thick heavy section. Since
€ pneumatic system operates more efficiently when firing heavier pellets, the
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use of a bolt to position the pellet correctly is almost mandatory in this type of
arm.

Lubrication of a pre-charged pneumatic is best carried out after carefully
reading the makers instructions, we say this because the wrong type of
lubricant will probably rot the valve seals or 'O’ rings. In any case only a very
thin oil is necessary except in the case of pump-ups where the pivots of the
lever system come under considerable strain, especially when they are used as
body building machines. Each pivot needs a plentiful supply of lubricant, we like
to use grease. At the same time the crosshead which connects the link to the
piston requires lubrication otherwise it will score the walls of the pump tube.

Repeating what we have already said in the earlier chapter about barrels.
In the case of a pneumatic, to obtain the greatest accuracy the lubrication must
be supplied by a film of lubricant on the pellet itself because little, if any, oil will
be supplied by the air.
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CHARGING PNEUMATICS

Before we get too involved in the very important subj i

_ / ject of controlling the
air used to drive tr}e pellets along the barrels of our pneumatics, we mustgfirst
look at t?}o‘f the air first becomes compressed. Also the amount of potential
energy that it stores when compressed, and at the same time th

energy expended in compressing it. © amount of

_ Working accurately with compressed air without a pressur
_be like working on any airgun without a chronograph, it [:vould beegfeurged::f?culjg
indeed, mostly imagination. These days we speak with confidence of air
pressures and with as much accuracy as telling the time to the nearest minute
but it was nqt always so. It was only in 1850 that the pressure gauge, as wé
know it, was invented by a Frenchman called Eugene Bourdon. The insfrument
he made must have immediately removed much of the doubt and danger from
wgrlr;%r;uiaciure Otr e;irg:uns and injected an element of safety not only into the
airguns, but also into any machi i i
s are . bt also y machinery driven by steam such as ships,

fig.15.1
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The gauges we see today (fig 15.1) are exactly the same as the one he
made, the only difference being one of style and presentation, the principle itself
has not changed. Any oval shaped tube closed at one end and formed into a
semicircle tends to straighten itself out as the pressure inside it increases. Of
course before 1850 it had been possible to measure pressure by means of a
what is called a dead weight gauge, but these were slow and cumbersome to
use. They relied on the air pressure below a piston, of known cross sectional
area, pushing it upwards within a close fitting cylinder and just balancing the
weights placed on top of it.

In modern times a similar procedure to a dead weight gauge may be used
to determine the pressure within a globe or butt reservoir while charging them
with their own rod and piston pump; assuming that is that no normal gauge is
available. If the pump rod is placed on the bathroom scales while pumping, the
scales will indicate the force on the rod. It is not difficult to measure the
diameter of the piston and from that to calculate its cross sectional area. If the
force on the rod in pounds is divided by the area of the piston in square inches,
the result will be the pressure in pounds per square inch in front of the piston.

Little was known about metal fatigue in those early days and several
instances are recorded where globe reservoirs exploded as they were being
pumped. The sudden release of such a large volume of air had disastrous
results not only on the man operating the pump, but also on the bystanders.
From this it must be understood that high pressure air is very dangerous
because once released it expands instantaneously. It is for this reason that
reservoirs are filled with oil or water when they are being tested, neither of
which can be compressed, so contain no energy. If an oil filled reservoir should
split while under pressure no great harm will be done, other than a nasty mess.

Until recently air pressure was always spoken of in terms of Pounds per
Square Inch (PSI) but these days the term Bar has become very common. One
bar is the amount of pressure normally exerted by the atmosphere on each
square inch of the earth's surface, but since this pressure varies with the
weather and atmospheric conditions the unit has been internationally agreed as
being 14.22 PSI.

The energy stored by a compressed air may be calculated as long as its
volume and pressure are known.
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The equation is:

Py V; Log, (V/V))

E= Ft. Ibs.
12
P,= Inftial pressure. In our case this is always atmospheric at 14.4 PSI.
V, = Initial Volume. That is the volume of free air pumped into the
reservoir.
V, = Final Volume. In our case the volume of the reservoir.

Log,. These are natural logarithms or logs to the base e.
In the abpve equation the only quantity that is not easy to establish by
measurement is the Initial Volume V,, but more about this later, all the

rema_linder, such as the final volume or the final pressure, may be established
by direct measurement.

However we may again use the simple equation that we used earlier in
Chapter 7 to establish this initial volume. That is:

P,V,= P, V,

From this we have:

Suppose we have a reservoir whose volume is 0.17 cubic inches at a
pressure of 1,300 PSI. The first thing we must establish is the volume of free
air that is pumped into it, V,. From the above equation we may determine this
by multiplying the final pressure by its volume and dividing by the initial
atmospheric pressure of 14.4 PSI. This calculation will give us 15.35 Cu.ins.

By using the first equation it is possible to calculate the energy contained
by the compressed air within the reservoir. This will give a stored energy figure
of 83 Fj.lbs. But the actual amount of energy required to charge the reservoir
IS considerably greater, depending on the speed at which the reservoir is filled.
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If it is filled quickly then more energy will be expended and it will become hotter
than if it is filled slowly.

An easy way to demonstrate this fact is by the use of a pump up rifle. If
it is loaded and cocked, then pumped up fast and fired immediately, its velocity
will be slightly higher than when it is pumped slowly, or left to cool before it is
fired. The reason for this is that when it is pumped fast there is less time during
which the heat may escape, in other words the pumping is done neatly
adiabatically. The heat in the air causes its pressure to be higher through
expansion, so when the gun is fired there is more energy available to drive the
pellet. If, on the other hand, the gun is allowed to cool before it is fired, the heat
energy will have left the air and its pressure will be lower, therefore the velocity
will also be reduced.

This heating and cooling of the air can easily and dramatically be
demonstrated with a broad rubber band. If it is suddenly stretched while in
contact with the forehead its warming will be very clearly felt; then as it is
returned suddenly to its original length it will become surprisingly cool. If on the
other hand the band is stretched slowly no rise in temperature will be felt,
neither will it feel cool if it is released again slowly. This lack of detection of the
temperature change is caused by the slowness of the action, allowing the
temperature change to occur unperceived.

This simple comparison between the stretching of a rubber band and the
filing of an air reservoir is a very helpful way of forming a clear idea of the
characteristics of compressed air, it demonstrates that only part of the total
pumping energy will be used to propel the pellet up the barrel. This of course
brings us to the two important words which crop up all the time when talking
about compressing or releasing air, they are of course Isothermal and Adiabatic.
Isothermal comes from the Greek Isos "Equal" and Thermos "Heat". So when
the reservoir is pumped up or emptied slowly, or the rubber band stretched and
relaxed slowly its temperature remains about the same, an Isothermic action.

Alternatively the word Adiabatic stems from the Greek Adiabatos "Not-
passed-through", in other words the heat is not passed through the walls of the
compression cylinder and therefore remains within the air, which of course it
does if the compression is very sudden. This change in temperature is very
clear in the case of the suddenly stretched and relaxed rubber band, the
heating and cooling are easily detected as it is held against the skin.
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As we said earlier, it is not always easy to establish the volume of the
high pressure air in a small reservoir such as an air cartridge. Measuring the
various diameters and lengths of each component, then calculating the volume
is seldom satisfactory on account of the chamfer or radius at each corner. We
found the best answer to the problem lies in weighing the complete reservoir
before stripping and reassembling it under water, making sure that no air
bubbles are included. Once assembled and the water droplets removed from
the outside, the reservoir should be weighed again. The weight of the water
ins?de it may be established by subtracting the empty weight from the full
weight. Water weighs exactly one gramme per cubic centimetre, from this it is
easy to establish the volume inside the cartridge.

Nprmally in airgunning we use the old Imperial units such as feet, inches,
square inches or pounds, but when establishing volumes it is usually easier to
use the modern metric system because the smaller units are more commonly
accessible. If scales only calibrated in grains are available, the weights may be
converted by reference to the data at the end of this book.

On many occasions we wanted to be able to cross check our calculations
by measuring the actual amount of air exhausted from the barrel of a
pneu_matic. The equipment we made for this purpose is shown in fig 15.2. It has
an 0|‘| soaked cup shaped leather piston moving as freely as possible inside a
plastic tube whose diameter is about three inches. The piston can rise through
gbout fifteen inches which gives it a total capacity of about 2,000 cm®. If the
inlet tube is made an airtight fit onto the muzzle of the gun to be tested and the
gun fired, the piston will be driven upwards so that the volume below it contains
the air expelled by the gun. When we first made the cylinder we calibrated it by
pouring water into it from a high quality measuring cylinder, our cylinder now
_has a scale of Cubic Centimetres marked on its outside from which we can
Immediately determine the volume of air forced into it.

: In the previous chapter we pointed out that it is next to impossible to
achteve high air pressures with a simple rod and piston pump; to illustrate this
point we will go through a simple experiment. Suppose a reservoir is to be filled
1o a pressure of 1,000 PSI with such a pump. First of all the bathroom scales
may be used to see how much force can be exerted on the pump handle, and
we find perhaps that a weight of 167/, stone, that is 231 Lbs., is available.
Although at first sight it might appear that would be the maximum thrust we
could exert on the piston rod, practical experiment shows that this can be
éxceeded by about 50%, that is if the person doing the pumping leans over the
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handle and bounces on it. Not an easy exercise, it also demands a robust pump
capable of withstanding the treatment. So we have a maximum 10rce_ of 346
pounds available with which to push on the pump rod. A piston whpse _dl_ameier
is 5/8" has a frontal area of 0.307 sq.ins. If the force on the rod is divided by
the area of the piston a figure of 1127 PSI will be produced.

? | z

fig.15.2

From this calculation it is clear that a heavy man using a °/," diameter
pump should be able to achieve a pressure of about 1,000 PSI‘_But a_igain, from
practical experience we know it is not an easy task, and to fill quite a small
reservoir by this method takes perseverance. Of course the first pump strokes
are easy, but as the pressure builds up the task becomes progressively harder.
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Early books on airguns mention that very often two men would work side by
side to complete the task.

The diameter of the piston could be reduced which would make the
pumping a lot easier, but the volume delivered at each stroke would also be
reduced. This would mean that the number of pump strokes would have to be
increased before the reservoir is filled. With this thought in mind it is worth
mentioning that if the piston's diameter were to be reduced by half, its surface
area would be reduced by four. So in the above situation, if a pump with a
*/,¢'dia. piston had been used its frontal area would have only amounted to
0.077 sq.ins. and using the same force on the rod a pressure of 4500 PSI could
theoretically be generated.

However, it must also be realised that if the pump has a stroke length of
twelve inches, then in the first instance the swept volume would have been
0.307 x 12, while in the second case the volume would have been 0.077 x 12,
resulting in swept volumes of 3.68 Cu.ins. or 0.92 Cu.ins. respectively. This
means that four times the number of strokes would have to be applied to the
smaller pump to force the same volume into the reservoir. This is a calculated
and theoretical figure, in practice five times the number of strokes would be a
more probable figure.

Certain practical difficulties become magnified when the diameter of the
pump becomes very small and the pressures high, probably the design of the
valves is the greatest. Obviously the amount of lost volume must be kept to an
absolute minimum under these circumstances, otherwise the compressed air
will fill the lost volume at the end of the stroke and none will be forced out
through the exhaust valve and into the reservoir. Ideally the piston should
completely fill all the airspace available at the front of the cylinder pushing all
the air that was in front of it out into the reservoir, but this is not possible in
practice. Another practical difficulty hindering the construction of a simple high
pressure pump is the strength of the piston rod which inevitably must be long
and slim. It is therefore liable to bend when the pressure in front of the piston
rises to its maximum value.

Many of the difficulties associated with the construction of rod and piston
pumps may be overcome by making them into what is called Multi-stage
pumps. In this system two or more pistons and cylinders are used, each one
smaller than the last. The first stage will have a large bore with a long stroke
whose out going air is passed into a much smaller cylinder, perhaps of only one

The Air Gun from Trigger to Target 141



Chapter 15 - Charging Pneumatics

tenth or less of the volume of its predecessor. This may then pass its output to
an even smaller cylinder. In this manner very high pressures may be attained
with comparative ease, though the construction of the pump does not lend itself
to incorporation into the gun itself. Such compressors are usually machines on
their own driven by an electric motor. Years ago, before diving shops and clubs
became established, we built such a machine ourselves. It had four stages of
compression and lived in a tank of lubricating oil, when in top condition it was
capable of producing the prodigious pressure of 10,000 PSI; these days the
local diving shop supplies the air with much less hassle.

Toggle Lever

Probably the most successful pump which can be built directly into a rifle
or pistol is the one based on the toggle lever system. This design lends itself
ideally to the requirement of compressing air by a simple piston and rod pump.
The operating handle causes the levers to advance the piston fast at the
beginning of its stroke where the resistance of the air being compressed is low.
As the piston approaches the end of the cylinder and the pressure of the air
increases, the thrust of the piston also rises because of the altered geometry
of the levers. At the end of the piston's stroke, when the air pressure in front of
it is at its greatest, the thrust generated by the levers is also enormous.
Pressures in excess of 3,000 PSI may be obtained with this system.

Fig 15.3 shows the toggle lever system in diagrammatic form. In an airgun
application one of the links is always extended to form a handle. This extension
again increases the leverage of the system, and in most instances the lever
extends beyond point P to perhaps three times the length of the link, thus
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tripling the force on the pivot P when pressure is applied to the handle at F. The
pressure on the handle F forces the pivot P downwards reducing dimensi‘on D
and in so doing pushing the point R, which in our case is the end of the piston
r_od, towards the reservoir. Point R must move forward because point M is held
firmly by a pin at the muzzle. Although the diagram shows the two links to be
of equal length, very often in practice one is usually slightly longer than the
other. The difference has a negligible effect on the final result.
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Fig 15.4 is a chart which may be used to determine the thrust generated
on the piston by a toggle lever system. To use this chart two lines should be
drawn on a piece of tracing paper which are exactly at right angles to each
other. The paper may then be moved about the chart lining up with the three
known quantities, the unknown quantity will then be indicated by the remaining
line. In the example shown a force of 45 Lbs. is applied to the end of the lever
and the distance between the end of the lever at point F is three times the
distance from P to M. The pressure on the point P is theg,efore three times 45
Lbs. One horizontal line on the movable paper may now be set to coincide with
135 Lbs. on the scale marked P. Measurements taken from the gun with an
engineer's rule show that when the dimension C is 8" the dimension D is 0.25".
It is now possible to position the vertical line on the movable paper so that it
coincides with both these measurements on the scales C and D. Once this has
been done the fourth line will be seen to coincide with a pressure of 1,150
Pounds on the scale R.

The above chart is based on the equation:

R C

Obviously a thrust of 1,150 Lbs. is a very large figure when compared with
the original 45 Lbs. applied to the handle. In our example there was still a
further quarter of an inch (Dimension D) to go before the links R,P,M are forced
into a straight line, where they would generate the maximum thrust. However,
in this situation the piston is usually already at the end of its stroke because
normally the system is adjusted so that the maximum length of dimension C is
slightly less than the combined lengths R P M when the piston is hard up
against the end of the reservoir. This results in a slight stretching of the metal
parts at the moment the point P passes through the straight line position. This
slight strain has the advantage of holding the pump handle close up to the
remainder of the rifle even when there is no air in front of the piston to retain
it after the rifle has been fired.

From the above it would appear that since the piston was being pressed
hard against the reservoir end with a thrust in excess of 1,150 Lbs. then the
maximum air pressure in front of it must have been at least that figure divided
by the frontal area of the piston. This is not necessarily so because in any
pneumatic system there are always small amounts of "lost volume" which will
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lower the final pressure, and at high pressures even a small a <
volume will have a marked effect on the final figure. In a pump 1%0;2;3;1!;}
there must pe a'transfer port between the pump piston and the inlet valve to th
reservoir, thl_s will lower the final pressure, even when its diameter is very smal
There are still other volumes to be considered, the inlet valve itself as well th:
clearance around the piston in front of the seal all add up to a reduction in th
overall efficiency of the system.

