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PREFACE

Ileld to the strictest interpretation of the defimtion?! and to the means by which the function
is accomplished, there is only one primary force that actuates any automatic weapon: namely,
the enerey penerated by the explosion of the powder charge contained in the chamber of the barrel.
There have been, to date, onlv two known means that can be derived from this source of power
that have resulted in successful operation: {1} the rearward thrust of the recoiling mass: and (2)
pressure gencrated in the bore by the expanding gas of the progressive hurning charee. The
former i1s known as recoil actuation, while the latter 15 labeled gas operation.  All known means
used in making an automatic weapon complete a full cvele fall into this broad classification, whether
the mechanmics emploved be reciprocaling or ralary,

The recoil-operated type of weapon can be further broken downanla two distinet classilications:
short and long recoil. (Gas operation, however, seems to have no limit in its application. Far
instance, the residual pressure remaining in the bore a few milliseconds after the projectile has
cleared has heen, for lack of a hetter term, called blowback, while in reality it is but another
farm of gaz operation,

However, the most common method of employing the cnergy created by the gas of the exploding
propellant is to tap the barrel and let the expanding gas be broueht (o bear on an actualing device
such as a piston, lever, etc. The system is universally referred to as “pas operation™, crranecusly
implying that this 1s the only way gas pressure is utilized as a source of power.

If one were satisfied onlv with generalities, it would be quite in order 1o state that there are
only live known practical applications for accomplishing sustained fire as outhned in the deninition
of an automatic gun: {1} short recoil; (2) long recoil; (3) gas pressure in the bore bled off externally
through an orifice (gas operation); (4) residual pressure remaining in the bore a tew milliseconds
after the projectile has cleared (blowback): and (5) blast energy generated by the expanding gases
after being released from the confines of the barrel at the muzzle end (muzzle blast actuation).®
These are considered the basic principles and [rom these simple variants of power, more than 3,000
patents have been issued since 16 June 1884 on operational leatures of machine guns.

So thoroughly have the gun designers of the past covered the subject that since Warld War [
the individual was indeed skilled in his profession if he could even make an improvement on a
feature that had already been in existence a long time, much less ariginate something that could
rise to the dignity where i1 conld truthfully be called an invention.

There is a tendeney to use peneral terms (oo loosely in describing certain types of actions.  For
instance, the word “blowback™ is invariably employed when deseribing any weapon that uses this
form of actuation either wholly or in part. This unusual power supply has been exploited to such
a degree that it takes at least four distinctly different classifications to cover the application of this
method of utilizing residual pressure for completing a cvele of operation: (1) pure blowback {Berg-
mann}; (2) retarded blowback {Schwarzlose): (3) delaved blowback (Scotu): and (4) advanced
primer ignition {Becker). Fach system is strictly adaptable to certain types of actions and is utterly
impractical other than for a specific purpose. Tor example, the caliber .22 Colt Woodsman pistol
uses pure blowback and is a well-balanced, highly efficient hand arm, and for this type of weapon such
a methard practically defies improvement.  However, il this system were applied to a conventional
20 mm cannon, the bolt alone would need to weigh in the neighborhood of 380 pounds, with an
approximate rate of fire of 200 rounds a minute, both of which would be totally unacceptable. If
advanced primer gnition were used, the weight af the 200 mm weapon could be held to 90 puunds and

I AvtomaTic Machine Sun—A weapon capable of sustained fire with its operating energy being derivel
whaolly from the force generated by the explosion of the propellant charge,

? Although relatively unimpertant, two other systems should be mentioned 1o complete the picture. “Blow-
forward” is a method in which the barrel is held to the rear by heavy spring pressure against a solid non-recoiling
breech that supports the cartridge, gas pressure driving the projectile forward (hrough the bore to move the barrel
ofl the empty cartridge case. *“I'he Gast system’ is a double-barrel arrangement whereby the firing of one barrel

furnishes the power to load, lock, and feed the other barrel, with unlocking being tied in with the first part ol recoil
mMavement,

v
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the rate of fire would be about 600 rounds a minute, while il defayed bloreback were ecmplaved, the over-
all weight of the gun would be slightly more {about 100 pounds), but the weight of 1the boltor recoiling
parts could be held to a bare minimum (6 pounds), and the rate of fire could be brought up to as
much as 1,000 rounds a minute. On the other hand, the maximum eclasticitv of the conventicnal
type cartridge case, coupled with the incvitable high chamber pressures of today, makes the timing
factor wo critical o permit any consideration of retarded blawback in the design of a large caliber
aulomatic weapon. Such comparisons are limitless when based on the fundamental principles
governing the design of automatic weapons.

It is the purpose of Volume TV of “The Machine Gun™ to analyze these principles in such a way
that the designer has before himm at all times the minimum and maximum potentialities ol any system
of his cheosing.  Fach and every one has its strong and weak points. No two are alike, but all have
one thing in common.  For every obvious virtue there is a hidden leature thal is extremcly eritical
and the designer who meets with any degree of success will still have (o depend not so much on some
clever way to utilize an unlimited power source but on his tharough knowledge of all svstems so thar
he can work his way out of traps of his own creation.

The conventional 20 mm cartridge has been used arbitrarily in both the text and llustrations
of this work as it represents the first step above rifle caliber and the starting bore diameter in auto-
matic cannon design. It seems to be the most acceptable reference point for the designer regardless
of the eventual caliber of his product.  Likewise, emphasis has been placed on the airborne automatic
weapon because its use under widely varied conditions requires 2 mechanismn that must approach
the ultimate of perfection. Having mastered its difhculties, the desiener should find most of his
other problems have been made relatively easy,

Part X of “The Machine Gun" provides detailed engineering and mathematical analyses of
the basic sources of energy that set automalic weapons into activity, This information is the
rcsult of observations and practical experience accumulated over the years and wranslated by the
mathematician into a theoretical vardsuck for pracucal design.  In Part XT the illustrator replaces
the writer. In the chapters of this portion of the book, outstanding design features such as feed
mechanisms, locking systemns, revelver actions, accelerators, sears, extractors, ejectors, and other
components are depicted for the guidance and stimulation of the designer. The sources for the
drawings range from carly patents and prototypes of actual weapons wo theoretical designs of the
future. These sources are intentionally omitted [rom the pages where the drawings are repro-
duced so that they may be considered on their merits without any conscious or unconscious inflluence
by the fame or obscurity of the originators. Appendix A provides identification of these sources

Additional appendices contain an annotated bibliography listing source materials on machine
guns and other automatic arms by topic and a similar subject listing of important patents of the
19th and 20th centuries, each with an abstract of its most outstanding features.

If this work can help in anv small way to revive in this countrv the almost forgotien art of
automalic weapon design, a field so thoroughly dominated by Americans in the past, the eflort
and toil that have been spent in preparing the book will have been well repaid.
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PART X
ANALYSIS OF SYSTEMS



Chapter 1

BLOWBACK

BLOWBACK OPERATION

In the design ot anv gun, great care must be exer-
cised to be sure that the cartridge case is adequately
supported to withstand the tremendous rearward
thrust exerted by the powder gases. In many guns,
this is accomplished by providing locking devices
of great strength and positive action which hold the
bolt rigidly closed until the pressure of the powder
gases has dropped to zero or at least has decreased
to an operating limit at which the breech may be
opened safely. However, absolutely rnigid support
is not mandatory and some movement of the bolt
and cartridge case is permissible, providing that the
movement is controlled in accordance with definite
principles. This controlled movement can then be
utilized as a source of energy [or automatic operation
of the gun mechanism.