Of course the air that is trapped in the lost volumes after the fi i
_of the pump is not totally wasted. When the gun is fired that air pazsfg;atlh?gﬁgl
into the reservoir to boost the power of the pellet. This fact may be easil
Qempnstrated by charging the gun on two occasions with say five strokes, in the
first instance the pump lever is returned to the normal closed position égainc
the body tube, while in the second instance it is left hanging down. In th;
position any trapped air is released from the pockets of lost volume and th;
velocity of the shot will be lower than that fired with the lever closed.

For maximum consistency a pneumatic must be pumped not only wi
same nur_nbe_r of strokes but the rate of pumping must gtso%e fairly co?;g?ntz:
as to maintain a similar pressure and heat build up at each stroke. Also, the
gun shpqld.be allowed to cool down to the ambient temperature of the,daj
before it is f‘IredE this will ensure that each pellet has the exact same amount o
energy behind it at every shot. On one occasion we carefully measured the
energy that had to be expended in pumping up one of these rifles, ther
checked the energy of the pellet as it left the barrel. From these figurés We

calculated the overall efficiency of the system and were ifi ind i
[ oated the over y were horrified to find it to be

: A question that often arises in regard to pumping up pneumatics is t

Imagined danger of an explosion through the ignition%f ?he FI)ugricating oil by tfr::
heay generated as a result of compression, as happens in a spring rifle or diese
engine. This is a next to impossible occurrence when hand pumping because
the rate of compression is far too slow to generate temperatures high enougr
to cause 1he_ oil to bum. However, an explosion is guaranteed if anyone
attempts to fill a pneumatic with pure oxygen. Oxygen forms an explosive
Mmixture whgn it comes in contact with oil, and there is bound to be oi
Somewhere in the gun. All pressure gauges made for use on oxygen cylinders

Ezr'ry the direction “Use no oil". That should be good enough warning for all of
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By far the easiest way to fill the reservoir of any pneumatic is to use a
diver's air bottle. These cylinders may be purchased in various sizes and all are
capable of holding air at 3,000 PSI. They may be refilled remarkably cheaply
any number of times, but they must be examined and tested at frequent
intervals to make sure they are safe and that no corrosion has started internally,
also that they have not been damaged externally. The rifle is coupled to the
bottle by a flexible hose fitted with a gauge so that the pressure in the gun may
be monitored and the valve on the bottle closed as soona the required
pressure is reached. Once the initial high cost of the cylinder has been
accepted this simple and inexpensive system is the basis for filling most pre-
charged rifles and air cartridges. Provided the equipment is kept in good order
and inspected frequently it is a very safe procedure.

Having looked at the various methods by which air may be charged into
the reservoir we will look now at the next stage in the sequence, that is what
volume and pressure the owner is likely to need to drive the pellet at the
required velocity. We carried out an extensive study some years ago using my
projectorto establish the power of the pellet when using differing volumes and
pressures, also various lengths of barrel and calibres.

The Projector

Before describing the results of this investigation it is worth while spending
some time describing the projector shown in fig 15.5. We built this piece of
equipment so that we could study various difficult aspects of airguns. It is
constructed so as to be very firm, rigid and vibrationless when fixed to the floor
by a strong central bolt, the top plate which carries the barrel-fixing together
with the scope has a limited lateral movement to allow for final alignment with
the target. The precision spirit level rests on two mushroom shaped studs (inset
fig 15.5) which pass through the barrel outer casing to rest on the barrel itself
allowing the three adjusting screws in the base to set the barrel dead level.
Barrels of any size or calibre may be fitted into the outer casing and held firmly
by split nylon collars machined to suit.

The breech of the projector is cut from an HW 35 rifle and reconstructed
to couple the air reservoir to the barrel; any size of barrel may be modified to
fit into the breech block where it is held by two grub screws. The breech is held
firmly shut by the normal HW 35 latch, but the whole reservoir swings sideways
when it is open, allowing an unimpeded view through the bore for preliminary
sighting by eye or bore telescope. The reservoir, which also encompasses the
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release valve, has a maximum capacity of 1.5 Cu.ins. and can withstand
pressures in excess of 4,000 PSI. A selection of collars may be inserted inside

the reservoir to reduce its capacity as dictated b i i
A y the experiment in pro .
The minimum practical volume being 0.12 Cu.ins. P S

fig.15.5

The reservoir is charged by manipulating the three small valves until the
correct pressure is established. Before firing, the shut-off valve attached directly
to th_e reservoir is closed so that none of the air in the flexible tube can take
part in ;he shot. The trigger mechanism is shown in the cocked position; when
the horizontal lever is pressed down it releases the vertical lever which swings
back around the curved end of the horizontal lever. The lower end of the
vertical Igver holds the valve closed, but when the lever is released the whole
valve s;:_nndle moves outwards under the influence of the air pressure inside the
reservoir. This outward thrust is generated because the outer end of the spindle
Is of greater diameter than the sealing diameter. The valve, transfer port and

The Air Gun from Trigger to Target 147



Chapter 15 - Charging Pneumatics

barrel are all in alignment allowing the air an unimpeded flow behind the pellet
once the valve opens.

By using the projector and various barrels, including those coupled
together in fig 9.2. we were able to establish the set of graphs shown in figs
15.6 to fig 15.10

Perhaps the immediate fact indicated by these figures is the amount by
which the velocity is raised when the barrel length is increaSed. Although we
were only able to extend our .22 barrels, the same situation would obviously
have existed had we been able to do the same with the other calibres. The
muzzle energy also benefits from a heavy projectile, in other words the
efficiency of the system increases with a heavier pellet, also the muzzle energy
increases as the calibre is enlarged even though the weight of the pellet
remains about the same in each case.

From our previous description of the projector it is obvious that the figures
from which the above graphs were drawn are based on ideal conditions; that
is there were no corners or breech constrictions in the way of the airflow. A
more conventional rifle design would probably not yield the same efficiency.
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Chapter 16
RELEASE VALVES AND REGULATORS

The control of the release of the air from the reservoir into the barrel
behind the pellet is one of the most difficult design areas of a pneumatic. Ideally
the amount of air released at each shot should be capable of driving each pellet
at exactly the same velocity whatever the pressure remaining in the reservoir.

Over the years several systems have been developed which aim to
accomplish this ideal. They may be divided into two separate groups, the first
being the "total loss" or "dump" system, the second the "knock-open" system.
In the first scheme all the air that has been pumped into the reservoir is
released when the gun is fired, while in the second only a small amount of the
stored air is released at each shot. Air cartridges, single stroke pneumatics and
certain pump-ups fall into the first group while pre-charged pneumatics and a
few pump-ups are in the second.

Pump-up pneumatics which dump their whole charge at each shot can
offer remarkably consistent shot to shot velocity, just as long as the number of
pump strokes remains constant for each charging, the same remarks apply to
air cartridges when they are individually charged by hand.

Most sporting rifles operate on the pre-charged principle and are designed
with knock-open valves to release only a small amount of their stored air at
each shot, thus offering a large number of shots from each charge. The knock-
open system relies upon a hammer in the form of a spring loaded plunger to tap
the release valve open for a very short time at each shot. This allows a blast
of compressed air to pass through the valve and into the barrel every time the
gun is cocked and fired. However, unless the valve and its surrounding
chamber is cleverly designed the velocity will vary widely as the air in the
reservoir becomes exhausted.

The early airguns and aircanes were built around a fairly sophisticated
lock system which forced the valve to open a set distance at every shot. The
gun was cocked with a key, or by pulling back a hammer similar to the cock
which held the flint in a flint lock. This compressed a leaf spring which when
released operated a lever system to force the valve open. The mechanism was
expensive to make, requiring hours of machining and hand work before it
Operated properly, it is not used in any gun today. However, the old system did
offer a certain amount of automatic regulation because as the air pressure in
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the reservoir fell it did not close the valve so rapidly allowing more air into the
barrel.

Paul Giffard took out a patent in 1891 for a gas operated rifle. Although
his gun was powered by carbon dioxide he still had the problem of releasing a
small amount at each shot. Rather than build an expensive lock system like his
predecessors, Giffard used a spring loaded hammer to knock the valve open
just enough to release the required amount of gas. He even took it a stage
further by fitting a control stud which limited the distance by which the hammer
struck the valve open; he could therefore adjust the power of his shots very
easily. But it must be realised that in employing CO, as a propellant Giffard had
an advantage over the use of air because as long as there is liquified gas in the
reservoir and the temperature remains uniform, then the pressure also remains
constant. Had he used air, the pressure would have fallen slightly after each
shot.

Variations on the Giffard system are now used in most pre-charged air
rifles today. The hammer slides inside the body tube behind the valve, it has
a spring at its back which is compressed as the gun is cocked. When the trigger
is pulled the hammer flies forward to knock the valve open, it is then
immediately closed by a spring and also by the air pressure within the reservoir.
This cycle may be repeated over and over again until the air in the reservoir is
exhausted.

PP TTITTTTT //////]§S’////I P T TETETTIITITITIIIIig

In the diagram (fig 16.1) the reservoir A is charged to high pressure
through a non return inlet valve, usually placed at the other end of the reservoir.
The exhaust valve C is held firmly closed by spring B and also by the pressure
within the reservoir. When the gun is to be fired the hammer D is pulled back,
compressing spring E. Upon release by the trigger, the hammer flies forward
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and knocks the valve momentarily off its seating allowing a blast of air past the
valve and up through the port to drive the pellet along the barrel.

In most designs the hammer is cocked as the bolt is pulled back to loac
the pellet, a small peg engages with the hammer as the bolt handle is raised
as the bolt is withdrawn the hammer is pulled back with it into the cockec
position. This convenient layout also makes the rifle very safe because as long
as the bolt is open the pellet cannot be discharged. If the trigger is inadvertently
released with the bolt open, the hammer will have to carry the bolt forward witt
it and in so doing will lose so much of its energy that it will not be able to oper
the valve fully. Air that manages to pass the valve will be vented harmlessly a
the back of the pellet and out through the breech.

In this illustration of a somewhat simplistic system, the rifle would have ¢
very non linear characteristic, in other words the shots would not be of equa
velocity. In all probability, if the reservoir is filled to 3,000 PSI, the first shots wil
slowly increase in velocity until a peak is reached, after which the velocity wil
steadily fall away as the reservoir is emptied.

Individual manufacturers have modified this system so as to achieve
better regulation of the velocity. By altering the basic design of the valve anc
its housing, also by adjusting the weight of the hammer and the power of it
driving spring, many shots of near equal velocity may be obtained. Fig 16.:
shows how the velocity is likely to rise until the optimum reservoir pressure i
reached for the particular rifle, after that the velocity falls slightly as each sho
is fired. The successful design and shape of the valve and its housing are
subject to the laws of very fast moving air. In most instances however, they are
the result of experience, together with inspired trial and error.

Clearly the valve layout shown in fig 16.1 could be altered to operate at
a dumping system, though normally the dump system is only employed ir
single stroke or pump-up pneumatics. Normally a gun designed to dump it
charge at each shot, has a drastically reduced reservoir capacity otherwise the
volume of high pressure air available is too great to be used efficiently. Ven
often this is a fault with pneumatic pistols, especially the pump-up design, the
large volume of air cannot be used efficiently within the short length barrel anc
the excess air discharges with much noise after the pellet has left the muzzle
The characteristics of the hammer and spring must also be different in a dumg
system because they must be capable of fully opening the valve and holding
it open to allow all the stored air to escape at each shot.
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The success of any pneumatic largely depends on the choice of the
material used for the face of the exhaust valve. It must be soft enough to allow
it to bed firmly onto its seating, that is the seating must be able to indent itself
into the face material when the valve is closed and under pressure. Equally it
must not be too soft, in which case the seating will indent too deeply into the
face and will not part easily or quickly from its seating when the hammer knocks
it open. Experience has shown that when the working pressure of the gun is
high a hard valve material is preferable, whereas in those instances where the
pressure is low, a softer face offers a more dependable seal. Over the years we
have found that PTFE is an exceptionally suitable material throughout a wide
range of pressures, it accepts a satisfactory sealing indent from the seating.
while at the same time has the great advantage of being able to absorb small
particles of grit without leaking.
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The valve face material itself must be held firmly on its mounting ster

otherwise the high pressure within the reservoir may cause the material 10
remain firmly pressed against the exhaust port while the spindle on which it i
mounted travels on without it. In our diagrammatic rifle shown in fig 16.1 the
exhaust valve C is shown as a metal cup holding the face material within it.
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though in some designs the valve's head is machined in one piece from the
chosen material. In this instance the edges of the cup would also be rolled
inwards to grip the face material which might also be threaded and bonded onto
the spindle together with the cup itself, this firm airtight joint is necessary
because the pressure on it is considerable. If any air gets into the joint the
facing material will certainly be draggec from its cup when the gun is fired. For
instance, suppose the maximum diameter of the sealing face around the port
is %" and the reservoir pressure is 3,000 PSI, then the pressure holding the
valve onto its seating would be about 600 Lbs. This is the pressure the hammer
must overcome to open the valve and is certainly high enough to destroy a
fragile valve.

The hammer, its stroke and the power of its spring are three further
crucial factors influencing the success of the knock-open system. If they are not
chosen correctly the hammer will not open the valve sufficiently to allow the
required volume of air to escape. This implies that the momentum of the
hammer must be correct if the system is to work correctly. Momentum, as we
already know is the product of mass and velocity. But that, in this instance, is
not altogether the full story. If the spring is too powerful and the hammer
therefore light, the thrust of the spring will probably be great enough to
overcome the thrust of the valve closing spring B when the reservoir is empty.
This means that the exhaust valve must always be closed by cocking the
hammer before charging the reservoir. Also, it is probable that when the gun is
fired the exhaust valve C will be capable of driving the hammer back against its
spring as it closes, allowing it to return again fast enough to discharge a second
shot. This sequence may repeat itself over again until the air charge has nearly
exhausted itself.

If, on the other hand, a heavy hammer and a weak spring are employed,
the stroke of the hammer may have to be extended to allow it to achieve the
necessary momentum to open the valve. This is because if the mass of the
hammer is doubled while the power of the spring remains the same then the
momentum of the system will be increased by only fifty percent. This may also
result in the blow of the hammer being felt throughout the rifle. However, in
practice the compromise between hammer mass and spring strength is not
difficult to establish, we have set out the pitfalls if either are very badly chosen.

During a study we carried out some years ago we realised that the easiest
way in which the power of a simple pneumatic could be altered is by adjusting
the amount by which the hammer opens the valve. We arranged a stop screw
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inside the hammer so that only the end of the screw made contact with the
valve spindle; the power could be altered depending on the position of the
screw relative to the front of the hammer. A rubber buffer placed around the
valve spindle acted on the rim of the hammer as a stop to absorb the excess
energy in the hammer once it had opened the valve. This system offers a
simple method of varying the power of a pneumatic without radical alteration to
the mechanism every time adjustments are required.

Where the rifle or pistol is designed on the dump system for competition
shooting, the air is normally released by a more sophisticated valve system than
a knock open valve. When the trigger is pulled the valve is opened by a
separate spring loaded lever system and must be manually closed again before
the gun is re-cocked. The energy expended in opening the valve by this system
is not so great as in the simpler knock-open system, therefore the whole gun
is subject to less disturbance when it is fired and the trigger pull is very light.
Of course this system may only be applied to guns designed to dump their ful
charge at each shot.

The difficulties of producing constant velocities from a recharged rifle led
Mr. John Ford of Sportsmatch to ask us if we could develop a rifle which would
overcome this problem and therefore make the rifle consistent enough for Field
Target competitions. We tackled the problem by developing a mechanism which
might be called an ‘refilling, dump" system. The charge from a secondary
reservoir is fully discharged at each shot, but that air is replaced from a main
reservoir every time the gun is re-cocked.

In the diagram (fig 16.3) the rifle, named GC2, is shown ready to fire
there is a pellet in the breech and the bolt is closed. Chamber A is full of air &
about 3,000 PSI, while chamber C is at a pressure of about 1,500 PSI. This air
cannot escape because it is trapped between valve B and the special seal D
around the valve spindle E. The pressure is forcing E to move backwards, bul
itis held by its end piece G and the thimble shaped cup F which are separated

by the control spring. F cannot move backwards because it is held by the sear

H.