The system of operation in which the power re-
quired for operating the gun mechanism is derived
from the motion of the cartridge case as the case 1s
thrust to the rear by the pressure of the powder
gases 13 called for lack of a better name the **blow-
back’ system. In some guns (which invariably
must employ low-powered ammunition) all of the
cnergy used for performing the entire cvele of op-
eration is derived from plain blowback; in other
guns, the energy derived from blowback may per-
form only certain functions in the cycle or may
merely supplement the operational energy derived
from another system of automatic operation.

In the larger sense, blowback might well be con-
sidered to be a special form of gas operation. This
18 reasonable because the cartridge case may be con-
ceived of as a sort of piston driven by the powder
gases,

Actually, blowback involves so many special prob-
lems that it is best considered to be in a class by
itself. The question of whether or not it should be
included within the more general classes of gas
operation or recoil operation is purely academic.
The important point is that it partakes of some of
the properties of both classes and, depending on the

particular problem at hand, may be considered to be
in either one,

The distinguishing characteristic of a blowback
weapon is that the cartridge case must move under
the direct action of the powder gas pressure. Thus,
any gun in which the bolt is permitted to move
while there is pressure in the chamber will be subject
to some blowback action. The extent to which
blowback is utilized depends on the manner in
which the bolt movement is controlled and on what
proportion of the operating e¢nergy is derived from
other systems of operation. The major problem en-
countered in blowback operation is the problem of
controlling the baolt movement so that the motion
of the cartridge case is kept to a barc minimum
(based on the ultimate strength of the case) during
the action of the tremendous gas pressures existing
until the projectile leaves the muzzle of the gun.
'This is necessary in order to maintain cffective
scaling and also because excessive motion under

peak pressures can result in separation or rupture of
the cartridge case.

Behavior of the Cartridge Case

The most important single factor to be considered
in analyzing blowback operation is the behavior of
the cartridge case as it is affected by the pressure of
the powder gases. Since this primary factor is so
critical and controls all of the basic design features
which distinguish blowback operated guns, it will
be described fully in the following paragraphs before
any further discussion of the dctails of blowback
systems. ( Most of the numerical values mentioned
in this description apply to a 20-mm gun and typical
20-mm ammunition. This caliber has been selected
for purposes of illustration because it is representa-
tive of high-powered heavy machine guns. |

When a gun is fired, the explosion of the pro-
pellant charge results in the generation of exceed-
ingly high pressures which vary with extreme ra-

pidity. (See fig. 1-1.) Although the curves for
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Figure 1-1.

varying types of 20-mm ammunition, when used in
different types of guns, are not all exactly the same,
the values shown by the curve in the figure are more
or less typical of modern ammunition of this caliber.
As shown in fig. 1-1, the gas pressure builds up to a
peak of 45,000 psi within 0.0005 second alter igni-
tion of the primer, then (for the particular barrel
length cited in fig. 1-1) decreases until it is 5000
psi when the projcctile leaves the muzzle at 0.0023
second, and finally falls ofl quickly to zero as the
gases leave the muzzle. The pressure which exists
during the small fraction of a second after the pro-
jectile leaves the muzzle is called the “‘residual”
pressure. This pressure may be considered to de-
crease exponentially with time and to be practically
zero within (.003 or 0.009 second after ignition of

004

006 007 008

005
TIME (SEC)
Variaton of Chamber Pressure With Time.

The gas pressure acts uniformly in all directions
against the inside ol the cartridge case as shown
in fig. 1-2. The radial components of the pres-
sure act on the walls of the casc to expand the case

~against the walls of the chamber, thus creating a

seal which prevents the escape of the powder gases
to the rear. (It should be realized that the radial
forces acting on the case walls are of tremendous
magnitude. In fact, the walls of the case are
crushed so tightly against the chamber walls and
the temperature in the chamber is so high that there
1s almost a tendency for the case to be spot-welded to
the charaber.)

The net sum of the axial pressure components
acting against the cartridge case creates a force

which tends to drive the case to the rcar against

the primer. the resistance offered by the bolt. When the case
I/-%'///////////// L el
_;::\"‘\

.

Figure 1-2.

...

4

Pressure in Chamber.
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PRESSURE PRODUCING

MOTION
Figure 1-3.

is free to slide in the chamber, this net force is equal
to the chamber pressure multiplied by the total
cross-section area of the mouth of the case (not
the projected area of the inside of the base;. (See
fig. 1-3.} If the projected area of the base of the
cartridge case i8 preater than the area of the mouth,
the force on the base is of course greater than the
net force. However. the difference between the
forces 15 cancelled by the axial component on the
tapered or necked portion of the case.  (This com-
ponent 1s directed forward.}  Note that if the entire
case were free to move, the difference between the
net force and the force on the base would cause a
tension in the walls of the case.

If the bolt were rigidly locked and held firmly
against the base of the cartridge case (that is, if
there were zero excess head space), the gas pres-
sure would merely compress the material of the
cartridge casc against the chamber walls and haoll
face. However, with blowback operation, the case
and the bolt must be free to move al some predeter-
mincd time during the action of the gas pressure sc
that the required cnergy can be transmitted to the
bolt. For purposes of examining the effects of this
movement, it will be assumed that the bolt is not
lucked at any time and that it resists movement only
by its inertia.  { As will be pointed out later, these
conditions do not apply for all blowback weap-
ons.) The movement of ithe cartridge casc can be

Effects of Axial Pressure.

considered to occur in the [ollowing three phases:

Puase 1. The pressures which exist during the
first 0.0001 second of the propellant explosion arc
relatively low but are sufficient to expand the thin
brass ncar the mouth of the cartridge case against the
chamber wall, thus forming the seal which prevents
the powder gas from escaping to therear.  Sincc the
radial pressure is not extremely high during this
phase, the friction between the cartridge case and the
chamber 1s nol excessive.  Therefore, the axial com-
ponent of the pressure causes the entire case to stretch
or slide back slightly in the chamber so that 1t first
takes up anv excess head space which may exist and
then starts to impart motion to the bolt.  Becausc
of the high inertia created by the mass of the bolt,
the velocity of this motion 1s relatively low.

NOTE: If the cxcess head space is very large,
it may not be taken up entirely before the cham-
ber pressure builds up to a high value.  In this
event, the conditions described in Phase 2 are
applicable.

Paase 2. The sccond phase of the cartridge case
movement accurs during the period of extremely
high pressure on either side of the peak shown in
fig. 1 1.
this phase depends entirely upon whether or not the
case 18 sultably lubricated.

The behavior of the cartridge case during

If the cartridge case is entirely unlubricated or is
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insufficiently lubricated, it is expanded heavily
against the chamber walls, producing a high-pressure
metal-to-metal contact which results in a very
high Inction between the case and the chamber.
Because of the friction between the walls of the
case and the chamber, the pressure acting against
the base of the case will result in a tensile stress
in the walls of the cave. In fact, the forward
portion of the case may be gripped so tightly during
the period of high chamber pressure that the fric-
tional resistance exceeds the tensile yield strength
of the case walls.  1n this event, the forward portion
of the case sticks to the chamber wall but the rear
portion continucs to move, causing the case to stretch
plastically. If the bolt does not provide sufficient
resistance to prevent the stretching of the case from
exceeding the allowable clongation of the case mate-
rial {about 0.015 inch’}, the case will separate.