When the trigger is released sear H is forced down by the air pressure
thrusting E backwards taking F and G with it, this allows the front face of the
valve spindle E to uncover the end of the transfer port allowing the charge ©

air to pass through it and into the barrel.
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Before the rifle can be fired again chamber C must be refilled from the
main reservoir A by pressing the charging button N inwards until the spring
loaded cross bolt L, or safety catch, engages with the groove M cut into the
recharging pin K. This locks pin K in its forward position where it will reposition
the thimble F forward, and well beyond the sear H. At the same time the valve
spindle E and its end piece G will be moved forward under the influence of the
spring. At this point the end of the valve spindle will make contact with the end
of the control valve B and force it off its seating. Air will now pass slowly
through the control valve to fill chamber C. As soon as the pressure in C
reaches a predetermined point the spindle E will be forced backwards
compressing the spring located inside the thimble F, in so doing the control
valve B will close and the pressure inside chamber C will remain constant. The
valve assembly E and G is now held in a balanced condition between the air
pressure in C and the thrust of the control spring which is trapped between G
and F. The thimble F is at this stage still supported by the pin K which is held
in position by the cross bolt L. .

The rifle is now charged and ready to fire once the pellet is positioned in
the breech and the bolt closed on it. Pressure on the end of L releases K and
N which are returned outwards by the light spring inside N. At the same time
parts E, G, H and the control spring all move backwards until F comes up
against the sear H. This movement causes a gap to form between the end of
the valve spindle E and the charging valve B ensuring that no more air can
possibly enter C. All the components are now back in their original positions
ready for the next shot.

Since air has been drawn from the main reservoir the pressure within it
must have fallen slightly, but this will make no difference to the power available
for the next shot just so long as the pressure remaining in the reservoir is
greater than that required by the secondary chamber C to position the valve
spindle correctly. Summing up, the system works by having four distinct
positions of the valve spindle E. Charging, charged, awaiting discharge and
discharged.

The success of GC2 led other manufacturers to design rifles having
similar characteristics but without the sophistication of GC2. They looked at the
possibility of using a knock open valve system but incorporating a pressure
regulator so that each shot would be of the same velocity.
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Fig 16.4 shows a regulator in diagrammatic form. Referring to fig 16.1.
would be placgd in the reservoir directly in front of the exhaust valve C with it:
base plug L in the proximity of the end of valve spring A. The 'O' ring [

provides the seal whereby air cannot pass along between the regulator's bod
and the inside of the rifle's reservoir tube. '

The purpose of the regulator is to ensure that the pressure of the air a
the exhaust valve is always constant irrespective of the pressure within thi
main reservoir, provided of course that the main pressure is greater than tha
to which the regulator is set. It works in the following manner:. High pressun
air enters past the valve B and flows out through port F to fill the space in th
gun's secondary reservoir in front of the closed exhaust valve. As the pressur
increases the piston G inside the regulator's body moves backward:
compressing the spring J. Valve B is attached by a screw thread and sealin
'O’ ring to the piston G. The piston's rearward movement closes the valve E
against the sealing ring C. The piston G moves freely backwards because ther:

is a small volume of uncompressed air trapped inside it, sealed in by the meta
bellows K.
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Once valve B has closed no more air can enter the secondary reservoir
through the regulator and that trapped within it will be at a preset pressure. The
preset output pressuré of the regulator is controlled by the balance of the air
pressure within it acting against the piston and spring J, this balance may be
varied by adjusting the pressure on the spring. Adjusting screw A is provided
for just this purpose, screwing it inwards increases the thrust of the spring and
therefore the pressure delivered by the regulator. It is important to notice that
the ‘O’ ring around the stem of the adjusting screw must seal this joint perfectly
otherwise the air pressure inside the bellows and behind the piston will rise and
alter the regulation. -

A metal bellows K has been chosen for internal sealing rather thanan O
ring which might have been placed in a groove around the piston's body to seal
against its cylinder. The choice of bellows as a seal has been made because
it is imperative that the piston is able to move very freely in response to small
pressure differences. An 'O' ring in the same situation would tend to become
wedged by the pressure between the two moving surfaces restricting the free
movement of the piston, resulting in poor regulating characteristics.

We have shown an 'O’ ring as the sealing medium at the critical point C.
In all probability this ring would exhibit the same problems that we have just
mentioned, a more sophisticated valve and seating would be required here
rather than the one shown in our over simplified diagram.

It has been our experience that regulators give the most accurate
performance if the air is allowed to pass slowly through them, it is for this
reason that in fig 16.3, the diagram of GC2 it will be noticed that the air must
pass around the threads of the screw which holds the control valve B closed.
This restriction ensures that the secondary reservoir is charged very slowly and
accurately. The same arguments would apply to the regulator we have shown
in fig 16.4.. clearly a restricting device fitted in front of it would improve its
accuracy.

Needless to say a regulator increases the cost of the rifle, they are
therefore normally fitted only 1o expensive rifles designed for competition
shooting. It must be pointed out however, that non regulated rifles with carefully
designed and constructed exhaust valves are often capable of producing ar
adequate number of close velocity shots for most shooting requirements.
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In a rifle fitted with a regulator, the exhaust valve, its closi i
the hammer and its spring, must all work correctly relative to eilgr? c?tpr}lrel;:gﬁ':zi
must operate so that on firing, most of the air is released, but sinc;e the
regulator will mr_rmediatelyr start refilling the empty secondary reéervoir once the
shot has been fired, the exhaust valve must return to its closed position ven
fast so that the fresh supply of incoming air will not escape through it. This

design could well be called an "automati illi
matically refilling dump" s i ¢
name were necessary. g ¥ P eystam, i Suehs
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Chapter 17
CARBON DIOXIDE

Before diving became such a popular sport the only reasonable way of
operating rifles and pistols from a portable source of compressed power was by
the use of carbon dioxide. At the end of the last century Paul Giffard patented
his beautifully made guns which operated on interchangeable gas cylinders;
later many other gun makers especially those in America adopted the same
system, probably Crosman being the best known. It is still a popular propellent
system in America, but seldom used in this country.

The main reason why carbon dioxide is not popular in the UK is that its

employment makes the gun subject to Fire Arms Certification, in other words

) it is classed as a rimfire or centrefire arm and therefore its use is restricted. In

the States the gas is cheaper and more readily available than it is here. At the

i same time cold weather reduces the velocity of the shot, often to an
unacceptable value.

We have experimented with guns operated by carbon dioxide, or more
often known by its chemical formula CO,, normally purchasing it in the steel
bulbs sold for making soda-water. We have always found it to be very
unsatisfactory as a propellent and because of its low pressure it does not
produce better velocities than those attainable with compressed air. It is also
heavier than air, and having a higher viscosity makes a "sticky" gas which does
not flow as freely as air.

Carbon dioxide has very different properties than air. Fig.17.1 is a graph
which indicates its chief characteristic. At any point below the line the gas is a
liquid, while at any point above it, it is a vapour. This means that a cylinder of
the gas at a temperature of say, 20° Centigrade will be at a pressure of 812
PSI. If the temperature of the cylinder is raised then part of the liquid gas will
boil off to increase the pressure within the cylinder to suit the new temperature.

If some of the vapour is allowed out of the cylinder, perhaps to fire a pellet
then obviously the pressure inside the cylinder will fall and liquid will then boil
off to replace the pressure but in so doing it will need heat. This heat will be
Obtained from the remainder of the liquid and its container, in so doing it will
reduce its temperature; the reduction in temperature will cause the pressure in
the cylinder to fall for a short time until the temperature has been restored by
gathering heat from the atmosphere.
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Airgunners want the maximum pressure at all times, so having to wait until
the cylinder has warmed up again in the sunshine is a somewhat frustrating
delay. The suggested figure of 20° Centigrade (68° F), the sort of temperaiure
we should expect on a hot Summer's day in this country but as we have already
seen the gas at this temperature will be at a pressure of only 812 PSI. a
pressure which is not very high when compared to that obtainable from a dive r's
cylinder.

Carbon dioxide is not an easy gas to seal into its containers, many of the
materials with which we are familiar for sealing air are not suitable for the gas.
For instance 'O’ rings which are made for air will absorb CO, and expand until
they look like caterpillars, polyurethane is the most suitable material for these
rings.

Many users of pneumatic rifles are familiar with the simple technique of
filing them from an air cylinder, or even refilling a small cylinder from a larger
one. It is a straight forward operation, connect the two together and open the
valves while keeping an eye on the gauge to check the pressure build up. :S_U‘
it is not so simple with CO,. To ensure the empty cylinder, or gun, receives its
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maximum quantity of the gas its temperature must first be reduced by cooling
it in the deep freeze or refrigerator. If the gun is not cool the incoming gas, in
its liquid form, will immediately turn to vapour on entering the relatively hot gun.
The vapour will then fill the reservoir and pressurise it to the point where no
further liquid is allowed to enter it. As long as the reservoir is cool the liquid will
enter it without difficulty; of course this means that the charging cylinder of CO,
is placed above the reservoir, preferably in the upside down position so that the
outlet valve is covered with liquid.

Guns using CO, always employ a knock open valve to release the gas
into the barrel, Paul Giffard probably being the first gunmaker to use this device.
However there is a difficulty, especially if the gun is fired pointing upwards, the
valve will allow liquid into the barrel where it will immediately try to change to
vapour as its pressure falls. Inevitably it will not be able to gain heat fast
enough to complete its transformation and part of the liquid will be cooled even
further to form a solid, resulting in a further reduction in velocity. This solid will
be ejected in the form of CO, snow after the pellet has left the muzzle.

Some modern pistol designs can use CO, to its best advantage because
the throw away gas cylinder is concealed in the butt, well below the valve, from
which point it can offer a plentiful supply of vapour. CO, has also been tried
with doubtful success as a propellant in rifles designed for high accuracy match
shooting, but here again its drawbacks seem to have overcome its advantages
and its popularity has declined.

Having spent so much of this chapter discussing the negative side of
carbon dioxide it is time to redress the balance by pointing out situations where
it has advantages. The individualist gun maker John Bowkett has in recent
years made some very successful and unique arms using the gas. His designs
ensure that no liquid reaches the valve, reducing the detrimental cooling effects,
hhe also employs larger than standard calibres which offer greater efficiency from
the CO,.

Probably the greatest advantage of CO, is the number of shots that can
_be obtained from a relatively small volume of liquid. A large volume of vapour
is formed from a remarkably small quantity of liquid, so provided the
temperature of the system remains constant the pressure too remains constant,
offering a high consistency in the gun's velocity, provided of course that the
shots are not fired rapidly enough to reduce the temperature.
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The large voiume of gas available from a charge of liquid CO, offers
enough energy to power semi automatic rifles and pistols, probably the best
example of these was the Crosman 600 pistol. Here the gas not only propelled
the pellet but also operated the pellet feed mechanism that faultiessly collected
a pellet from the inline magazine and positioned it in the breech ready for the
next shot. The magazine held about ten pellets which could be fired one after
another as fast as the trigger could be pulled.

Taking an overall view of the role of carbon dioxide in airgunning,
we feel it is reasonable to say that it has many advantages in the field of not-
too-serious-shooting, but when high power, high consistency and high accuracy
are concerned precharged pneumatics have all the advantages.
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Chapter 18
PELLETS AND PELLET TESTING

Early airgun ammunition consisted of darts, ball, or what we now call "Cat
Slugs". Just why and how they got that name is not clear, but we hope the
obvious reason is not correct. None of these types of missile could possibly
reach the standards of accuracy that we expect today, but since the guns were
neither powerful, nor in many instances had rifled barrels, early small bore
domestic air guns were little more than toys. We use the word domestic to
separate them from the large bore, ball or butt reservoir rifles that were as
good, and probably more reliable than the flintlocks in general use during the
early years of shooting.

The date and maker of the first diabolo shaped pellet seems to be lost in
the mists of time, we feel that they were perhaps made by an airgun enthusiast
who also played badminton, or baddledore and shuttlecock as it will have been
known in those days. He will have noticed that shuttlecocks always flew with
their heavy nose forwards, controlled by the lightweight feathered tail, also that
they did not deviate from their original flight line except in a wind. If this shape
could be reproduced in lead it might fly with greater accuracy in his smooth
bore gun than any other pellet available to him at that time.

Most waisted pellets have small ribs running round their skirts and under
their heads. In many instances these are put there by the pellet making
machine as it rolls the waist into the cup shaped pellet blank after it has been
punched from the lead strip. An alternative system by which pellets are made,
is to force the lead between dies into which the exact shape of the pellet has
been formed. In some instances these pellets too have ribs on their tails, in
Which case they are very clear and geometrically perfect. Normally though, the
pellets manufactured by this process have very smooth surfaces and are
exceptionally well finished, the joint line left by the dies being only just
discernable, they therefore command a higher price and are usually more
Consistent and accurate in their performance than the previous type. The ribs
themselves make no difference to the accuracy of the ammunition, if it is
Inaccurate the cause lies elsewhere. It might however be argued that the ribs
Create an extra air disturbance, absorbing rotational energy as they fly. We
have never been able to either prove or disprove this statement. However ill
effects would seem unlikely since the air flowing over that part of the pellet will
be slightly rarefied due to the head and tail flanges and therefore any effect
Caused by the ribs will be minimal.
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Originally airgun ammunition was made in three calibres: .177", .22" ang
25" these were also known as No.1 bore, No.2 bore and No. 3 borg
respeclively, But for a long period .25 fell from pqpularity, prcszablyr becausg.l: it
was found that the guns and pellets available in that calibre tended to be
inaccurate. Also, if the British limit on muzzle energy was to be adhere_d to, the
velocity had to be kept low because of their heavy we!ght. However in recent
years there has been an increase in interest in this calibre because a few rifle
manufacturers have decided to build high powered models which although
subject to Fire Arm Certification are capable of propelling these heavy pellets
at reasonable velocities. There can be no doubt as to the value of a large heavy
pellet when it comes to vermin control, the small diametgr of the .1 77 often acts
like a hypodermic needle, penetrating the quarry thhout causing enough
damage to stop it; whereas the .25 will stop most pests instantly. The gem:-rgl
rule, ".22 for fur and .177 for feather" has often been suggested on the basis
that the smaller pellet will penetrate a layer of feathers better than a large one,
while .22 usually humanely kills fur covered airgun guarry.

Another calibre which has had a varying degree of success is .20.
Followers of this calibre claim that it has all the advantages of both .177 and .22
and few of the disadvantages. But since not many rifles are made_to accept 1t
we will say little more about it; mainly because, gooq or b_ad, we did not ue it
in any of our experiments. Steel darts have no place in serious airgunning s”jce
their passage through the barrel at high speed can do little for the quality of }_hg
rifing; though they still have their place in fairgrounds where they are fire
through smooth bored guns or worn out rifles.

Although many attempts have been made to improv_e on the performaﬁi.]g;e
of pellets, there are none available today which are superiorin qost, a\a'aulatf lity
and accuracy to challenge the supremacy of the lead diabolo in its many for\!l'tsi
Each year new types of pellet are launched onto thg markgt, but the 3;156
majority of them are only slight variations of the exrstmg wa|_sted form. -!3 :
established brands of diabolo pellets are produced with a variety of dlffe.’-.,nd
shaped heads, round, dome, flat, pointed or even hollow. The flat hea‘\:i‘ein
variety is preferred by the target marksmen because they punch clean holes Y
the cards making scoring more precise; also they are usually the most accur a}ar
over shorter ranges. Dome headed pellets would seem to be the most pop.t_l of
and are chosen by the majority of users. Nevertheless the_manufacturerr::ﬂ ¢
each different pellet shape make exaggerated claims as_lo its excellelncy. . i
that is understandable in any industry. The global production of pellets is a very

8
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difficult figure to establish accurately, but it certainly runs into many, many
millions each year.