At this point, special mention should be made of
what effcct excessive head space would have if an
attempt were made to usc unlubricated ammuni-
tion. As pointed out in Phase 1, the motion of the
case may not take up all the head space before the
chamber pressure bullds up to a value high enough
to causc the forward portion of the cartridge case
to stick. Assuming that some excess head space still
remains, the base of the case will be unsupported
and the high pressure will cause the case to be
stretched. If the excess head space is so large that
it is not all taken up before the stretch exceeds the
allowable elongation of the case material, separa-
tion will occur,

NOTLE: It should be realized that the forces
produced by the peak chamber pressures are
vastly in excess of the strength of the thin brass
of the cartridge case. With forces of this mag-
nitude, the case stretches qunte easily,  This
may be illustrated as follows: With the for-
ward portion of the case stuck, the force tend-
ing to stretch the case is cqual to the pressure
multiplied by the arca of the inside of the buse.
Since the maximum chamber pressure for a
20-mm cartridge is 45,000 psi and the inside
basc area 15 approximately 0.5 square inch, the
stretching force 15 in the neighborhood of 22,-
000 pounds. The area of metal in tension for
the case wall mav be approximately 0.1
square inch and the ultimate strength of the
half-hard brass of which the casc is made 15

about 50,000 psi.  Thercfore, the maximum re-
sistance which the case can offer to stretching
and separation is only approximately 5000
pounds. It easily can be seen that this resist-
ance is practically negligible when compared
to the stretching force of 22,000 pounds. In
fact, forces sufficient to produce separation can
occur whenever the chamber pressure 15 over
10,000 psi, and as shown in fig. 1 1, such pres-
sures cxist for almost the entire time the projec-
tile is still in the bore. {Note that the force
expended in overcoming friction or in stretch-
ing the case reduces the force applied to the
holt. If this effect is excessive, the gun may
fail (o continue firing because the energy trans-
mitted to the bolt is insufficient to operate the
gun mechanisms).

The preceding description applies to the condi-
tion in which the case is cither entircly unlubri-
cated or insufficiently lubricated. If a fairly thick
film of a suitable lubricant is applied between the
cartridge case and the chamber wall, an entircly
different condition results, Tt should not be thought
that the purpose of the lubricant is merely to make
the cartridge case “slippery”. Its true purpose is
to form a continuous film which remains between
the case and the chamber wall and effectively “in-
sulates” their surfaces from metal-to-metal contact,
even under extremely high chamber pressures.
Since there is no metal-to-metal contact to cause
seizing and sticking, the casc slides freely in the
chamber and the only resistance to its movement
(except for the resistance offered by the bolt) is the
farce required to produce shear in the lubricant film.

Accarding to established laws regarding friction,
the frictional resistance for well-lubricated, smooth
metallic surfaces is relatively very low and is prac-
tically independent of the pressure between the
surfaces. The major considerations are the area
of the lubricant film in shear, the viscosity of the
lubricant, and the spced of the relative movement
between the surfaces. Thus, a well-lubricated car-
tridge case will move almost as freely under high
chamber pressure as under low pressure and there-
{ore proper lubrication should completely eliminate
seizing of the cartridge case, which is the basic
cause of case separation.

Although proper lubrication will eliminate seizing
ol the cartridge case, other difhculties can occur
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if the case is permitted to move too far while the
chamber pressure is extremely high. Excessive
movement will result in a condition where the rear
portion of the case 15 out of chamber and will
therefore recerve no radial support from the cham-
ber walls. The high internal pressure may then
cause the case to swell at the base portion or even
o rupture. Furthermore, if in the chamber, the
seal between the case and chamber may be broken
thus permitting the escape ol hol powder gases at
the brecch. (In most rapid-firing blowback guns
sume escape of gases at the breech is inevitable, but
if this effect is excessive it can causc damage to
the breech mechanism or may even be dangerous for
operating personnecl. )

It is of interest to note a special difhiculty which
can occur with ammunition having a cartridge case
of large diameter when compared to the projectile
diameter (bottle-necked or strongly tapered case).
With this type of case, the internal pressure tends
to produce high tensile stresses in the case walls,
(Sce he. 1-3.0  If the case is bottle-necked, the
rearward movement of the case creates a space be-
tween the shoulder of the case and the chamber.
Since this leaves the forward portion of the case
unsupported, the mternal pressure tends to deform
the case by pushing the shoulder forward to fill the
spare crealed by the movement, I the case s of
the tapered type, the rearward movement tends
to create a gap between the wall of the case and
the chamber. Since this leaves the wall of the case

unsupported, the internal pressure expands the case
to close the gap.

Under cither of the conditions described above,
the deformation of the case can be of considerable
magnitude if the movement of the bolt 1s excessive
and it is quite possible that the deformation will
exceed the allowable limit of the brass. This may
cause the casc to tear or rupture in such a way as
to cause a scparation or to cause difliculties In ex-
traction or ejection. For this reason, plain cylindri-
cal cases or cases with only a slight taper are to be
preferred for use in blowback guns,

Puase 3. The final phase of the cartndge case
movement starts when the chamber pressure has
decreased to a level which permits the case o con-
tract, thus reducing the friction o a neglable
value, After this point, the remaining pressure cor:-
tinues to drive the case to the rear but the forces

on the case are low enouch zo that there is no dan-
ger of the case failing by separation or rupture.
This phase ends as the gas pressure approaches zern
(0.008 or 0.009 second after ignition of the primer ).
Although at this point the driving force 15 reduced
to zero, the case and bolt continue to move of their
owil momentum with suflicient kinetic energy to
complete the extraction and ejection of the case and
to operate the gun mechanisms for the remainder of
the automatic cyelc.

Conclusions

All of the points discussed in the preceding de-
scription of the behavior of the cartridge case ip a
blowback gun may be summarized in onc very im-
portant principlc which controls all of the char-
acteristics and fundamental design requirements for
this type of weapon. This principle may be stated
simply as follows:

THE PRIMARY DIFFICULTIES IN

BLOWBACK OPERATION ARE THE

DIRECT RESULT OF EXCESSIVE

CARTRIDGLE CASE MOVEMENT DUR-

ING THE PERIOD OF EXTREMELY

HIGH CHAMBER PRESSURE AND

THESFE DIFFICULTIES ARE AGGRA-

VATED BY INADEQUATE  CASE

LUBRICATION.

In the design of blowback guns, each factor men-
tioned in this statement must be considered care-
fully in order to avoid operational difficulties. This
analysis leads to the following general conclusions.

CHaMBER PrEsstre. All of the difficulties that
arise are the direct result of extremely high chamber
pressurc. Therefore, it follows that if the chamber
pressure could be kept low, these difficulties would
disappcar immediately. Unfortunately, high cham-
ber pressures are essential in high-powered heavy
machine guns (which are the main concern of this
publication) and accordingly, the use of low cham-
ber pressure cannot be considered as a solution to
the design problem.  {The relative case with which
the blowback principle can be applied to low-
powered small-caliber ammunition is amply dct‘n-
onstrated by the large number of sclf-loading pis-
tols, sub-machine guns, and light machine guns
that have used this principle successfully.]

Cast Movimest., The major problem confront-
ing the designer of a high-powered blowback gun
is how to limit the movement of the cartridge case
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during the action of the extremely high pressures re-
sulting [rom the explosion of the propellant charge.
This problem and the design difficulties related to
it are the direct result of a number of conflicting
requirerments.

Since, in blowback weapons, the source of the
power for operating the mechanism is derived from
the thrust applicd to the cartridge case by the
powder gases, it is essential for the cartridge case to
move while the gas pressure is acting. However, it
15 this very motion undcr pressure which causes
separations and other damage to the cartridge case.
When steps are laken to reduce these difficulties by
limiting the movement of the cartridge case, care
must be exerciscd to insure that suthcient energy
will be available to operate the gun effectively at
the desired rate of fire. I'urthermore, if adequate
lubrication of the cartridge case is provided so that
a fairly high bolt velocity can be tolerated during the
period of high chamber pressure, it may be found
that the resulting rapid extraction of the casc will
cause rupture of the case or cause the breech seal to
be broken too soon.