Diabolo pellets are remarkably accurate even when they are not
spinning, a fact easily demonstrated by firing them at short range through a
smooth bore barrel. However, it has one great drawback, its shape generates
a large amount of drag as it passes through the air. This resistance means that
the pellet has a limited range relative to that which it would enjoy if it were more
streamlined and could cut through the air easier. The excessive resistance
inevitably increases the flight time which in turn allows the pellet to lose more
height during the time it takes to travel between the muzzle and the target; this
in turn means that the marksman has to judge the range very accurately and
adjust his sights accordingly.

Quite obviously it would be advantageous if an air gunner could test the
quality of his pellets before he goes out shooting, especially if there are
valuable prizes to be won in a competition. Several systems have been
developed by which match pellets are inspected and graded with a view to
selecting the best before each meeting in the hope of eliminating "flyers", (those
pellets which for no obvious reason take off on a completely random course
ruining an otherwise perfect score). The selection of competition grade pellets
is normally preceded by washing the whole batch in detergent to remove oil or
lead particles before drying them thoroughly in a warm oven. Each pellet is then
individually weighed to an accuracy of about one tenth of a grain, those falling

outside this very close tolerance being rejected for the competition, but retained
for future practice.

Although commercial scales may be bought for weighing pellets, a simple
dr-avice may be made which can weigh to an accuracy of a quarter of a grain.
Fig 18.1 shows a set of these scales, they are simply a narrow strip of thin
Metal kinked in the middle and balanced over half a razor blade. The weights
are Rexel Bambi staples which weigh exactly a quarter of a grain each.

The next test to carry out is the gauging of the diameter of each pellet by
dropping it inside the case of a cheap ball point pen after the ink tube has been
'®moved. The bore of these pens is slightly tapered so each pellet will take up
a different position depending on the diameter of its skirt. Two slightly separated
Marks are made on the outside of the tube and the selected pellets are then
€Xpected to position themselves between these two. Although this may seem
0 be a very simplistic method of measuring pellets it is in fact a very

The Air Gun from Trigger to Target 169

.| I



Chapter 18 - Pellets and Pellet Testing

satisfactory one because the use of a normal micrometer tends to distort

soft lead giving undersize readings.

Since the skirt diameter of any pellet worth its sait
than the head, the pellet should move in a circle when

fig.18.1

the

will be slightly larger
rolled on a smooth

surface by gently blowing on it. Obviously the greater the difference between
the two diameters the smaller the described circle will be. Assuming that the

head diameter is correct for that barrel, pellets which roll in a small circle aré
- those which describe @
remembered that somé

likely to be tight in the bore because the tail is large
large circle will be less tight. However, it must be

brands have thicker lead at the tail than others, in which case a smalle
firm to collapse correctly

diameter is acceptable otherwise the lead will be too

into the bore. Those pellets which roll in a straight line would be use

in a low power rifle operating in the blowpipe phase.

While the pellet is rolling it is well worth observing whether it
robably out of balance or

smoothly or not, if it moves in a series of jerks itis p

the tail flange is distorted. Also the pellet should not appear to wobble as it
especially the flange of the tail: in simple words, it must "look right", the eyeé

being and exceptionally good "inspector”. If the tail edge of a pellet lies O

to the body it will certainly leave the muzzle out O
effects on its accuracy.
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Just how valuable these tests really are in increasing the score during the
Gompetltrop is open to argument, it is possible that the main bene%t is
psychologrcal rather_than practical - a good case of "mind over matter". We set
out to construct equipment with which we could examine, compare aﬁd st s(;e
the characteristics of various pellets in the hope of deierminin wh el
prands, or shapes, are more accurate than others. J y some

Fig 18.2 shows a device by which a pellet can be mad
high sp_eeds and then dropped onto its head to continue s%ir?nti?i(;e:r? l;ij;;‘? ry;
g!a_iss, like a top. _The pel_let is first positioned in the cup at the end of the hollo?v
spindle, then while suction is applied via the mouthpiece to hold the pellet in
place,_ the curre_m is switched on to the small electric motor. The whole I‘t
including the spinning ‘pellet can then be turned over and the bellet blown frlé>nI
the cup to continue spinning on a flat surface. The accuracy with which it s in:1
especially as it §Iows down, is an indicator of the quality of the pellet's bala%ce,
Short pellets with heavy tails, that is pellets in which the centre of gravity
fairly far lqack from the nose, tend to turn over and spin on their sides Ei)ut molsst
g:llt?jtgysg? "?:rifg‘cgly ton thgifr noses, those that are not in balance wot;ble wildly
stop. Of ¢
pellets can not be exar?';ined l:(;fu;f??s tsh;m;;?nrformance o Tt o e

1

fig.18.2
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To establish the position of the centre of grayity of pellets we encasz_:-.‘d
them in resin then faced off each side in a lathe ur;]m We| therz lseﬁta f\;vl\t;lsﬁl) lga;r.:_-, gr
ini i i f the pellet w , fi
in in which a cross section of the centre o : _ i
?fsrgswe then placed the wafer in the photograpi::;cthenlqlrﬁetrjeeitned vfélrt;tﬁr?gc}?
) ) . . 0
ize image onto thick paper. After cuttmg round the si \ ,
%Vfljfrl'nz on es?ch of two pin holes made at points around its edge, fig 218.4. As
it huncj freely from each point a pencil mark was made on the lower e ige at_ a
point indicated by a cotton plumb line hanging fromtthe fsarg\?itil;gg(t);t#;gpgmi
: . ;
is gave us two lines across the silhouette. The centre of g ity is
er]::rg tr'le two lines cross. In most instances the centre of g!'awty lies at a point
between a third and a half of the pellet's length back from its nose.

. "y ¥

. (R R

“— 1]
fig18.3

[ sed by purposely
often the value of any test can be increasec
exagg\e!fartsi(ng the error for which we are testing, eve? checl:)urwt% it;]\?egtfirgg:inﬂ
ing them in a tin is w
damage caused to pellets through carrying ' inve Do
it d. In the instance of the spinning pe
because it is often not as bad as claime the _ 9 e,
i f the-inside; this treatment emp
lead may be cut away from one side o _ ° e
ther tests, pieces of the pelle :
the effect of any out of balance error. In other | | B o
i tail to investigate the characteri
cut away from the side of the nose or ised by the large amount of
i d pellets. We have always been surprised by : _ r
dma;ifggg Etaha\{)must be done to a pellet before its accuracy is seriously impaired

172
The Air Gun from Trigger to Target

Chapter 18 - Pellets and Pellet Testing

Wind Tunnel

In describing these various specially made pieces of equipment we
are very aware of a saying we often use, % /s one thing to make a violin, it j<
quite another to learn to play it". By this we mean that the operation of any test

apparatus needs patience and careful observation before any benefits will be
gained from it.

As part of our investigation into the characteristics of the different pellet
shapes we built a small wind tunnel, this is shown in fig 18.5. At the base is a
vacuum cleaner power unit which draws air down through the long 1 4 bore
tube; the air first flows over the pellet which is mounted on a balance so that its

resistance to the passage of the air may be measured.

The balance itself is shown in detail in fig 18.6, it will be seen that part of
it is inside the tube while the majority is outside. In practice the instrument is
Placed in the tube without any pellets on it, the air is then drawn down over it
While weights are placed on the pan so as to counterbalance the effect of the
air drag over the instrument's arms. Two pellets are then placed on the vertical
Spikes, the one outside the tube counterbalancing the other on the inside.
Further weights must then be placed on the pan to counterbalance the
INCreased drag caused by the airflow over the pellet in the tube. It is of course
the sum of these new weights which determines the air drag over the pellet.
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Further down the tube is a specially shaped constriction called a "venturi
which is coupled to the U tubes mounted on the board, this causes the coloured
water in the tubes to take up positions corresponding to the speed of the airflow
through the tube and therefore over the pellet.

The 'U' tubes A, B & C are coupled to the tube at various points. A
registers the pressure between the pellet and the venturi. B shows the pressuré
across the venturi, the left hand leg of the U tube being connected to the
constriction of the venturi. C indicates the pressure between the power unit and
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the venturi. Just above the power unit a thermometer may be seen, this
measures the temperature of the air travelling through the system.

The figures taken from the difference in the hei iquid i
. ghts of the liquid in each
of the tubes forms the basis for calculating the airspeed over the pellet; values
for the temperature of the air, also its humidity and the barometric pressure all
_rll:ve to bte taker(; mtotacchount before a final velocity figure can be established
e exact procedure for these calculations may be found in the British |
1042 (Measurement of Airflow). / Standard

|
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The maximum velocity attainable in this wind tunnel is about 130 FP..‘g,
which is low when compared with a more realisti; pellet velocnty_ of about ?__'.Jo
FPS, also it must be remembered that if the velocity of the pellet is doubled the
resistance or drag goes up four times. However, cglcul_atlons show that a blo».f..-er
of at least ten horsepower capacity would be required if the higher velocity w.:__: re
to be realised; such a machine would be far too !arge fpr us to contemplla._'e_
Nevertheless very interesting and usef_ul comparative figures were obtainad
from this device in spite of its low velocity.

lection of pellets is shown in fig-18.7, this is a rep_resgentaz ve
collec;\or? %? shapes topgether with one or two experjme_ntal rounds Indn{IdUiHy
made to study the drag of alternative forms. Examination of the drag fIgL.!lIJS,
which are quoted in grains at a velocity of 133 FPS, show that a model W|_1|.1 a
long tail such as pellet S, as expected, produces far less drag than the normal
diabolo pellet which finishes with a sharp edged skirt.

Drag (grains)

Pellet 22 A77
A 16.0 -
B --- 10.0
C 13.5 ---
D 13.5 8.0
E 18.0 11.0
F 16.5 10.0
G 19.0 11.0
H --- 9.0
J - 9.5
K 13.5 8.0
L --- 8.5
M — 9.5
N - 10.0
@] 11.5 ---
P 16.5 10.0
Q 10.5 -
R 12.0 ---
S 9.0 ---
T 11.0 ---
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Instance the air is blown up through t
INto the tube will take up its own natu

he velocity of the air can be adjust
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At a later date various .25
found to produce drag figures bet
design. The main intention of ex
only to establish their own dra
of alternative shapes. We alt
building up their nose or tail
attainable in this tunnel the

pellets were tested in the wind tunnel and
ween 25 and 30 grains, depending on their
amining these larger calibre rounds was not
g, but also to use them as guinea pigs in a study
ered their basic form by filing in the waist, or by
with Plasticine. However at the modest air speed
drag differences were virtually undetectable.

Shooting experience with ex
tails showed us that inspite of h
accurate. Clearly another case j

pe'rimental pellets machined with streamlined
aving reduced air resistance they were not
N airgunning where a compromise must be

struck.
e -}
o ,q.
’\ - ‘VO o
* o
~ o °
[ o
el .
e .
e R
B

fig.18.7

We then constructed another type of wind tunnel, shown diagrammatically

a vacuum cleaner power unit, but in this
he vertical tapered tube. A pellet dropped
ral position riding on the rising air current.
ed by altering the speed of the motor so
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that the pellet settles at a point as high in the tube as possible without undue
bouncing or wobble.

1
1

fig.18.8

The production of the tapered tube caused us plenty of headaches not
only in its construction, but also in its dimensions. The final model was moulded
using transparent resin; it is about twelve inches long, the bore tapering from
a quarter of an inch up to five eighths at its greatest diameter. The outside
diameter of the tube is about one and a quarter inches.

Experiments with this tube soon showed that pellets with flat faces. a
small waist near the head, and sharp edges at their tails, were the most stable
whilst flying in the tube. All these factors had produced noticeably high drag
when flown in the previous tunnel. Other more streamlined pellets would bob
up and down, turn sideways or even fly upside down. Certainly if the centre of
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air resistance is in front of the centre of gravity the pellet will tumble in the tube
and is uselgss as a projectile unless it is spun by the rifing in the barrel
Looking again at a shuttlecock, it is plain that the centre of air resistance is weli
back amongst the tail feathers while the centre of gravity is forward towards the

head, hence it is happy to fly nose forward in i
: . tc a stable man
benefit of gyroscopic stabilisation imparted by spin. el

At the same time experiments can be carri isti

A ed out on existin
pellets_ by adding parts made from Plasticine or other moulding material nog;
forgetting that the slight extra weight of the additional parts will influencé the

pellet's position in the tube. Alternatively totall i
and flight tested in the tube. y ¥ ew shapes may be machined

fig.18.9
Water - Table

The contradictory characteristics indi i
_ _ icated by the previous two
5:genmenls led us to fabricate a water table in the hope of beingpab!e to better
erstand the airflow over pellets. Fig 18.9 shows the final machine; the
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circulating pump is on the floor, it takes water from the bottom of the tank and
lifts it to the higher tank from where it flows in a steady stream down the
smooth flat Perspex table, covering the surface to an equal depth as it goes.
A small scale cross section of the table itself is shown let into the main picture,
this shows the gutters either side of the of the plane over which the water flows.
The gutters prevent confusing random waves from forming and being reflected
back from the upright walls. The output from the pump is variable, as also is the
tilt of the table: by adjusting these two, both the speed and depth of the water
running over the table may be altered to give a clearly visible pattern of waves
in the water similar to that which would be generated by a pellet in air.

Water being far denser than air allows the behaviour of bodies moving
through air to be studied at lower and more manageable velocities. The waves
generated by a pellet as it flies can be examined as the water flow is
accelerated from normal subsonic velocities right through the sound barrier and
into the supersonic region. This wide range of velocities can be mimicked by
simply increasing the tilt of the table and at the same time raising the flow from
the pump to compensate for the extra speed of the water down the table.

Water flowing over a pellet at a subsonic velocity is shown in fig 18.10,
the majority of the disturbance is ahead of the pellet caused by the large wave
which travels along with it causing a disturbance in the surrounding water
generating more waves which fan out to the sides of the pellet. However the
formation of all waves requires energy and this must come from the pellet itself,
the loss is called "forebody drag".

The speed of the water has been increased in fig 18.11 and is now
flowing over the pellet at a simulated supersonic velocity. The compression
waves at the front of the pellet have moved closer and bunched up together 10
form a shock wave, while the angle they form at the tail has closed up too. At
Mach 1, the local speed of sound, the angle formed by the waves is 90
degrees, but this then closes up further as the velocity increases.

We wanted to amplify the conditions at subsonic velocities so as to make
the effect of the wave clearer; we multiplied all the pellet's dimensions by Ve
then cut a model out of thick plastic.(fig 18.12). A small quantity of aluminium
powder in the water confirms the zone of compressed air being forced along D
the pellet as it flies. This zone is made clearly visible because the powder drops
out of suspension as the water stops in front of the pellet, the powder then
forms an arc around the nose. Similarly in flight, as the pellet's velocity
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increases the zone moves nearer th .
: . e nose until even
sound it turns into a shock wave. tually at the speed

Air robs a pellet of its kinetic energy all the time it is in fli
_already looked_ in detail at forbody drag, \i!hich it muse; tt)ése:(r:l]nf\lilggct{ i?ifhla:
|mp0{t§nce while the projectile is travelling at subsonic velocities. At the sor’iJ ‘
velomtreﬁ encoumergd in airguns the drag and disturbance at .the tail of trl
p_ellet or base-ldrag" is of greater significance. Base-drag is generated becaus
air cannot get into the back of the flying pellet fast enough to fill the space Ié
by the advancing tail, the pellet is in effect being sucked backwards as it flie:

If a dinner plate is held at an an i i
gle under a running tap it will b
El[lhat thel water can be persuaded to flow along its underside ?Mithout d?ffifngJJI:
I e ;.fva er appears to be flowln‘g upside down, clinging to the plate as it goe:
h|r @ mgslto a moving pellet in just the same manner and in so doing it resisi
}agt%?gzt Esl tfr?irr:rvgrd tra;.*el_ by what is known as "skin friction". A pellet does i
yer of air along with it as it flies, this layer al
layer of slightly slower moving air along with i ' Ch Grage & dowar e
. g with it too, which drags a sl

etc. But it all adds up to a reduction in veloci S air | 54 along with o

u uf ity as air is pulled along with
pellet; in all probability skin friction is the S obber

‘ greatest of the three power robb
encountered by a diabolo pellet travelling at sub soni iti i
0 il
order by base drag and then forebody drgg. "¢ velocies, folowsd &

The flow over a pellet is further compli
: _ ‘ plicated by the narrowness of th
Ev?lltleer: Sw waist whlc_h causes energy consuming turbulence: on one occasio:
e were using the water table a tiny particle of dirt became trappec

between the head and tail of the ' inli
firmly in the eddy ourrert pellet and continued to spin like a top, lockec

Destructive Testing

The simplest destructive test, and th

_ ‘ . _ , € one we used when we first
Lir}\slfasrzlgsstefcrio;;?lltit:, r_?] to Rre IIhem against a solid piece of steel set at various
( rrie. As long as the steel is set so that the pellet hits ﬁ
gfr.]rl].loalzei thfe Interpretation of the damage to the pellet can reveal a c%nsiderable
- n g mformat!on about the pellet's flight also its striking attitude and
H r?ty‘ reat‘ care is necessary throughout, shooting glasses are mandatory!
Interpretation of the fired pellets requires thought and experience. However.,

there is a wealth of knowled
‘ ge to be extracted from the techni
benefits are well worth the time, effort and patience. SEINiALS Sacl G
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-

fig.18.10:
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; . e : -;J- =
S fig.18.1 4I

_ellet Deformation

. A very important question which must be asked in airgunning is: "Is the
pellet that leaves the muzzle the same as the one that was placed in the
breech". The answer is usually, "no", especially at higher velocities. Very often
the pellet's tail will have been expanded by the sudden release of high pressure
air behind it, altering the pellet's flight characteristics particularly when it is fired
at high velocity.

- The pellets shown in fig 18.13 all indicate what is likely to happen to any
pellet as it is accelerated along the barrel. Three sample pellets of each type
are shown. The first pellet has not been fired, the next on its right was fired
through our projector and the one on its right was fired using a spring cylinder
on the same projector. The same barrel being used in each instance for both

Pheumatic and spring propulsion.
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Pellet. Cal. Weight.

A 25 188
B 25 275
C 25 17.6
D 22 165
E .22 142
F 22 234
G 177 85
H A77 76
| 177 8.2
25

mninﬁ\

334 338
223 31118

Pneumatic.

Velocity. Energy.

760
675
779
901
970
1051
1263
850
1023

240
27.8
23.7
29.7
29.6
57.4
30.1
12.2
19.1

22

Spring.
Velocity. Energy.
736 22.6
478 13.9
660 17.0
620 14.1
860 23.3
580 17.5
800 12.1
850 12.2
930 15.7

177

388

ida

H

188

| :
fig.18.13

Study of these pellets and their velocity reveals that no two brz::_:'ldS
of pellet behave in the same manner. Pellet A folded up completely when fired
by a spring, yet withstood the pressure when driven by a pneumatic. Pellet B

showed considerable deformation w

hen fired by a spring, yet a pneumatic

caused litlle expansion even though the velocity was far higher. In gener@!
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terms a spring gun is more likely to cause damage to a pellet than a pneumatic:

’ > f i IC,
though it must be said that air cartridges will often expand pellets' tai?s too. This
appears to be‘because the pelletis placed immediately in front of the air charge
so that it receives the full force of the air when the valve opens.

The amount of the expansion depends on many factors bu i
hard_ness of tr_)e lead, also the rate at which tr):e pellet i; n;ac:crzlglfecﬁgiglie
Oscillograms (fig 18.14) taken at the same time as the pellets were fired show
tha; they are sub_jecped to an enormous pressure for a very short time in a
spring gun operating in the combustionphase. Alternatively the pressure behind
a pellet in the breech of a pneumatic (fig 18.15) is much lower, but the fact that

the blast lasts for a considerably longer time accounts for th
_ ef
is accelerated to a far higher velocity. SELEELES PR
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We obviously needed to know how much effeqt the damage caused by
compression would have on the accuracy and flight chgractenshcs of a
deformed pellet. We deliberately expanded a num_ber of_dtfferem brand;_ of
pellet by subjecting them to oil at high pressure in a piece of barrel. The
resulting pellets would not fly correctly in the wind tunnel of !lg 18.8, they a!so
showed a reduced drag when tested in the other tur)nel of fig 18.5. Inevitably
the quality of their accuracy was also depleted considerably.

Clearly the pellets shown in fig.18.13. had to be stopped gently so as not
to increase or alter the deformation caused by firing them. The prob!len-‘l- of
stopping pellets in mid flight without further damage may be solved '”_, 'wo
alternative ways depending on the number to be stopped. If a long study is
envisaged requiring many pellets to be examined, we found thqt table de.:-;en
jelly is a very satisfactory substance. It should t_ae prepared in the no!ﬂfnal
manner, but in this instance the quantity of the jelly s_hould be doubled or
perhaps trebled relative to the amount of water. The mixture should the_ri be
poured into a clear plastic lemonade bottle so that it is three quarters full be_|ore
allowing it to set while the bottle is lying on its side. Once set, the bottle sh_:n.uld
be cut away to leave an oblong lump of jelly into wh_|ch the pellets may be h.-ed.
A light coloured jelly, such as lemon, is the best choice bepause the pellets may
be seen clearly and quickly retrieved using thin nosed pliers.

Alternatively, if pellets are only occasionally to ‘be stopped for exammz-:hon
another system, suggested to us by a fellow enthusiast, may be u_sed. A Iegg_th
of three inch diameter plastic drainpipe about two fec_et long is partially f!lled“-.-wth
the polyester wadding normally sold for filling cushions. Cotton wool is nL..".E a;
suitable, the fibres are too short and not strong enough to hqld the pellets.
pellet fired into the wadding immediately becomes entarjgled in the long tfz-ugh
fibres and pulls the wad along the tube until it has given up all its en;_r%r‘
Finding the pellet after it has become trapped can bg trqublesome, espel\..lta g
if it is small, but once the material has been obtained it will last forever. Je.l-_,l 0
the other hand slowly disintegrates and must be discarded after a few days.

Spiralling

It has been suggested that pellets tend to fly in a spiral, like a COI'kS(lj.IIe;\;
We never took this idea too seriously because if it is true a pellet can Orl‘f‘ e
accurate at certain points along its trajectory. It was later suggested tho':way
spiral was in fact an illusion, the pellet appearing to spiral as it flew e/
because the rifle, together with its scope, wobble once the pellet has left
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muzzle giving the impression that it is flying away like a corkscrew. However,
we put the "spiral phenomena” to the test because if it were really true there
would be little future in serious airgunning.

First of all we stretched a strong nylon fishing line from above the muzzle
of our projector to a point immediately above the centre of a group of test shots
on a target thirty yards away. Using adjustable "gallows" stands we hung four
or five sheets of rice paper at equal intervals along the path of the pellet; each
sheet having a clear vertical line drawn on it. This vertical line was positioned,
using a plumb line, directly under the fishing line. We now had a set of positive
reference lines along the pellet's flight path; if a pellet flew in a spiral it would
wander either side of these lines as it went. We would not be able to tell
whether it moved up or down during its flight, but this did not detract from the
test, if the pellet spiralled at all it must do so both vertically and horizontally,
describing a corkscrew figure around a central path.

Every one of the shots followed a straight course through the screens
making holes on each vertical line. Every shot that is, except one; this one set
off in the wrong direction from the start and maintained its error all the way to
the target, in other words it was a classic “fyer”

On a previous occasion when we carried out a similar experiment over a
much longer distance, we came to the same negative conclusion. So it would
seem to us that the idea of a "spiralling pellet" is a myth, though it must be said
that it is not impossible that a pellet which is very badly out of balance may
describe a small spiral about its centre of gravity, but this must remain within
the pellet itself. Properly made pellets must fly true, but it is always a pity when
a flyer messes up an experiment then disappears never to be found for
examination. If a few flyers were caught intact it might be possible to establish
€xactly what caused them to become “rogues”. We could then put a definite
answer to the question, "What causes a flyer" ?

We use rice paper when examining pellet flight, it is obtainable from most
Supermarkets for placing under cakes as they bake. Instead of being fibrous like
normal paper its construction is like a thin sheet of dried mashed potato; it is
In fact made from potatoes these days and not rice. The potato particles shatter
to powder as the pellet passes through leaving a clean hole. The lack of fibre
in the sheet means that the pellet will not be deflected from its original course,
also this paper offers minimum resistance to the pellet when it strikes, so the
Velocity is not appreciably reduced as it passes.
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We wondered why pellets appear to become less accurate at longer
ranges. Various suggestions were made as to why this should be and decidegd
that perhaps one of the reasons might be that they lose rotational energy fasier
than they lose kinetic energy. In other words they stop spinning before they hit
their target; if this is true then it is very likely that they would lose accuracy at
the same time.

We proved that they do not stop spinning after a long flight by removing
ink from a ball point pen with a straightened out paper clip then smearing some
of the sticky ink on one side of the front of a pellet's head. This pellet was then
fired at two sheets of ordinary photocopy paper suspended from stands down
range, the sheets were separated by about half the pitch of the rifling in the
barrel. Examination of the holes in the sheets revealed ink smudges on the side
of each hole but separated from each other by about 180 degrees around he
hole. Had the pellet stopped spinning the two smudges would have been at ihe
same angular position on each sheet.

Possibly the most difficult part of testing any gun or pellet in a serious
manner is finding somewhere to carry out the test. Ideally a long covered
building free from cross drafts is the ideal location, but sheds of that length. or
old factory buildings are not very common. We solved the problem on one
occasion by buying a long length of polythene sheet which was in fact in the
form of a tube. We then permanently sealed off one end of the tube with sticky
tape and partially sealed the other so that we could get in and out. Rifles,
targets and a pellet stop were placed in the tube before we inflated it with a
vacuum cleaner. In this instance the tube inflated to forty feet long and about
four feet in diameter, but it offered all the facilities we needed and folded away
afterwards for future use. The system has one drawback however, the tube
should be placed close to a fence or wall to keep it steady since it is liable 10
blow about in a strong wind.
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Chapter 19
THE PELLET'S FLIGHT

In the chapter on barrels we pointed out that the muzzle is probably the
most important part of the whole tube as far as accuracy is concerned, it is at
that point that the pellet's course relative to the sight line is dictated. We
therefore spent many hours investigating exactly how a pellet behaves at the
muzzle; we wanted to know what factors influence it as it leaves to start its flight
to the target.

Spark Photography

Our chief tool during these investigations was “Spark Photography” It is
a‘proce(’jure by which a projectile may be photographed in flight; although the
picture is a silhouette or shadowgraph rather than a true photograph, it is
nevertheless of great value because it shows the pattern of the airflow round
the pellet which is the all important factor in airgun ballistics. We were first
introduced to this technique by Mr. C.B. Daish during a visit to the Royal Military
pollege of Science at Shrivenham in Wiltshire, since then it has been of
immense value to us in the investigation of pellet flight.

The system relies on the instantaneous and very intense light of a high
voltage spark freezing the pellet in mid flight. Unexposed high sensitivity film is
piacgd a few inches behind the pellet, the spark source being positioned a few
1th in front of it. We used an infra red beam to trigger the spark, the beam
bt_amg placed slightly in front of the muzzle, or mounted so as to pass through
windows fitted into the barrel itself a couple of inches back from the muzzle. We
also used an electronic variable delay unit so that the spark could be fired at
any chosen time after the pellet had broken the beam. With this system we
were able to photograph a pellet at any point of interest during the first part of
its journey. The process itself is simple enough, the difficulty arises in handling
the equipment because the whole procedure has to carried out in total
darkness. To make things a little easier for ourselves we used luminous spots

L(;“pin point the more important items, such as the pellets, breech and air
ves.

~ During earlier experiments carried out before writing "The Airgun from
Tngger'to Muzzle (19_76}" we took pictures of pellets as they left the muzzle of
our spring powered rifle, these pellets were always followed by an impressive
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array of shock waves. Yet when we fired darts we found that the air behind
them had little or no energy left. We deduced this because the dart's tail
remained firmly at its rear, smoothed down and compressed by the airflow as
it flew forward. This surprised us because we had assumed that the presence
of shock waves indicated a source of energy and expanding air, we therefore
expected the tail feathers to be blown forwards. We can only assume that the
shock waves are generated at the start of the barrel and continue along it
behind the pellet, dispersing slowly as they leave.

When we started photographing pellets fired from a pneumatic for
inclusion in the present work we were slightly disappointed to find that the air
blast from the muzzle is not as spectacular as those we had seen previously
from spring guns. In each case it takes the form of an expanding balloon whose
size is only influenced by the magnitude of the air pressure behind the pellet.
However, as soon as we photographed darts, especially at high velocity, we
saw exactly what we had expected to see, the tails were blown about in a most
dramatic manner (fig. 19.10). Even at very low velocities the tails were
considerably disturbed, while at high velocity they were blown completely
sideways. How far down range the tails remain expanded we don't know
because we can only photograph them up to about eight inches away from the
muzzle; but something like twelve to eighteen inches, depending upon their
velocity, would seem to be a probable figure.

One of the more interesting surprises arising from this photography was
accidental. We had been told that all projectiles tend to yaw as they leave e
muzzle, that is they wobble and point in various directions before settling down
to their correct path. We had never seen this occur in any of our previous
studies, yet many pictures of pellets fired during the early stages of these
pneumatic experiments showed pellets tilted and clearly out of line with the
barrel (fig. 19.13). At first we thought we had stumbled on one of the causes
of "flyers" until we examined the muzzle very carefully and found that we were
accidentally using a barrel whose muzzle had been opened up for some
previous experiment, but what was worse a screw which we had used for
stopping the chrono projected slightly into this enlarged section. Here obviously
was the reason for the excessive yaw. When we mentioned this to our ballistics
expert he pointed out that in fact this system is often used during e
development of new military shells. They purposely introduce excessive yaw 0
give them relative figures as to the performance of the round.
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The following are just a few of the dozens of pictures that w
over the years. We_ learned a great many things f?om these expgrrma;ﬁt!sakvig
were able for the first time to see the airflow around the pellet not only éls it
emerged from‘ the muzzle but also during the first few inches of its journey
Unfortunatejly it was not possible to determine the down range accuracy of thé
shots as this would have required a dark tunnel at least twenty yards long
Y

& fig.19.1

Fig. 19.1: In our early experiments we were ve i
_ ry surprised to see bubbles like
these appearing at the muzzle. We soon realised that they were in fact the oily

exhaust from the previous shot being
L pushed out ahead of th
Blowing down the barrel before loading cured the problem. @ next shot

» fig.19.2

5'35 ‘:9:2: Darts were an _important tool in our investigations because their tails
rly indicate the direction and intensity of the airflow over them. These two

Pictures of darts fired from spring iencing i
guns show that they are e
NO pressure behind their tails. ! periencing e or

fig.19.3
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Fig. 19.3: Here two pellets were loaded together to see whether they stayeq
together in the barrel of a pneumatic. The balloon of expanding air is
characteristic of every shot fired from a pneumatic.

.fig.19.4)

Fig. 19.4: Firing pellets or darts the wrong way round often yields interesting
facts about the airflow around them. In this instance the small amount of air
leaving the barrel of the spring gun is clearly travelling slightly faster than the
dart since it has stripped hairs from the tail and is moving them forward.

Fig. 19.5: A selection of pellets have been fired backwards, they all show the
characteristic shock waves which follow a pellet from the muzzle of a spring gun
and also the cloud of low energy air dispersing around the nose of the pellet.

Fig. 19.6, 19.7, 19.8: The progress of three spring driven pellets is traced in
these pictures. It is clear that as the pellet advances the airflow and shock
waves behind it decay until the pellet is flying without much disturbance to the
air around it.
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Fig. 19.9: Eight further spring driven pellets, including a ball. The small vertical

object near the muzzle in these pictures is the detector of the infra red beam
which is broken by the pellet as it passes.

L] | —

Fig. 19.10: The enormous energy remaining in the air as it leaves the muzzle
of a pneumatic is demonstrated by these darts.