The foregomng considerations and other points
which will be discussed later cause the design of a
blowback gun to be a problem in balancing various
critical factors, one against the other, 1 order to
obtain the required performance characteristics.
There are many possible solutions to this design
problem and the particular solution employed is
what determines the basic features of the gun. A
detalled explanation of how these solutions are ap-
plied 1n practice 15 given later under the heading
" Blowback Svstems™.

LugricaTion. The importance of providing
suitable lubrication for high-powered ammunition
used in blowback guns cannot be emphasized too
strongly. Expericnce has shown that without proper
lubrication, difficulties such as case scparation,
chamber seizure, loss of bolt recoil energy and poor
cxtraction seem to make it impossible to attain high
performance in a blowback gun. In fact, so essen-
tial 1s lubrication to this tvpe of weapon that the
term “‘oil-omatic’ has been suggested as being more
suitable than “automatic™ for use in referring to
blowback machine guns,

It is very important to realize that under practi-
cal operating conditions, factors may be encoun-
tered which make it very difficult to maintain suit-
able lubrication for ammunition. For example, guns

FE

and ammunition uscd in arctic operations ar carred
by aircraft flving at very high altitudes can be sub-
jected ta extremely low temperatures that can cause
ordinary lubricants to fail completely. It also should
be remembered that greasy substances applied to
the ammunition or chamber wall easily pick up
sand or other contamination that can cause the
lubricant film to be broken and cause the cartridge
case to seize in the chamber. This problem is par-
ticularly serious for any gun which is to be used in
the field. All things considered, onec of the first
things that the designer of a blowback gun must do
is find an ammunition lubricant which is suitable
hoth for its intended purpose and for the operating
conditions to which the gun will be subjected. If
sich a lubricant can not be found, it is safe to say
that blowback operation will not be practical and
should be abandoned in favor of some other system
of operation in which cartridge case lubrication is
not of such critical importance.

Although the term “lubricant” usually brings to
mind an oil or prease, there are many other sub-
stances which can qualify {at lcast from the theoreti-
cal point of view) as ammunition lubricants. This
is s0 hecaunse the anly really impartant requirements
for an ammunition lubricant are that 1t must form
a continuous insulating film and that the force re-
quired to produce shear in the film must be smaller
than the force required to produce separation of the
cartridge case. It can be scen readily that in order
to satisfy these requirements, a substance need not
have any of the unctuous ar “slippery” character
usually associated with lubricants used for mini-
mizing friction.

The fact that it is relatively easy to think of almost
any number of substances which could satisfy the
theoretical requirements might lead one to believe
that 1t would be a small problem to find an ammuni-
tion lubricant suitable for any and all conditions,
The sad truth of the matter is that such a substance
has been sought eagerly but unsuccessfully ever since
1898. In this quest of over half a century, design-
ers, inventors, research groups, and just plain practi-
cal men have suggested an amazing number of
materials which seemed to have possibilities. The
list includes waxes, graphite mixtures, a variety of
liquids, and solid coatings, all of which are sa numer-
ous that recording them here would take too much
However, controlled tests and the hard les-

sons of practical experience have eliminated them all,

space.
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Other more radical attempts to avoid case seizure
through the use of such devices as chromed, fluted,
or stepped chambers have met with a similar lack of
success. | hese sugpgested materials and remedies
have failed because they all amounted to stepping
out of onc difficulty into another. For example,
one coating which scemed otherwise satisfactory was
scraped off the ammunition by the [eeder in the [orm
of small shavings that soon gummed up the breech
mechanism.  Other substances produced excessive
fouling in the chamber, and so on.

‘The result of all this experimentation is that today,
asin 1898, heavy-bodied oil and grease, with all their
attendant difficultics, are still the only substances
which have been used to lubricate ammunition with
any reasonable degree of success. Either of them
will produce a good film which will provide the
required isulating effect and under many conditions
of operation the difficulties encountered in their use
arc not too serious.

It should be remarked here that light oil, such as
sewing machine oil, is not a satisfactory lubricant for
ammunition. It may be argued that even light oil
can form a film and is just as incompressible as
heavier oil or grease and therefore should serve as
well to provide the required insulation. However,
practical experience has shown that the use of light
oil is not cffcctive in preventing case separations.
Apparently, the difficulty with light oil is that a sufTi-
ciently thick film can not be maintained.  As shown
in fig. 1-4A, the light oil will form a film which
covers the entire cartridge case, but there are bound
to be small irregularities in the cartridge case wall.
When the case is expanded in the chamber by the
pressure of the powder gases, as shown in fig. | 4B,
the light oil will be caused to flow off the high spots
into the low spaces and since the film is so thin, there
will not be sufficient oil to over-fill these spaces.
Therctore, all the oil will be forced ofT the high spots,
thus permitting mctal-to-metal contact to occur at
these spots.  On the other hand, a sufficiently thick
film of a heavier hadied lubricant can be maintained
so that cven though there is some flow into the low
spaces, there is still enough lubricant to cover the
high spots (figs. 1-4C and 14D).

There is another advantage to the use of heavier
bodied lubricants.  In any gun, the exploding pow-
der gases produce a flame which escapes around the
cartridge case during the extremely brief instant
required to expand the neck of the case against the
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Figure 1-4. Effects of Light and Heavy Lubricant
Films.

chamber. {This effect is especially noticeable when
the rotating band of the projectile is larger in
diameter than the neck of the case. With this con-
dition, the case neck must be expanded considerably
hefore the seal is made with the result that the escap-
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ing flame will be longer in duration.)  The escaping
flame tends to burn off or dry up the lubricant ap-
plicd to the case. Tight oil is particularly subject
to this burning or drving action. The thicker films
formed by heavicr oils or grease scem not only to
stand up better but also to provide a seal which helps
to limit the escape of the flame.

THE CARTRIDGE CASE MUST BL
THOROUGHLY LUBRICATED FOR
THE ANALYSIS GIVEN IN THE PRE-
CEDING PARAGRAPHS TO APPLY.
WHEN A THICK FILM OF OII, EXISTS
AROUND THE NECK OF THE CAR-
TRIDGE, THE GAS PRESSURE [5 NOT
SEALED OFF FROM THE OUTSIDE OI
THFE CASLE BUT IS TRANSMITTED
HYDRAULICALLY BY THFE OIL FILM.
THIS CONDITION MAKES THE EN-
TIRE CARTRIDGE CASE ACT AS A
HYDRAULIC PISTON AND PRODUCES
A REARWARD FORCE LEQUAL TO
THE BREECH PRLSSURE TIMES THE
CROSS-SECTION AREA OF THE CHAM-
BER A'l' ITS LARGEST DIAMETLR.
THEREFORE, WITH THL USE OF A
HEAVY-BODIED LUBRICANT, THE INI-
TIAT. FORCE DRIVING A NECKLD
CARTRIDGE CASE TO THL REAR IS
CONSIDERABLY GREATER THAN IT
WOULD BE FOR AN UNLUBRICATED
CASLE, MAKING ADEQUATE LUBRICA-
TION ABSOLUTELY NECESSARY IN
ORDER TO OBTAIN CONSTANT PLR-
FORMANCE. THIS I ONE OF THEL
REASONS THAT THE PRIESENCE OF
OIL ON THE AMMUNTITION IS VITAL
FOR WEAPONS EMPLOYING ANY
FORM OF BLOWBACK.

CARTRIDGE Cask. In many instances when a gun
i1s designed, the designer 1s required to use a partcu-
lar type of available ammunition or at best he finds
it possible to choose one of several available types,
[t rarcly happens that a new type of ammunition
can be developed to suit the special requirernents of
a new gun design.  In other words, the charaeteris-
tics of the ammumuon are usually not nnder the con-
trol of the gun designer and he has to do the best he
carpith what anunumtion 1s available to him.