Fig 19.11: These two show that air passed the dart's body as it was driven up
the barrel and stripped some loose hairs from its tail and blew them out of the
muzzle ahead of the dart. At same time the tail of the dart was expanded by the
air ahead of it.

Fig. 19.12: A selection of pellets as they leave the muzzle of a pneumatic.
Fig. 19.13: This series shows pellets leaving a muzzle that has been damaged
and are yawing badly. Although this is unacceptable in a normal rifle, the
introduction of yaw is a normal procedure in the development of a new missile
as its study yields information about the missile's characteristics.
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fig.19.12

fig.19.13

fig.19.11
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fig.19.15
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Fig. 19.14: A series of dome headed pellets as they leave the muzzle ang
travel down range. The wave seen in front of the first three pellets is in fact the
air that travelled up the barrel in front of the pellet.

Fig. 19.15: Another selection of pellets similar to those seen in fig. 19.9, bt
these were fired from a pneumatic.

Theoretical Ballistics

Text books on gunnery, when talking about a trajectory, start off by
describing the theoretically perfect curve of a projectile when fired in a vacuum.
In that situation a pellet could not lose velocity due to air resistance, it would
attain its maximum range when the barrel was set at an elevation of forty five
degrees and the pellet would land at the same velocity with which it left the
muzzle. Certainly it would lose velocity as it climbed upwards, but it would
reagian it all on the return trip. Not many of us are ever likely to put this
perfection to the test until an airgunner reserves a ticket to the moon for the
pleasure of shooting in a vacuum!

However, here on earth once the pellet leaves the muzzle it becomes
subject to our laws of exterior ballistics. Air resistance and gravity being the
main headings for these. The earth's gravity causes the pellet to fall at an
acceleration rate of 32.2 Ft.per second for every second it is in flight, while at
the same time the resistance of the air causes it to slow down. So, as its speed
decreases due to air drag it falls further during each succeeding interval of time;
also the maximum range is achieved when the barrel is elevated to an angle
somewhere between 30 and 35 degrees.

A similar trajectory to that of a pellet may be easily observed in the path
taken by the jet from a hose pipe. As the fast flowing water leaves the nozzle
it appears to travel in a straight line for a short distance, but as the friction
caused by the surrounding air slows it down it falls to earth in a smooth curve.

The rudiments of this complicated science go right back to the beginning
of mankind's need to hunt, bows and arrows are a reasonable starting point.
Robin Hood had to learn how far to aim above the target to allow for the fall of
his arrows, but obviously calculations became more important with the coming
of gunpowder. The chief stumbling block to the study of cannon balls was the
lack of suitable timing equipment and many odd theories were arrived at 10
describe their flight. It was thought, at one time, that after leaving the gun they
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travelled in a straight line then followed a curved path as they changed direction
pefore falling to earth in another straight line.

The mathematical study of exterior ballistics is a bottomless pit, the more
you know about it the more there is to know, it can cover everything from our
humble pellets, to military shells and then on to the study of space rockets. The
deeper one delves into the subject the more complicated the mathematics
become. There are few books available on the subject, so anyone wishing to
pursue the science further must visit a library and ask them to obtain a work on
this specialised subject. In this chapter we will confine ourselves to the sections
which have an observable influence on our tiny pellet's flight during the short
time and distance it is in the air.

Such subjects as the rotation of the earth, variations in temperature and
humidity, as well as barometric pressure may well be taken into account when
shooting up to a thousand yards at Bisley but are well outside the sphere of
airguns, though we will say something about the Magnus effect and wind drift.
The problems associated with supersonic velocities will however not be
covered.

Pellet Trajectory
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One of the first subjects for our study was pellet drop. We did a ve
careful experiment to establish the difference between the theory and practice
of pellet fall. We soon found that when fired over a distance of thirty yards 177
pellets dropped about 0.3 of an inch further than calculated while .22 caliprg
pellets dropped 0.03 of an inch less than expected. They were all fired gt
velocities of 815 and 590 FPS respectively, that is maintaining a muzzle energy
of 12 Ft. Lbs. in each calibre. The curves are shown in Fig. 19.16. The exact
reason for this anomaly was never found, but it is probable that as the peliet
flies the aerodynamics of its shape causes some pellets to experience a sma||
amount of lift as they fly, while others may- be forced downwards. This is g
phenomenon which effects many other projectiles, so we were not surprised
to find it in the flight of a pellet also.

The cause of this difference in the fall of the pellet is not the same as that
which makes footballs or tennis balls suddenly rise, dip or swerve in mid flight,
that curving results from the spin of the ball and is in fact caused by the
Magnus effect. The curved flight induced by the Magnus effect results from a
higher pressure being generated on one side of a spinning object like a tennis
ball as it flies through the air. If the ball, as it leaves the player, is spinning
about its horizontal axis with its top moving backwards towards the player then
the ball will tend to climb because the airflow over its top tends to stay with the
surface of the ball creating an area of increased pressure behind and slightly
below the ball forcing it upwards. If the ball is rotating about its vertical axis its
flight will curve towards the side that is moving back towards the player. Careful
observation during a tennis or football match will often reveal this uncanny
curve in the ball's flight as it travels to the target. Since our pellets usually spin
clockwise about their fore and aft axis, the only drift they can generate is
sideways and to the right. All spin stabilized pellets drift in the direction of their
spin, however only a very small part of this drift is caused by the Magnus e/feci,
the main cause of the drift is the gyroscopic stabilization itself. As the pellet tries
to change direction earthwards the gyroscopic action causes it to point slightly
to the right which produces a lift force pointing to the right. The rate of drift
increases further down range because the longer the drift force acts on the
pellet the faster it is moving to the right and hence the larger the drift.

We carried out several checks on the setting up of the equipment just in
case the extra lift or fall was being caused by an apparatus error, the chief
suspect was the height of the target relative to the muzzle because it is not
easy to position two points accurately when they are thirty yards apart. We
solved this problem by using a translucent hose pipe filled with coloured water:
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provided there are no large bubbles in it, each end surface of the water in the
pipe must be at the same level, thus we can use these two points to set up the
rifle and target at exactly the same level.

The obvious gun to be used during this experiment was our projector. We
first checked that the barrel was mounted dead straight and level, but even
setting a barrel correctly by use of an engineer's spirit level is no guarantee that
it will shoot level, it may have internal faults which throw the pellet off course.
We overcame this difficulty by a process that came to be known as ‘“shooting
the barrel round’. This involved rotating the barrel within the projector's
mounting rings and firing shots at about thirty degree intervals so as to establish
exactly where each pellet printed on the target sheet. Some barrels were
capable of producing a smaller circle of prints than others, very few give a tight
ragged hole. Once a full circle of prints had been established, the barrel could
be positioned so that the shots landed in either the 9 or 3 o'clock position, in
other words the barrel was shooting either left or right, but not up or down. In
this experiment, where we were examining only the pellet's drop, the fact that
the shots were going left or right was of no consequence.

We used a chrono to measure the total time of flight and then calculated
the theoretical drop (D) based on that time, using the equation:

D = 1/2gt® x 12.
Where g is 32.2, t is in seconds and D in inches.

(This may be simplified into multiplying the time of flight by itself and then
by 193.2).

Notice that there has been no mention of the pellet's weight, this is
because weight, or more correctly “mass", is of no importance of determining
drop. A heavy body falls at exactly the same rate of acceleration as a light one,
32.2 Ft. per second per second, commonly known as g. In other words after the
first second of its fall it will have accelerated downwards to a velocity of 32.2
FPS, after the next second it will have further accelerated to 64.4 FPS, and so
on. Sir Isaac Newton reassured himself on this point by dropping objects from
the dome of St. Paul's Cathedral. It must be remembered that g is an
acceleration not a distance. If one asks the question, how far will an object fall
In one second and then uses the above equation to calculate the answer, one
realises that the distance is 193.2 inches, or 16 feet, not 32.2 feet.
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A brief divercion, we sometimes speak of weight and sometimes of magg
If a communications satellite weighing one ton here on earth is taken up to jtg
orbit in space it becomes ‘weightless’. This is because its velocity in orbjt
around the earth generates enough centrifugal force to exactly counterbalance
the pull of the earth's gravity; the satellite has obviously not lost any of its mass
It may therefore be said that mass is what is left of a body after the pull of
gravity has been removed.

Looking at acceleration in terms of a motor car. Its capability to increase
speed depends on two factors, the engine's power and the total weight of the
vehicle. A powerful engine in a light body will offer a high rate of acceleration,
conversely a low powered engine in a heavy body will result in poor
acceleration. In the case of a falling body, gravity provides the motive power
and has a greater attractive force on heavy bodies than light ones. One might
therefore expect heavy bodies to fall faster than light ones, but this is not the
case because heavy bodies, by virtue of their greater mass are accelerated
more slowly than light ones. These two contradicting factors, the increased
attraction and the diminished acceleration cancel each other out resulting in the
constant value g for all bodies whatever their weight.

It must be realised however that the basic value of g is determined by the
fall of an object in a vacuum and it also varies very slightly in different areas of
the world. Nevertheless the difference in acceleration between a pellet dropped
in a vacuum and one dropped in air, anywhere on the earth, is so small over
the velocities with which we are concemed that it must be ignored. However if
one considers a parachutist or a feather the situation is very different, here air
resistance becomes the major factor, reducing the rate of acceleration
considerably, because the surface area is so large relative the its weight.

From the previous equation it is clear that the only factor influencing the
drop of a pellet is the time (t) during which it is in flight. This time is of course
controlled by two factors, the muzzle velocity and the drag which the air exerts
on the pellet slowing it down throughout its flight. It is the influence of these WO
factors which encourage rifle and ammunition makers to seek higher velocilies
and projectiles with reduced drag. The quicker the pellet can reach its targe! the
less time it will have in which to fall, therefore the curve of the trajectory will be
reduced. This in turn will simplify the alteration of the sights to compensate for
increased ranges.
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We based our calculation for the pellet's drop (Fig. 19.16) solely on the
time taken for it to travel between the muzzle and a target set thirty yards away,
a reasonable distance for an airgun. We assumed that the pellet travelled in
a straight line between the two points, although we know that in fact it followed
the slightly longer path of its curved trajectory. In this situation the difference
between the two distances is negligible. But we must make the point that as the
range increases, and therefore the necessary elevation of the muzzle, (possibly
beyond a point which is acceptable for shooting with an air rifle) the trajectory
will become so pronounced that the flight distance, and therefore its time, will
be increased considerably. If we were to allow for a curved trajectory the
calculation of the drop would become very complicated indeed and well outside
the sphere of airgun ballistics.

The control of muzzle velocity has already been discussed in the earlier
chapters, so we must now concentrate on the drag which slows the pellet down
after it has left the muzzle and how it effects the flight time. This is important
because once the time of flight of a projectile to any point along its trajectory
is known, its velocity at that spot can also be calculated. Therefore its velocity
loss, or retardation, over short intervals of the total distance may also be found.
It must however, be borne in mind when dealing with a pellet in flight that it is
not being slowed down at a constant rate, the greater the velocity the greater
the retardation. When the pellet's velocity has fallen by half, the air resistance
to its progress has been reduced to a quarter. This situation is called a square
law.

The square law is not a difficult concept to understand if one looks at the
situation the other way round. If we wish to double the velocity of a pellet, we
must be prepared to increase the input energy four times. This is because the
resistance applied by the air to any moving object increases four times when
the velocity is doubled (see Chapter 7). There is a limit to this straight forward
increase in resistance, depending slightly on the shape of the pellet, it will occur
at about 700 FPS upwards. In the instance of a dome headed pellet the air
must move faster as it flows over the blunt dome and its speed may therefore
become close to the speed of sound at that point, therefore the total resistance
must also increase steeply. From this it is obvious that any figure used to
describe the resistance of the air to a pellet's flight can only be perfectly correct
at one particular velocity.

The speed of sound in the atmosphere at the standard temperature and
pressure, is 1,116.5 FPS (usually quoted as 1,100 FPS) but the air resistance
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rises steeply above this figure and other laws apply. Since most airguns
produce velocities below the speed of sound we will confine our calculations o
sub sonics.

Each different calibre, pellet shape, or velocity will alter the retardation
characteristics of a pellet and in the very practical world of airguns such terms
as “Ballistic Coefficient” or "Ballistic Tables"have very little relevance because
we normally set our rifle's sights by trial and error to suit a particular pellet,
Also, we learn from experience by how much we should alter our sights or aim
above the target to allow for the pellet's fall as the range increases. The
majority of pellets have similar ballistic characteristics in each calibre, therefore
at acceptable airgun ranges, only a small alteration to the sight is necessary to
accommodate the difference when the brand or shape of the pellet is changed.

Generally the cost of our pellets is negligible and we are therefore
perfectly happy to expend as many shots as necessary when adjusting our
sights. We would not normally consider sitting down with a calculator to work
out the sight setting for a target a certain distance away, even if we had enough
information about the pellet's ballistic characteristics to do so in the first place.
Also, the calculation would require an accurate range finding facility, which
although perfectly possible with a modern scope, it is not likely to be employed
in the field as part of a calculated trajectory when the target is a rabbit.

On the other hand the situation with an artillery shell is totally different, the
cost of one shell probably exceeds that of our best rifle, it is also very important
that the first shell lands on, or as close as possible to the target. In the field of
naval gunnery theoretical ballistics becomes even more important, especially
when the target is out of sight over the horizon. Few of their equations are
applicable to our tiny pellets, their calculations concern supersonic flight, al:—:p
allowances for the earth's rotation must be made for the time the shell is in
flight, a factor unlikely to trouble us very much.

Although we have indicated that the theory of ballistics has little place in
the field of airguns we feel that this fascinating subject is well worth description.
Future pellets may have characteristics so different to those available at present
that an understanding of the terms used in ballistics may be the only way bY
which accurate comparisons will be possible.

Over the years we have seen articles in which Ballistic Tables and
Ballistic Coefficients have been discussed, yet when we tried to translate these
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into useful information about the flight of a pellet we found there were flaws in
the argument. Text books often cover the subject in too much depth, bringing
in details and problems which have no place in airgunning. We finally
abandoned our efforts to unravel the tangle and asked our friend Miles Morris
to help us to sort out the important facts for us.

The most common term used when describing the performance of a
projectile is its “Ballistic Coefficient” C. We have all come across this term and
no doubt imagined that if only we could fully understand its meaning we would
be able to solve all our accuracy problems. This would be far from the truth,
firstly because C has nothing to do with accuracy as such, it is mainly a term
which compares the performance of a projectile with that of a "standard shell"
whose behaviour and characteristics have been studied in great detail.

However, within the context of airguns Cis not the best coefficient to use
because it embodies corrections for atmospheric conditions, these, as we have
already pointed out are of no interest to us at all. We will therefore use the term
CO which is better suited to our application.

The first equation we should look at when we are considering the
theoretical and scientific study of a pellet's passage through the air is the one
which determines its sectional density. The sectional density describes the
pellet's fundamental characteristic relative to the air. It is the ratio of the pellet's
mass to its diameter.

Sectional Density = W
d 2
Where W = the weight of the pellet in pounds.
d = the diameter of the pellet in inches.

: For a first example we will look at a light weight .22 pellet weighing 12
grains, not forgetting that there are 7,000 grains in a pound, so 12 must be
divided by 7,000 to give 0.001714 of a pound. Also that 0.22% = 0.0484

Thus Sectional Density = 0.001714 = 0.03595
0.0484
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Suppose we look now at another .22 pellet, but this one weighs 20 grains,

Sectional Density = 0.002875 = 0.05903
0.0484

These figure then are the sectional densities of the pellets, although the
mass is in pounds and the diameter in inches these units are not normally
quoted. It is only the ratio which is useful to us and enables us to continue our
calculations.

All other things being equal the second of the two pellets should go further
for the same muzzle velocity, because being heavier it will have stored more
energy. But suppose the first pellet had a far better aerodynamic shape than the
second, then our simple comparison is not correct, we must look further and
allow for the difference in drag.

The same simple equation with the addition of the form factor /takes us
to the basic equation for determining the Ballistic Coefficient CO. We don't have
to concern ourselves directly with the value of the form factor of the pellet we
are using because it is already included in the coefficient CO.