Althongh the gun designer usually has little or
no control of the ammunition he must use, there

may be occasions when he can exercise some choice
in selecting some of its characteristics.  For blow-
back weapons, there are definite advantages to be
gained from selecting ammunition with certain de-
sirable cartridge casc characterstics. These char-
acreristics may be outlined as follows:

1. The case should be made as strong as possible in
order to minimize the possimhty of separations
or othcr damage. One way to accomplish this
s to provide a relatively great thickness of metal
at the points where the case 1s likely to fail. An-
other method is to use a strong matcrial in fabri-
cating the case.  Ta illustrate this point, the half-
hard brass from which cases arc usually made
may have an ultimate strength in tengion of ap-
proximatcly 50,000 psi while other materials, de-
pending on the type used, may have an ulumate
strength two or three times greater than this
value.

2. Other factors influence the choice of the case
material.  The material should be highly elastic
so that it can be expanded considerably by the
chamber pressure without indergoing plastic de-
formation. If the material has this property, the
case will more readily shrink back to its onginal
dimensions when the chamber pressure drops to
a low value, thus facilitating extraction.  In ad-
dition, the material should have a large allow-
able elongation for suddenly applied loads so that
the case can be stretched considerably withoul
separating.

. In order to minimize deformation of the caveridge
case, the case should be nearly cvlindrical with
only a slight taper and little »f any bottle neck.
T'he reasons why taper and bottle neck should be
avoided have been explained previously under
PHasr 2 of the behavior of the cartrnidge case.

4. The fimish and dimensions of the case should
be such as to minimize frictional resistance to the
movement of the case. The case should be
smooth and free of scratches or other irregularities
which would tend to impair the efliciency of the
lubricant by causing discontinuities in the lubri-
cant film. Also, the casc should be as small as
possible in urder to keep the area of the case walls
to a minimum. Then for any given chamber
pressure, the friction [orces on the case will be
minimized.

Fvaluation of the preceding characteristics will
reveal that the attainment of one desirabile charac-
teristic may make 1t difficult or impossible to attain

o
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one or more of the others. Furthermore, it mayv
happen that the attempt to obtain qualities which
make the cartridge more suitable {or use in a blow-
back weapon may intraoduce other problems such as
poor ballistic performance or difficulties in manu-
facture, INevertheless, all of these characteristics

BLOWBACK

Blowback is defined as a svstem of operation in
which encrgy used for providing power for the gun
mechanism is obtained [rom motion of the car-
tridge case as the case 18 pushed rearward out of the
chamber bv the pressure created by the explosion of
the powder charge. This thrust on the cartnidge
case 15 a direct result of the total reaction to the
forward thrust applied in moving the projectile and
the expansion of the powder gases.

In some guns, all of the energy required for the
performance of the automatic cvcle s obtained
through blowback action while 1in others only a
portion of the required energy 15 obtained through
blowback, the remainder being derived from some
other system of operation.  In any event, the blow-
back effect is present, at least to some extent, when-
ever the bolt of a gun 1s not locked while there 1s
powder gas pressure in the chamber.

should be considered carefully in the selection of an
existing cartridge for use in a blowback weapon or
in setting up the requircments for a new cartridge.
Close attention paid to the problem of obtaining the
most suitable cartridge case may spell the difference
between success and failure for a new gun design.

SYSTEMS

When blowback action oceurs, the energy derived
from the pressure of the powder gases appears in
the form of kinctic cnergy transferred to the bolt
mechanism, or in other words appears in the form
of a velocity imparted to the bolt mass. The basic
problem involved in blowback operation is in con-
trolling this velocity so that the gun will operate as
desired. There are many methods by which the
control of the rearward motion of the bolt may
be accomplished in guns employing blowback and
these various methods are referred to as blowback
Ysystems”.

In the following pages the various systems used
for controlling the bolt velocity are described and
analyzed by considering the sequence of events dur-
ing the automatic operating cycle. This analysis
1s concerned only with the functioning of the mech-
anisms and with the general factors affecting design.

PLAIN BLOWBACK SYSTEM

The problems encountered in controlling the bolt
velocity in a blowback gun can be appreciated best
by analyzing the so-called “plain blowback system™.
In this system, blowback provides all of the operat-
ing energy and the motion of the cartridge case
s limited onlv by the inertia of the bolt.

NOTE: As will be explained, the plain blow-
back system iz not suitable for application in a
high-powered  heavy machine gun. Tt is
ireated here because it serves to illustrate many

Figure 1-5.
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Simplified Schematic of Blowback Mechanism.
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of the basic principles involved in other more
successful variations of blowback,

Although the actual form of the mechanism for
a particular gun of this type may difTer considerably
from that shown in fig. 1-5, the mechanism shown
in the figure is representative of the type from the
standpoint of function. The mechanism consists
essentially of the bolt {which backs up the cartridge
case and is free to slide in the breech casing) and
the driving spring [which absorbs the kinctic energy
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of the bolt when the bolt is blown back and then
drives the bolt back to the firing position).

Cycle of Operation

The automatic cycles of operation for guns em-
ploying simple blowback are all more or less the
same and occur as follows:

The cycle starts when the bolt is driven against
the basc of the cartridge in the chamber, firing the
round.  When the cartridge is fired, the pressure of
the powder gases drives the projectile through the
barrel of the gun and at the same time immediately
drives the cartridge case to the rcar against the re-
sistance offered by the bolt. At this point, the only
significant resistance (o the acceleration of the bolt
15 due to the inertia of the holt mass.

The force exerted by the powder gases exists for
a relatively very short time. In a typical 20-mm
gun with a total barrel length of slightly over five
feet, the projectile leaves the muzzle after approxi-
mately 0.0023 sccond and the residual gas pressure
continucs to act for another 0.008 or 0.009 second.
Thus the bolt is subjected to accelerating forces only
during the first 0.008 or 0.009 sccond after 1ignition
of the primer. After this point, the powder gas
pressure 1s zero and the force driving the bolt back
1s also zero but the case and bolt continue to move
of their own momentum. As the bolt moves back,
the case is extracted from the chamber and cjected,
‘The bolt slows down as its motion compresses the
driving spring until the resistance of the spring com-
bined with the action of the buffer has decreased
the bolt velocity to zero. At this point, all of the
kinetic energy originallv imparted to the bolt {ex-
cept for losses resulting from extraction, ejcction,
and friction) is stored in the spring as potental
ENErgy.

The driving spring then pushes the bolt forward.
As the bolt moves forward, it cocks the firing mech-
anism, picks up a fresh cartridge from the feed
mechanism, and carries this cartridge into the cham-
ber. Just before the bolt reaches its fully forward
position, the potential energy stored in the driving
spring has been transformed back into kinctic energy
of the bolt and cartridge {except for losses occa-
sioned in feeding the cartridge, in cocking the firing
mechanism, and in overcoming friction). There-
fore the bolt 1s moving with considerable velocity

and the kinetic energy rcsulting [rom this velocity
is ahsorbed by impact at the end of the forward
travel.  As the bolt comes Lo rest, ignition occurs
and a new cvcle begins,

Analysis of Plain Blowback

In the preceding description of blowback opera-
tion, it was pointed out that the most critical factor
affecting the design of a gun employing this system
is the movement of the cartridge case during the
action of the powder gas pressure. "L'here arc two
considerations relating to this movement which im-
pose definite limitations in the design.

1. If no lubrication is provided, the high pressures
generated in the early part of the explosion will
cause the cartridge case to seize in the chamber.
Therefore, separation of the case will result unless
the movement of the bolt is limited so that the
allowable clongation of the case material is not
exceeded while the case is stuck. Although the
precise elongation limit for a specific cartridge
case can be determined only by careful expen-
mentation, a good rule for the brass cases of
20-mm rounds is that the bolt movement should
not exceed 0.0135 inch during the first 0.0015
second of the propellant explosion. In other
words, the average velocity of the bolt during this
tine should not exceed 10 inches per second or
at the most ane foot per sccond.

2. Even if chamber seizure can be avoided by means
of adequate lubrication, the cartridge case can
not be permitted to move out of the chamber s0
far that its thin walls do not receive any radial
support while the residual pressure is still fairly
high. If this were permitted to happen, it could
casily result in swelling or bursting ol the case near
the basc. Here again, the exact limit for a par-
ticular cartridge case can only be determined ex-
perimentally, but a good rule to follow for brass
20-mm cases is that the movement should not
exceed 0.250 inch during the first 0.010 second
of the propellant explosion. By this time, the
residual pressure will be zero or at least so low
that further movement of the case can occur with-
out any danger. This means that during this time
the average velocity of the holt should not excced
25 inches per second or approximately two feet
per sccond.

This limit is based on the use of an ordinary car-
tridge case which enters the chamber only to the
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Figure 1-6. Advantoge of Using Special Car-
tridge Base Form for Blowback.

point shown in fig. |-6A [as is necessary to allow
for the presence of the cxtractor in the extractor
groove]. If a cartridge case with thc special base
form shown in fig. 1-6B is used, the cartridge may
be pushed further into the chamber and when 1t 1s
blown back it may therefore travel a greater dis-
tance before the walls near the base become un-
supported. By this means, the allowable bolt veloc-
ity during the first 0.01 second mayv be increased

somewhat but it should be realized that even with
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this provision, the velocity will stll be limited to a
relatively low value.
IMPORTANT NOTE: There are two ex-
tremely significant points which may be ar-
rived at from further consideration of the fore-
roing rules:

Fig. 1-7 shows graphically the manner in
which the boll velocity varies in a plain blow-
back gun during the first 0.010 second of the
cycle ot operation. The shape of the curve
shows that the velocity increases rapidly for the
first one or two thousandths of a second and
then, as the powder gas pressure falls, it in-
creascs much more gradually, {The shape of
ihe curve will be the same for any plain blow-
back gun. Only the vertical scale will vary, de-
pending on the particular gun design.}  If the
guit is designed to permit an average bolt
velocity of one foot per second during the first
0.0015 second in order to comply with the first
rule, the scale of the graph is then determined
so that the average velocity over 0.010 second
will be approximately two feet per second,
which is the limit required in accordance with
the second rule,

In other words, il lubrication is employed
to prevent casc separation in an attempt thus
to escape the limitation of the first rule, the bolt
velocity still can not be increased because this
will result in exceeding the limitation imposed
by the second rule. This means that to gain
any significant benefit from lubrication in a
plain blowback gun, special steps must be taken
to permit a greater average bolt velocity than
two feet per second during the first (0.010
second.  {As pointed out previously, some
moderate improvement in this direction can
be achieved by the use of the special type of
cartridge case shown in fig. 1 -6D.]

The important point involved mn these con-
siderations is that, without lubrication, the re-
sults of using both of the given rules are so
similar that either rule may contral the design
of the gun. If lubrication is used, the second
rule will control, and the average bolt velocity
allowable in the first 0.010 second waill still be
two feet per secand unless some special means
are employed to increase this hmit. In any
case, the average bolt velocity must be limited
to a very small value, somewhere in the order of
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a few Iect per second.  Furthermore, from the
shapc of the curve in hg. 1-7, it can be seen
that even the maximum bolt velocity attained
will not be much greater than this value.

The second important point is that with such
a low bolt velocity allowable, a high-powered
plain blowback machine gun could never atiain
a reasonable rate of fire. To illustrate this
point, the bolt of a 20-mm gun must open
about 10 inches in vrder to permit feeding.
Thus, in opening and closing, it must travel a
total distance of nearly two feet per cycle, and
if it does this at an average velocity of about
two feet per second, the firing rate will be the
ridiculously low figure of approximately 50 or
60 rounds per minute.

There are other difliculties encountered with a
high-powered plain hlowback gun and, in fact, these
difficultics are so serious that it is difficult to make
such a gun function as an automatic weapon. These
difficulties are examined further in the following
paragraphs. Il might seem that such an analysis
would amount to an unnecessary precoccupation
wilh an impractical system. However, although this
analysis dcals with exaggerated conditions, it is
made intentionally to disclose and highlight the
fundamental concepts involved in the blowback
principle and to provide a basis for understanding
the other forms of blowback.

010
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TIME (SEC)
in a Plain Blowback Gurn.

Fig. 1-8 shows the condition existing in a blow-
back gun a lew ten-thousandths of & second or =0
after the ignition of the propellant charge. 'lhe
pressure ol the powder gases is driving the projectile
forward and at the same time 1s driving the car-
tridge case and bolt to the rear. At this time, the
chamber pressure is approximately 45,000 pounds
per squarc inch and the force driving the projectile
and cartridge casc will be in the naghborheod of
22,000 pounds (for a typical 20-mm round), Of
course, some of the driving force is expended in over-
coming the friction resisting the motion of the pro-
jectale and an additional portion of the driving force
18 used In 1mparting rotation to the projectile as it is
spun in the barrel by the rifling, At the breech end,
similar losses occur in overcoming the frictional
resistance to the motion of the cartridge casc and
bolt and in compressing the driving spring. How-
ever, these losses, at the very most, can amount to
only two or three thousand pounds. This means
that the remaining force of nearly 20,000 pounds is
applied entirely in producing the forward accelera-
tion of the projectile mass and the rearward acceler-
ation of the bolt mass. In other words, the only
significant factor affecting the maotion of these masses

15 the inertia of the projectile and of the bolt. There-
fare, for purposes of simplified analysis, the frictional
losses, the losses (o projectile rotation, and the resist-
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Figure 1-8. Velocities in a Blowback Gun.

ance of the dnving spring can be 1gnored com-
pletely.

NOTL: There 13 one point which requires
special clartficauon at this time.  In many
descriptions of blowback actions, it 18 sirongly
implied that the drving spring coniribules a
substantial portion of the resistance which
limits the acceleration imparted to the bolt by
the powder gases. Actually, this 15 not so.
Although it is true that the driving spring ab-
sorbs the kinetic energy of the receiling boit
and thus limits the total distance it moves, the
resistance ol the spring does not have any real
cffect in the early phase of the cycle of opera-
tion. ‘The bolt acceleration occurs mainly
while the powder gas pressures are high and
are execrting a force of many thousands of
pounds an the bolt. The driving spring, in
order to permit the bolt to open enough to al-
low feeding, must offer a rclatively low resist-
ance.  Although this resistance 1s sufficient to
absorb the bolt energy over the comparatively
grecat distance through which the bolt moves
in recail, 1t 18 not great enough to offer sigmfi-
cant opposition Lo the powder gas pressure until
the chamber pressure has dropped to a rela-
tivelv low level well after the projectile has left
the muzzle.

Now consider for a moment what would happen
if the bolt had the same weight as the projectile
(0.29 pound). If we admit the far-fetched as-
sumption that the cartridge case will remain in one
piece, the bolt will be blown back with nearly the
same speed as the projectile s driven [orward.  The
four-inch long cartridge case will be blown entirely
out of the chamber when the projectile ig only four
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inches down the bore and the hot powder gases, at
a pressure of about 45,000 pounds per squarce inch,
will blast out of the breech. Whatever portion of
the breech mechanism is not ruined by the blast
effect of the explosion will be smashed by the bolt
as it flies back at such a high welocitv., Even
though the bolt has been subjected to only part of
the total explosive force, it will have an cnergy
nearly as great as the muzzle energy of a high-
powered rifle bullet. )

By increasing the weight of the bolt, we can re-
duce the velocity ‘at which it recoils and thus elimi-
natc the dangerous condition described in the
preceding paragraph.  However, as previously ex-
plained, the velocity must be limited to a very luw
value in order to avoid case separation or rupture
of the case at its base, and consequently the maxi-
mum raie of fire attainable will be somewhere
around 60 rounds per minute. It is not neccssary
at this point to describe the methods nsed for com-
puting the bolt weight necessary to accomplish this
condition, so suffice it to say that it will be about
500 pounds. It is apparent that this weight 1s much
too great to consider in any practical 20-mm gun
design.