CO = W
i d?

The letter /is the form factor, or shape and steadiness factor for he
particular pellet being used, it is a very important item and has a large effect on
the final figure, especially at high velocities. As we have already seen in he
previous chapter there is a large difference between the drag on a flat headed
pellet and one with a round or pointed head. The value of the form factor aliers
with velocity, so unless the pellet's flight characteristics are known there is N0
further we can go with the calculation.

It is not too difficult to arrive at the values of CO and /if we have 2
chrono, or better still two chronos with which we can measure the velocity of
every pellet at two points along its flight path. If only one chrono is availa ble
then an accurate average of velocities at each position must be established, (€
number of shots fired to obtain this figure is a matter of experience with the fle
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and pellet in question, but it is advisable to ignore any very high or very low
readings so that the figure used represents a consistent average.

Ballistic Tables

The Ballistic Tables shown on the following page are reproduced from the

from the original 1928 Ballistic Tables, whose formulation is beyond the scope
of this present work.

We can use these to determine various characteristics of the pellet's flight:
Suppose the muzzle velocity of a 10 grain .177 pellet is 700 FPS and the
velocity at a point 90 feet away is 600 FPS. We can using the tables determine
the ballistic coefficient CO:

V, =700 FPS Muzzle Velocity From the table (S): S, = 48932.3
V2 =600 FPS at D = 90ft From the table (S): S, = 44937.2

Subtracting (S, - S,) = 3995.1

Now CO= D = _90 =0.0225
(S,-S,) 39951

Thus under these conditions CO = 0.0225

However if we now wish to know the value of 7, the form factor, we can
use the previous equation thus:

= Sectional Density = _W/d® = 0.0456 = 2.027
co co 0.0225

The tables may be used in the following manner to determine
the velocity at any point down range as long as its COand muzzle velocity are
known. Suppose we wish to know the velocity of the same pellet at 60 Ft. when
its muzzle velocity is 700 FPS and its CO 0.0225.

From previous: (S,-S,) = D =_60 = 2666.7
CO 0.0225

Now looking up the value of S (S,) in the table at 700 FPS: = 48932.3
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Vvel T Sdist. V vel. T S dist.
(FPS) (Feet) (FPS) (Feet)
400 177.26 34645.2 770 207.946 51420.4
410 178.78 35260.8 780 208.382 51758.3
420 180.23 35862.6 790 208.807 52091.9
430 181.62 36453.3 800 209.222 52421.8
440 182.95 37031.8 810 209.627 52747.8
450 184.22 37957.0 820 210.023 53070.5
460 185.44 38152.1 830 210.410 53389.8
470 186.61 38696.1 840 210.788 53705.4
480 187.73 39228.1 850 211.155 54015.5
490 188.81 39751.9 860 211.508 54317.3
500 189.85 40266.7 870 211.847 54610.5
510 190.847 40770.2 880 212.173 54895.8
520 191.806 41264.1 890 212.487 55173.7
530 192.731 41749.7 900 212.789 55444.0
540 193.625 42228.0 910 213.079 55706.5
550 194.489 42698.9 920 213.359 55962.7
560 195.323 43161.8 930 213.629 56212.5
570 196.127 43616.1 940 213.890 56456.5
580 196.905 44063.5 950 214.142 56694.6
590 197.658 44504.6 960 214.38 56927.6
600 198.386 44937.2 970 214.622 57155.3
610 199.091 45363.7 980 214.850 57377.6
620 199.774  45783.7 990 215.070 57594.3
630 200.437 46198.6 1000 215.282 57805.2
640 201.080 46606.4 1010 215.487 58011.2
650 201.703 47008.2 1020 215.686 58213.2
660 202.308 47404.5 1030 215.880 58412.1
670 202.895 47794.8 1040 216.070 58608.7
680 203.465 48179.6 1050 216.252 58798.9
690 204.018 48558.4 1060 216.424  58980.4
700 204.556 48932.3 1070 216.586 59152.9
710 205.080 49301.7 1080 216.739 59317.4
720 205.590 49666.4 1090 216.884 59474.7
730 206.086 50026.0 1100 217.021  59624.7
740 206.569 50381.0 1110 217.151  59768.3
750 204.040 50731.9 1120 217.274 59905.4
760 207.499 51078.4 1130 217.390 60035.9
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Now: S, =S, - 2666.7 = 46265.6

From the tables the nearest value of S to this is 46198.1 or 46606.4,
taking for simplicity the 46198.1 value since that is the nearer of the two. A
velocity of 630 FPS appears in the corresponding first column. This then is the
velocity of the pellet 60 Ft. (20 yards) away from the rifle.

If we had wanted to know the time of flight to the point 60 Ft. away we
would go back to the tables and look at the value of T when V equals 630 FPS.
A value of 200.437 is shown. At the same time we must look up the value of T
when V is 700 FPS, this is 204.556.

Now: T,-T,=4.119
Time of flight t = T x CO = 0.0927 seconds.

If we had wanted to do the above calculation more accurately, then we
should find the exact value for the velocity at S = 46265.6 by proportion from
the two figures either side. In this case the value of V would have come to
631.7 FPS and the value of 7would be 200.543 giving a time of flight of 0.0903
seconds.

As a check on the above calculations, we used figures obtained during
earlier experiments, in that instance a .22 pellet was used. The muzzle velocity
was 590 FPS and the velocity at 90 feet was 519 FPS. These figures gave us
a COvalue of 0.02777. Using this value of CO we calculated the velocity to be
550 FPS at 50 feet, whereas the observed velocity at this distance was 549
FPS. The calculated time of flight over distance was 0.088 seconds, while the
observed time of flight was 0.083 seconds. In other words the predicted values
were the same as those observed in practice.

Repeating the calculation for determining CObut this time over a distance
of 20 feet with the same muzzle velocity of 590 FPS and a final velocity 587
FPS, the value of COchanged slightly to 0.1510. This difference demonstrates
that the value of CO, in the case of an airgun pellet, changes slightly depending
upon the velocity or how much of the trajectory is used as a basis for its
Calculation. From this it is clear that when establishing the COof a certain pellet
it is well worth going to the trouble of obtaining figures representative of the
velocity and distance over which the pellet is likely to be fired. In the case of a
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bullet which has considerably less drag the same value of Ballistic Coefficient
is acceptable through out a large span of velocities and ranges.

Using the above figures and the earlier equation for drop, the fall of the
pellet may be calculated for each of a number of points along the pellet's flight
path. From these drop figures it is not difficult to construct the curve followeq
by the pellet as it flies, also the maximum reasonable range for that pellet.
Obviously the barrel of the rifle will have to be tilted up slightly to allow for the
pellet's fall, thus increasing its flight distance, but this will be ignored in our
calculations because the difference between the actual distance and that
followed by an airgun pellet is small. The greater the distance to the target the
greater the elevation of the barrel will have to be to compensate for the
increased flight time and therefore pellet drop.

We carried out the calculations for the pellet we mentioned earlier whose
COwas 0.02777 to give us the following drop values.

Dist.Ft. 20 30 40 50 60 70 80 90
Drop.Ins. 25 50 .92 1.47 221 357 4.28 5.13

It must be admitted that this was a long and patience defying task. First the
velocity at each point had to be calculated, then the flight time to that point and
finally the drop produced by the flight time. Of course we used a calculator, but
as we worked we remembered the early ballisticians who before 1890 produced
the tables, also the gunners who had to use them prior to the age of computers.

1 | 1 —]
— —
10 50

RAMGE IN FEET
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From the above drop figures we drew three curves. (Fig. 19.17) Curve
A is drawn exactly from the listed figures and shows the pellet's trajectory when
it is fired from a rifle whose barrel is held horizontally, this is the simplest way
to initially visualise the curve. However, in practice we need to know what the
curve looks like at certain distances from the muzzle so that we can compare
different types of pellet. This is not difficult to achieve because all we need to
do is bend a piece of soft wire to the shape of the curve and then swing it up
pivoting it about the point which represents the muzzle. When the wire crosses
a vertical line relative to the distance we are shooting at we can now see the
curved path of the pellet relative to that point, this is illustrated by curves B and
C which are drawn for ranges of 50 and 90 feet respectively. We can also see
what happens to that pellet both before and beyond the point at which we
zeroed the rifle. This system is perfectly adequate for airgunners shooting at
normal distances and at reasonable elevations or depressions of the barrel, but
if the target is very much higher or lower relative to the gun we have to make
a reduced allowance which must be based on experience.

If one wishes to know the acceptable maximum range for the rifle and
pellet combination it is not difficult to continue calculations further down range,
well beyond the 30 yards where we have stopped. From these figures we can
see the shape of the trajectory at these distances and decide whether shooting
at such ranges is practical.

Some years ago an enthusiast carried out a detailed experiment and
found that .22 pellets could travel slightly over 300 yards, while .177 fell
somewhat short of this range. Each calibre was fired at an energy of 12 Ft. Lbs.
However at these distances the muzzle had to be raised to unusable elevations
and of course the pellets fell over a very wide area.

A difficulty now arises as far as the airgunner is concerned, the only way
in which a barrel can be preset to guarantee the pellet will arrive correctly on
the target is by measuring the angle through which it is tilted relative to the
ground. Measuring this angle is the procedure used when setting up an artillery
piece, but it is of no practical help in our sphere of ballistics, we have no
convenient means of measuring angles. However as long as we know that our
rifle is correctly zeroed at a certain range we cari see from the curve how much
"hold over" or "hold under" must be applied to hit a target at a different range.

It has been said that, "calculations are an idealised system of analysis."
This seems to be a very true statement when dealing with an airgun trajectory.
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It is very easy to get seduced into using three or four places of decimals on g
pocket calculator or computer, yet common sense tells us that in practice ng
two pellets ever land that close to one another, and in any case one cant
measure a pellet's position to a thousandth of an inch. Neither must we forget
that the original pellet's characteristics will have been based on the average of
a number of shots, so the figures must be viewed with a certain amount of
uncertainty. This uncertainty factor is further compounded by having to ignore
other small elements such as a pellet's possible aerodynamic lift. This all brings
us back to the earlier statement that an understanding of a ballistic coefficiant
is not a guarantee of successful shooting, but it does perhaps help in
understanding why we miss.

It might not be out of place here to define the ballstic coefficient thus: It
is a multiplier expressing the relationship of the standard drag function to the
actual. Or in other words, the ratio of the former to the latter. The standard drag
function being that of a known projectile whose performance in flight has been
studied in great detail. However, in our case we are having to compare the
characteristics of our pellets with those of a military shell because ballistic
tables were developed using a small shell as the "standard” round.

The use of the ballistic coefficient as the basis for the study of projectiles
has, in recent years, been largely replaced by the term “Drag Coefficient". Cd.
This figure takes advantage of the ease with which we can now measure
velocity, also the value of Cd relates to the particular projectile or pellet in
question and is not a ‘comparison’ relating it to a standard. It is therefore a
figure which represents the pellet's flight characteristics more accurately than
Cco.

Cod=_M Ln( g,]
KS vV,

M = Weight of pellet in grains.
V, = Muzzle velocity. FPS.

V, = Velocity at target. FPS. .
K = A Constant.

S = Range in yards.

K for: A77 =0.1374, .20 =0.17514,
.22  =0.20529, .25 =0.27365.
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Taking figures from actual shooting experiments we found that for a
typical .177 round headed pellet flying at 750 FPS over 30 yds. Cd'is 0.590 and
that for a similar shaped .22 pellet flying at 770 FPS over 30 yds. Cd'is 0.480.
When calculating and comparing the Cd'values for different pellets the velocity
and distance in each case must be the same. A low value of Cdindicates a low
value of drag on that pellet.

In the previous chapter we measured the drag of a pellet in the wind
tunnel, the figures we obtained, in grains, may now be directly converted to give
the Cd of the pellet at the velocity of the air over the pellet while in the tunnel
which was about 130 FPS. The drag force exerted on the pellet must be divided
by a factor which depends on its calibre these are:

177 is 24.01, .20is 30.6, .22is 35.87, .25is47.81

Thus for the case of the typical .177 the force on the pellet was 12 grains
so after dividing this by 24.01 a Cd of 0.499 is produced. In the case of the .22
a Cdof 0.348 is produced after dividing the force of 12.5 grains by 35.87.

Knowing Cd'it is possible to calculate the time of flight using the following
equation.

t= _3M (;+_1_]
Kcd \v, v,

It is also possible to calculate the time of flight if Cd'is unknown, by
using.

(&%)
3s\v, V,

Ln (V/V,)

M is the weight of the pellet in grains, S is the distance in yards and
K is the constant used in the earlier equation.
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One of the most difficult skills to learn in airgunning is how much
allowance to make when shooting on a windy day. This subject is made even
more difficult because the wind seldom blows steadily from one direction but
there is an equation which may be of help. It is called the Rifleman's Forr ula.

D=W(T-T,)

D = Deflection of pellet in feet.

W = Wind velocity in FPS straight across the trajectory.

T = Time of pellet's flight to target.

T, = The time it would take for the pellet to cover the same distance in
a vacuum. The pellet would then travel the whole distance a1 jts
muzzle velocity. '

Suppose a pellet leaves the muzzle at 600 FPS and travels 90 Fi. (30
Yds.) to the target, but there is a crosswind of 1 Mile per Hour blowing. (1 MPH
equals 1.4667 FPS) Using the tables it can be found that the time of flight for
the pellet would be about 0.165 second in the air, in a vacuum it would be .150
secs. The deflection caused by the wind would be .022 feet, or 0.264 inches.

SIDEWIND DIRECTION.

-
I

PELLET HEADWIND. \|

COMBINED RELATIVE WIND
AS SEEN BY PELLET.

DIRECTION OF FLIGHT.

fig.19.18
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This is a somewhat theoretical way out of a difficult situation since it
assumes that the wind is blowing consistently and the marksman knows all
about his pellet's ballistics.

The small sketch (fig.19.18) shows, in an exaggerated manner, how a
pellet reacts to a side wind blowing from the right, it is clear that the pellet has
turned slightly to its right as it flies. It has turned to face what it sees as its head
wind, this wind is the combination of the air flowing over it as it travels forward
as well as that coming from its right. The drag of the pellet now acts in the
direction of the relative wind and is therefore at an angle to the direction of the
pellet's flight. It is this drag force acting at an angle to the pellet's true flight
direction which causes the pellet to drift down wind. The marksman must
therefore allow for this drift by aiming slightly to the right of the target. If the
pellet had no drag at all it would turn to face the relative wind but would
continue with its original flight path. This is the situation which applies to rockets
while their “sustainer motor" is running, this motor produces just enough thrust
to eliminate the drag. However, while the main motor is burning and there is
more thrust than drag the rocket will drift into the wind, but as soon as this
motor goes out the rocket will start to drift down wind like any other projectile.
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Chapter 20
ACCURACY

Up until now the accuracy of shots has not been discussed in detail,
because hard experience has impressed on us that one must know a great deal
about the peculiarities of airguns and their pellets before a critical study of their
accuracy is a worthwhile project. Although we must admit that at the outset of
our investigations we spent many happy hours one Summer (1972) shooting in
a farmer's field in the hope of unravelling the mysteries of accuracy.

It could be argued that one of the most important characteristics of any
rifle is consistency of velocity, this quality, although very significant, may be
shown by calculation, not to be quite so critical. We all expect that the velocity
of a good rifle won't vary by more than a few feet per second, but if we take an
extreme case and calculate the drop of two consecutive pellets whose muzzle
velocities are separated by 20 FPS we find that the difference in the point of
impact will be found to be very small indeed.

The difference in height may be calculated by referring to the previous
chapter. A 0.177 pellet whose muzzle velocity is 700 FPS and whose CO is
0.0225 takes 0.0903 seconds to travel 60 feet. If the same calculation is carried
out again for the same pellet, but this time with a muzzle velocity of only 680
FPS it will take 0.0906 secs to reach the same target. If we use both these
flight time values to calculate the drop distance for the two velocities, we find
that the first pellet fell 1.57 inches during its flight while the second slower one
fell 1.58 inches. A difference of only ten thousandths of an inch ! Twenty feet
per second difference between two consecutive shots from a modern rifle is
very inconsistent indeed, yet even at that wide variation the two points of impact
calculate to a tiny fraction of an inch at 20 yards. That is by calculation, and
we already know that calculations in airgunning can be suspect.