It has often been remarked that a plain blow-
back machine gun could be built to fire high-
powered 20-mm ammunition providing that there
was no objection to the excessive welght necessary
in the holt or to the inherent low rate of fire. The
fact of the matter is that such a gun would be
entirely impractical for other more cogent reasons.
For example, if it is assumed that the imtial velocity
of the 500-pound bolt mass is about 2.50 feet per
second, the cnergy imparted to the holt will be only
about 50 foot-pounds. Since this energy is sup-



THE MACHINE GUN

—

plied to the gun mechanism only 30 times per
minute, or at the rate of 2500 [oot-pounds per min-
utc, only 8,100 horsepower will be available for
domng the work necessary for feeding, firing, ejecting,
overcoming friction, and for performing the other
functions required of the gun mechanisms. This
seems hardly sufficient power to operate a machine
in the class of the breech mechanism of a conven-
tional 20-mm gun. In other words, the hcavier
the bolt, the less energy 1t will absorb from the pro-
pellant explosion and if the bolt is too heavy, the
gun may fail to function automatically because in-
sufficient power will be available o operate the
mechanism.

Another rcason why the gun will fail to operate
is because the driving spring would of nccessity be
a pitifully weak affair. Since the spring must absorb
anly 30 foot-pounds of energy and must do this over
a movement of at lcast 10 inches in order to permit
feeding a 20-mm round, the average force cxerted
by the spring can be no more than 60 pounds (60
pounds > 0.833 feet = 50 foot-pounds’. Tt is
hardly necessary to point out that a spring as light
as this will not work verv successfully as the driver
for a 500-pound bolt and it is also doubtful whether
it could exert enough direct force to operate the
teed mechanism or to perform other tasks requiring
a fairly powerful thrust. Another serious short-
coming of such a spring would become obvious by
the embarrassing way in which the bolt would slide
open whenever the gun is elevated a little above the
horizontal.

The principal points disclosed in the preceding
analysis of a high-powered plain blowback gun may
be summarized as follows:

[. T'o prevent case separation or rupture of the case
ncar its base, the holt velocity must be limited to
an extremcly low value.

2. For this svstem, lubrication of the ammunition

does not permit a significantly higher holt velocity.

. In order to limit the bolt velocity as required, the

wcight of the balt must be excessively great.

. Because of the necessity for low bolt velocity, the

rate of fire is too low for any practical purpose.

. The driving spring is not a significant factor in

limiting bolt velocity,

The bolt of a blowback gun is the means whereby

cnergy for operaiing the mechanism is obtained

from the propellant explosion. Because of the
excessive bolt mass required in a plain blowback
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cun. and the low rate of fire, insufficient power 1s
obtained for maintaining automatic operation.

. The driving spring is of necessity very weak
and can not exert sufficient direct force to per-
form 1ts function satisfactorily,

All of these points demonstrate amply why no
successful plain blowback machine gun has ever
been developed to fire high-powered ammunition.

|

Mathematical Analysis of Plain Blow-
back

The following paragraphs describe a systematic
procedure for performing the computations neces-
sary in a basic analysis of a plam blowback gun.
For the most part, the methods described are conven-
tional and follow the lines of analysis which have
been nsed for some time in general engineering
studics of guns, particularly artillery weapons.  The
main cndeavor in this present analysis was to reor-
ganize the existing methods and to modify and sup-
plement them as necessary to adapt them for
convenient application to the specific problems en-
countered in the design of blowback machine guns.

It must be emphasized at the outset that the
principal concern of this analvsis is to establish a
method which may be used to determine the bolt
mass required to hmit the bolt recoil velocity to a
safe value and, on the basis of this mass, to make
preliminary calculations for determining the driving
spring design data, rate of fire, bolt motion charac-
teristics, and other useful information.

In this analysis, no attempt will be made to discuss
the straichtforward machine design methods by
which the results are applied in arriving at the par-
ticular physical form of a breech mechanism.  Also,
no detailed computations are made to cover the
effects of such factors as friction or the incidental
[orces imposed on the breech mechanism by the
auxiliary mechanism such as the feeder, firing device,
or ¢jector.  These effects are entirely negligible In
dctermining the bolt mass, but they will have some
influence on the overall bolt motion and rate of fire.
In any case, they can be properlyv taken into account
only in the more or less advanced stages of a design
when the form of the gun mechanism becomes fairly
well established. At this point, the preliminary
values determined can easily be modified as required.

The analysis which follows is based on the assump-
tion that a particular cartridge with known charac-
teristics is to be used and that the desired muzzle
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Figure 1-9. Graph of Chamber Pressure Versus Time (20 mm Gun).

velocity and barrel length have been predetermined.
It 1s also assumed that all necessary interior ballistics
data are known and that graphs showing the time
variation of projectile velocity and chamber pressure
are available {(figs 1-9, 1-10, and 1-11}.

NOTE: For some design problems, all or part
ol this information may not be available. An-
alvtical methods by which the required data
and graphs can be approximated f[or use in
preliminary studies may be determined by con-
ventional interior ballistics computations,

As the analysis progresses; its application will be
illustrated by means of sample calculations. Al-
though these calculations and reclated graphs are for
a specific 20-mm cartridge and barrel, the methods
are applicable to a gun of any caliber. The calcu-
lations cover the following important points:
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. Determination of the bolt weight required to

limit the recoil velocity to a safe value.

2. Determination of the data necessary for design-
ing a driving spring which will permit the bolt
to open the required distance for [eeding.

. Computation of the rate of fire,

4. Development of graphs showing how bolt veloc-

ity and bolt travel vary with time.

5. Computation of power absorbed by the bolt.

In the course of describing these computations,
the following fundamental formulas will be devel-
oped and cxplained:

a. Momentum relation for time projectile is in

bore.

b. Formula for determining momentum and ve-

locity of free recoil.

c. Expression for duration of residual pressure.

d. Formula for determining initial bolt energy.

c. Formulas for determining spring retardation.

find
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Figure 1-10. Graph of Projectile Bore Travel Versus Time (20 mm. Gun).

f. Energy cquation for bolt and driving spring.
g. Formula for determining time to recoil.
h. LExpression for computing rate of fire.

1. Determination of bolt weight

When the propellant charge is exploded, the
projectile and powder gases move forward through
the bore while the bolt is driven to the rear. Since
the bolt i1s not connccted to the barrel, the forces
resisting the motion of the projectile are not equal
to the forces resisting the motion of the bolt. How-
ever, because such an extremely small percentage of
the explosive impulse is required to overcome [ric-
tion and account for other losses, it may be assumed
with very little error that the momentum of the bolt
at any time 1s equal to the combined momentum of
the projectile and powder gascs. Assuming that
the center of mass of the powder gases moves
throngh the bore at onc-half the velocity of the
projectile, the momentum equality may be ex-
pressed as follows:

. Ve [ M.,
(1—1) My, =Myv, | M, :2_1""(.11"'%_2 )v“

The subscript, f, in the symbol for the bolt velocity
indicates that this is the free or unretarded bolt
velocity, In other words, it is assumed for the
present that the bolt motion is not subjected to the
retarding effects of the driving spring or friction.
This assumption will not introduce any significant
inaccuracy for the time during which the powder

—— e

Symbols Used in Analysis

m a0 e

—

o
=3
-

Vg aln
W,

W,
W,

Area of bore cross-scction —in.?