We have always been painfully aware throughout our previous
experiments that our groups tended to be much larger than calculations would
indicate. They were also larger than skilled airgunners could produce. We were
also aware, not only from our own work, but from discussions with other
enthusiasts too, that although some brands of pellet had a greater accuracy
capability than others, they did not always live up to their capability in each and
every rifle. This has lead to the piece of advice handed out to newcomers by
experienced airgunners when they ask about suitable ammunition: "Try as many
brands of pellet as you can, then settle on the type which you find to be the
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most satisfactory in your rifle". This we have always felt is a very Negative
statement to make, and likely to put off any newcomer to the sport; surely jt
should be possible to tell a newcomer which type of pellet will be the most
accurate in his gun on the day he buys it. ‘

Obviously there were accuracy factors of which we were not aware, so we
decided on a very practical approach; but as we debated our strategy we
realised that many months would pass before a conclusion might be realised,
Nevertheless a long and patience defying study was embarked upon and aboyt @
2,000 shots would have to be fired in two calibres before it was complete. ‘

1200 PSI
894 FPS

845 FPS

Three barrels in .177 were selected and four in .22. At the same time six
different types of .177 pellets were selected and four in .22. We again used the ®
projector to fire the shots so that we could take advantage of its solid mounting
and variable power capability. Each barrel/pellet combination was tested at five
pressure settings increasing in increments of 200 PSI. The .22 series starting
at 200 PSI and the .177 at 400 PSI. In each series these pressures produced
velocities encompassing figures which would give powers in the region of 12 L
Ft.Lbs. of muzzle energy.

1000 PSI

800 PSI
777 FPS
- L7777

The distance in every case was thirty yards, and each pellet was treated '
in the same manner, that is it was taken from the tin and lightly lubricated with e
ordinary engine oil before being pushed a quarter of an inch into the breech,

and therefore the rifling, ready for firing. Every shot was monitored by a chrono
and any which fell well above or below the average velocity were ignored, as
also were any which turned out to be flyers, that is landing well away from the
main group. We bought a second hand security TV camera and monitor to view
the target from the firing point. This relatively small investment saved hours of ®
walking to the target, while at the same time made the job more pleasurable,

especially in bad weather.

600 PSI
699 FPS

As the experiment progressed it became very clear that velocity played
a large part in the size of the group, but without any definite law. In some
combinations of pellets and barrel, a group would start off small at the lowest o
velocity then steadily open out as the velocity increased, others would do the
exact opposite becoming smaller as the velocity increased. In one or WO

Q@
combinations the group would decrease to a minimum during the first (wo ® ?

400 PSI
595 FPS

pressure settings, then open out again during the final two. ®
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1000 PSI
859 FPS

800 PSI
781 FPS

One Inch.
600 PSI
709 FPS

400 PSI
603 FPS

200 PSI
456 FPS
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Fig 20.1. shows how the group size altered depending on the velocity,
the case of the .177 the group size is smallest at the highest velocity. On ihn
other h_and the .22 reduces to minimum and then opens up again. The smal'eset‘
group in the whole series could easily be covered by a half inch circle the
largest scatter needed a three inch circle to include all the pellet holes. |

As we steadily worked our way through all the possible combinations and
the results were slowly appearing, we became concerned that our solidl
_moprjted barrels were not giving results as good as those being claimed b§
individual marksmen shooting off hand. So, as an indication of what might
happen if our barrel were mounted in a stock and fired from the shoulder we
again used the rubber mountings that we mentioned in chapter nine when we
were discussing barrel vibration. The resiliently mounted barrel immediately
_reduced the size of the group from half an inch to about three eighths of an
inch, but even this does not match the group sizes claimed by experts in off
hand shooting.

This raises the interesting question of why a solidly clamped barre! does
not produce groups as close as those of a skilled marksman. It is surprising but
experience has shown, contrary to expectations, a pneumatic poweredu rifle
barrel clamped very firmly does not necessarily produce groups as close, if not
closer, than those obtained by conventional shooting.

‘However. it is clear from our extensive experiment that the groups
oblalnal_}le from any rifle fired from the shoulder must also alter in their size
depending on the combination of barrel, pellet and power. From this it follows
that the advice, "Try as many brands of pellet as possible" is good advice.
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Chapter 21
THE MEASUREMENT OF VELOCITY

The measurement of a projectile's velocity is of the utmost importance to the
study of external ballistics, also to the development of any new pellet. The
chrono is as essential to the ballistician as the speedometer is to the motor car
enthusiast, without it he can make little progress or gain factual information from
his experiments.

Positive figures for velocity could not be established until Benjamin Robins
(1707-1751) invented the Ballistic Pendulum. His purely mechanical system
relied for its accuracy on Newton's third law of motion, which states, "Every
action on a body produces an equal and opposite reaction." This means that
every time his heavy pendulum was struck by a lightweight projectile it swung
back with the same momentum as the projectile contained before it hit. In other
words the law of the "Conservation of Momentum" was upheld, therefore as
long as the weights of the projectile and the pendulum were known, the velocity
of the projectile could be calculated from the distance through which the
pendulum lifted as it was driven back. Some years ago we developed a
miniature version of this pendulum (fig. 21.1) scaled down for use with air rifles,
the design and mathematics of this instrument were described in detail in our
previous book “The Air Gun from Trigger to Muzzle" In all probability our
pendulum was far more accurate in its scaled down version than the original
monster which was used to measure the velocity of cannon balls. Of course we
had the huge advantage of calibration from an electronic chrono.

About the beginning of the present century an alternative device was
developed by Boulangé, again it was a mechanical system but electrically
controlled. At the start of its journey the projectile broke a wire grid carrying an
electric current which allowed a long weight to fall as the bullet passed, at the
far end of its flight another grid was broken causing a knife to mark the falling
weight at a point indicating the distance through which it had dropped. The time
of the projectile's flight could then be calculated from the position of the mark
on the weight. With the coming of electronics; first valves and then the
transistor, the timing of the flight of our tiny pellets has become a fairly simple
matter. The modern chrono now costs less than a good rifle and is as accurate
as any to be found in professional establishments, an amazing reversal of the
situation that existed only a generation ago.
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Throughout this work, when speaking of velocity measurement we haye
usually used the word chrono; the shortened name follows in much the samg
direction as we airgunners speak of a scope when we really mean a telescopic
sight; it is also a far more convenient name in both writing and conversation,
Many books use the word chronograph, or chronoscope, when the correct name
should be chronometer. All these long names have been derived from the
Greek where: Chronos, Graphein, Skopein and Metron all mean, respectively:
time, to write, to see and to measure. Inevitably the only correct combination of
these words must be "Time" and "to measure". No modern instrument either
writes or sees time. So we feel that although the correct word is undoubtedly
chronometer, the shortened version "chrono” is perfectly acceptable in modem
terminology.

fig. 21.1

The system whereby the velocity of a pellet is measured is much (he
same as that used during an athletics meeting. Light beams are set up at a
carefully measured distance apart, as the athlete breaks the first beam an
electronic clock starts counting, then as the second beam is interrupted he
clock is stopped. In athletics the clock is only required to display hundredths of
a second, but in our case we must be able to read millionths. In other words our
time base must run at a far higher rate, partly because we are dealing with an
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object that is travelling faster, but mainly because our start and stop beams are
usually placed much closer together, often just a few inches apart to
accommodate the instrument inside a small unit.

When speaking of athletics we use terms such as, "100 yards in 10
seconds, whereas in shooting we talk in terms of "Feet per second" (FPS). At
athletics meetings the competitor's performance is never converted to velocity
figures such as 30 FPS, that would be meaningless because in athletics we
want to know how far the competitor ran in the measured time. From this
information we could calculate, if necessary, his average velocity over the
course. In shooting we seldom need to know the average velocity or how far the
shot went, its velocity at the start of its journey is the important figure. Also, in
shooting, our light beams are positioned very close together so that we can
obtain an almost instantaneous velocity reading.

Generally speaking there are two types of chrono, though they both use
the system we have just described. The first and more popular is a self
contained unit which houses two sets of multiple light beams, normally infra-red.
The beams are placed about six inches apart inside a square metal tube, the
pellet is then fired through the tube from a short distance away. This short
distance allows any smoke or air disturbance to be dissipated before it is enters
the tube where it might produce an incorrect reading. The second system is
similar to the first but in this case it relies on the interruption of daylight falling
on two small photosensitive electronic units called Sky Screens. The sky
screens are separate units which may be placed at any convenient distance
apart; although they are usually employed outdoors and operated by daylight
they may also be used indoors under artificial lights.

Each of the two systems has its strengths and weaknesses; in the first
instance, since the beams are always set at the same distance apart, the
instrument can be programmed to give a direct readout in FPS as well as other
information such as average values of velocity or energy. They are very easy
to use and are especially handy when working in the home workshop provided
that a suitably safe backstop is positioned to catch the pellets. However, since
the size of the tube is not very large, the instrument is limited to the
measurement of velocities at or near the muzzle, unless of course the unit is
well protected while down range figures are obtained.

The second system is usually more costly, and except in the very
expensive models it only gives a readout in time, this must later be converted
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into velocity. They are more versatile in their application because the pellet ig
not constrained to flying over a small sensitive area. Indeed, in conditions of
suitable light, successful readings may be obtained when the pellet flies ten
inches or so above the unit. Of course it is very importance that the two screens
are accurately positioned at the predetermined distance apart, this dimension
is of utmost importance in the calculation of the velocity.

The equation for converting the readout into velocity is:

Velocity = Skyscreen Spacing (Distance) x Time base speed
Chrono Readout (Time)

The Sky Screen chrono is especially effective when studying the ballistic
characteristics of pellets, because as we have already seen in Chapter 19
velocity reading must be taken at distances down range, at this distance the
placing of a pellet safely inside the tube of a single unit chrono is not always
guaranteed.

One of the most important aspects of any chrono system is that it must
either work correctly or not at all, some instruments have a self checking facility
built into them which allows all the functions to be monitored at the press of a
button. Most chronos are designed to operate on either mains power or a
battery, if the battery power is too low to give correct readings there must be an
indicator to show that the battery can no longer cope and must be exchanged.

The prime purpose of chronos has always been to obtain velocity figures
for research, or for the benefit of the user of the ammunition. All the chronos on
the market today are capable of producing figures which are more than
adequate for these requirements. However, in Britain the velocity indicated by
a chrono has legal implications also, our airguns are exempt from licensing
regulations only if their power is below a certain limit, in the case of a rifle it
must not be capable of exceeding 12 Ft.Lbs. muzzle energy, while a pistol must
not be capable of exceeding 6 Ft. Lbs.

This legal restriction on muzzle energy _means that privately own-:z_d
chronos must be as accurate as those employed by the authorities. This
situation leads to the thorny question of checking the calibration of thesé
instruments, to which there seems to be no satisfactory answer. In electronic
terms it is very easy to check each section of a chrono's circuitry for accuracy-
However from the optical point of view it is difficult to determine the exact
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moment at which the projectile is actuall “seen”by the in

phy_s!cal reason the pellet does not brgak each ):)f the f)tégﬁzn;tlfng :gme
position, then the distance dictated by their mechanical positioning is not correce;
gnd the flgure displayed will be wrong. The error produced by this misalignment
is magnrfled_ as the distance between the beams is decreased. It is for this
reason that it is always advisable to place individual sky screens‘not less th
abo_ut two feet apart. It is also vitally important that both screens are "looki a?'
vertically upwards and are perfectly parallel with each other. "o

When we check a chrono for accuracy we put it in
accepted refrapi!ity. we then shoot througg botl? éflttherizogtt Oa{ E\lfg?itgter OI
velocities. Having noted the velocities we interchange the two chronos yanczj
repeat the process; by this procedure we are in a position to judge the accurac
of the chrono under test. Of course this system only compares the SUSpeC}I(

chrono with one that may have errors of its ow
n
be conducted with this fact in mind., fersfore the whole tast st

Although there are institutions which are i
_ ( capable of measurin
things to the last degree of decimals, none of them have yet de\a':algpg]do?’:1t
fgst_em whereby chronos may be tested against a known standard. However
€ instruments avanabl_e today are easily capable of measuring to within a fem;
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Chapter 22
THE FUTURE

Airguns have had an interesting and varied past, their future is likely to be
even more fascinating. From our first serious contact with them in about 1967
we could see that in a changing world true firearms were becoming less
acceptable through noise and overpopulation, therefore the acceptance of
airguns in their various forms could only increase. Inevitably they will become
even more socially acceptable in the future, not only with the general public but
also those who, like ourselves, are born with the instinct to shoot.

QOver the last thirty years there have been huge advances in the design
and construction of rifles and handguns, probably the most significant advance
being the introduction of the pre-charged pneumatic system in its various forms.

Our own research has had to be carried out on a very limited budget, we
have had to build most of the equipment ourselves - or borrow it, this has
severely limited the depth of our investigations. Probably the most important
subject for future study is that of pellet flight; the pellets currently available have
a very high drag factor which limits their effective range. Pellet technology is an
area which has in the past been sadly neglected by ammunition makers, the
existing diabolo shape has been the undisputed standard for too long and is not
now in keeping with our highly developed rifles. In our own case the lack of a
wind tunnel which could provide a velocity in the region of 700 FPS limited our
investigations considerably, at the low velocity of 130 FPS achievable in our
small tunnel it was very difficult to determine the variation in drag between
different shaped pellets of the same calibre, or to evaluate any slight
modifications to an accepted round.

We have discussed amongst ourselves the construction of a spring rifle
built around a clear glass cylinder. This, together with high speed photography,
could reveal many further secrets of the four phases. A test rig built around
such a cylinder, powered by a gas ram, whose power could be altered easily,
would give an enormous insight into the very fast, almost instantaneous airflow
encountered in rifles; especially if it was fitted with a removable transfer port,
perhaps also made from glass.
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Conversion Factors

CONVERSION FACTORS
Length.

Inch = 25.4 millimetres.
Foot = 12 inches. = 0.3048 metres.
Yard = 36 inches. = 0.33 feet. = 0.9144 metres.

Millimetre = 0.0394 inch.
Metre = 3.281 feet. = 1.094 yards.
Kilometre = 1093.6 yards. = 0.621 miles.

Area.

1 Square inch = 654.2 square millimetres.

1 Square foot = 0.093 square metres.

1 Square millimetre = 0.0015 square inches.
1 Square centimetre = 0.155 square inches.
1 Square metre = 10.764 square feet.

Volume.

1 Cubic inch = 16.387 cubic centimetres.
1 Cubic centimetre = 0.061 cubic inches.

Weight.

1 Grain = 0.065 gram = 0.007 pound.

1 Pound = 7,000 grains = 0.454 kilograms.
1 Gram = 15.432 grains.

1 Kilogram = 2.205 pounds.

Work.

1 Foot pound = 1.3558 joules.
1 Joule = 0.7376 foot pounds.

The Air Gun from Trigger to Target

Mile = 5280 feet. = 1760 yards. = 1.609 kilometres.
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Conversion Factors

Pressure.

Pound per square inch = 0.068046 bar. (Atmosphere)
Bar = 14.696 Pounds per square inch. PSI.

PSI = 0.0703 kilograms per square centimetre.
Kilogramme per square centimetre = 14.223 PSI.
Pascal = 1 Newton per square metre.

PSI = 6894.7 Pa. or 6.894 kPa.

Bar = 100 kPa

=t ek b b ek ek L

Velocity.

1 qut per second = 0.3048 metres per second. = 0.682 miles per hour.
1 Mile per hour. = 1.466 FPS. = 0.447 metres per secohd.
1 Metre per second = 3.281 FPS = 2.237 miles per hour.

Temperature.
Centigrade to Farenheight.
C =%, (F-32)

Farenheight to Centigrade.

F = %,(C+32)
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