Arbitrary constant of integration

Toual recoil travel of bolt—ft.

Recoil travel of bolt for time t—ft.

Initial bolt energy—It. 1b.

Average spring force over distance
D—1b.

Initial compression of spring—Ib.

Acceleration of gravity-—-32.2 ft./sec.?

Spring rate—Ib. /It

Mass of powder charge—Ilb.sec.?/tt.

Mass of projectile—lb.sec.?/ft. |

Mass  of boll  (recoiling parts)—
Ib.sec.*/It.

Muzzle pressure—Ib, fin?

Time to recoil—sec,

Time—sec.

Time of duration of rcsidual pres-
Sure- - sec.

Muzzle velocity of projectile—ft. fsec.

Velocity of projectile in bore at tumne
t—{1. fsec.

Velocity of rctarded recoil at time
L—I1. fsce.

Maximum velocity of free recoll—
f1. [sec.

Velocity of free recoil at time 1—
ft./sec.

Allowable average recoil velocity—-ft./
sec,

Weight of powder charge

Weight of projectile —I1b.

Weight ol bolt (recoiling parts)—1b.

b,
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Figure 1-11. Graph of Projectile Bore Travel Versus Time (20 mm Gun).

gas pressures act because the retarding forces are
negligible when compared to the forces exerted by
the powder gases.

Equation 1-1 can be used to plot a graph of bolt
momentum versus time for the period before the
projectile leaves the muzzle. The weights of the
projectile and powder charge are both known and
hg. 1-10 gives the projectile velocity at any time.
Therefore, the ordinate of the bolt momentum curve
at any time, t, can be determined by multiplying the
corresponding ordinate of the projectile velocity
curve by the factor

(4:°0)

For the 20-mm cartridge upon which fig. 1-10 1s
based :

M 1w WO
M,+ -;—é(uﬁ-- S rox

Theretore, before the projectile leaves the muzzle,
the bolt momentum is:

(.EE—I- -{l,;} =.00101
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M,v, =.00101 v, (Ib. sec.)

The curve obtained by using this relation is shown
in fig. 1-12. The same curve is also shown in
fig. 1- 13 as the portion between t=0 and t=.00234
sec.  (In this figure, the time axis is compressed 1n
order to permit consideration of what happens after
the projectile leaves the muzzle.

The momentum relations which exist after the
projectile lcaves the muzzle cannot be formulated
simply, but a special method can be employed to
extend the curve plotted by using equatron 1-1.
To draw the remainder of the curve, use 18 made
of the maximum free bolt momentum as determined
from the equation:

M,V,, =M, V,+4700 M,

This is an empirical relation based on the results of
experimental firings of various guns. 1t amounts
to saving that the final momentum imparted to the
recoiling parts is equal to the sum of the muzzle

i ]‘—E )

L
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Figure 1-12. Free Bolt Momentum for First 0.0015 Second.

momentum of the projectile and the momentum of
the powder gases, assuming that the powder gases
leave the gun at an average velacity of 4700 feet

per second. For the cartridge and barrel used as
an example:

29
32.2

2750+ 4700 070

MV = 32,2

35 (Ib. sec.)

A line representing this value of free bolt momen-
tum is drawn on the bolt momentum graph {fhg.
1-13) and the curve previously drawn is extra-
polated until it becomes tangent to the line. The
point at which the curve is tangent represents the
time at which the residual pressure becomes zero
and therefore imparts no further momentum to the
bolt. Although an error in locating the exact point
of tangency will not have any serious effect on the
accuracy of the results, it may be of some assistance
in plotting to determine this point by using Vallier’s
formula for approximating the duration of the
residual pressure:

M, .
{:l 3) Treuzﬂ, (94{]”—1 p::
For the sample cartridge and barrel:
Tiea=—- 070 (9400-2750) =.00592 (sec.)

32.2& (.7902- 5000
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To obtain the total time of action of the powder
gases, this value is added to the time at which the
projectile leaves the muzzle:

T 00234 -+ .00592 = 00826 (sec.)

Extending the original curve until it 15 tangent at
this point gives the complete free bolt momentum
curve shown in fig. 1-13,

This curve can be used directly to determine the
bolt weight necessary to limit the bolt velacity to a
safe value over a given interval of time. By integrat-
ing under the curve for the desired time interval and
then dividing the result by the time interval, the
average bolt momentum for the interval can be
found. Dividing this average momentum by the
allowable average velocity for the interval will give
the required bolt mass. 'That is to say:

[E—

TES ™

-It_,

(1-4) M=

A simple and sufficiently accurate method of
evaluating the integral in equation 1-4 is to measurc
the area under the curve by use of the so-called
trapezoidal rule or some other method of approxi-
mate integration such as Simpson’s rule.

Now assume that the cartridge case is not lubri-
cated. As previously explained, this condition re-
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Figure 1-13. Free Bolt Momentum for First 0.010 Second.

quires that the average bolt velocity be limited to
onc foot per sccond for the first 0.0015 second in
order to prevent case separation.  Integrating under
the curve shown in fig. 1-12 from t=0 to t=.0015
gives a total area of 0.02298 (1b. scc.”). Using equa-
tion 1-4 to evaluate M- gives:

app 2
M, — 02298 —15.49 (]I_Lf.t[.[. )

00151

Therefore, the required weight is:
W,=gM,=32.2 . 15.32=493 (Ib.)

It was also pointed out previously that if the car-
tridge case is of the form shown in fig. 1-6A, the
average bolt velocity {even with lubrication} must
be limited to two feet per second for the first 0.010
second 1n order to prevent rupture near the base
of the case. Assuming this limitation, integrating
under the curve shown in fig. 1-13 from t=—0 to

t=.010 gives a total area of 0.305 (lb. sec.”).
Using equation 1-4 to evaluate M. gives:

305 Ib. see®
h.[ _— =15 2: —_ )
= 0102 ° J( ft.
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Therefore, the required weight is:

W, =gM,=32.2 - 15.25=4092 1b.)

Note that this weight is almost exactly the same as
obtaincd by assuming the first limitation. As pre-
viously explained, the necessary bolt weight can be
decreased somewhat if lubrication is used and some
special method can be found by which the allow-
able average velocity over the first 0.010) second can
be increased to more than two feet per second.
However, for purposes of continuing the analysis,
these special methods will be ignored and the bolt
weight will be taken as 500 pounds.

2. Determinalion of driving spring design data

Equation 1-2 gives the maximum free recoil mo-
IMenturmn as:

MV =MV, 44700 M,
Solving this equation for V., gives the maximum {rce
recon]l velocity as;

o v MV 44700 M, WV 4700 W,
e we o
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For the 500-pound bolt and the conditions of the
example:

ft.

20-2750-1-4700-.07
v =,~9 Em_l_} |- 47 () ﬂiﬂ=2.2(
f SO,

500
Since the total acceleration of the bolt occurs 1n
less than 0.010 second and sincc the rctardation
which can be offered during this interval by the
driving spring is very small, it may be assumed,
when considering the cffect of the driving spring,
that the mitial velocity of the bolt is equal to the
maximum free recoil velocity expressed by equation
1 5.
The initial bolt energy is given by the expression:
L LR S
(1-6) N1 ALY, f=}3 Vo,

] ..rr=-2 ¢ Eg
Evaluating this expression for the condition of the
cxample gives the initial bolt energy as:
Er___uﬂﬂ*
2.32.2
In other words, the bolt may be considered to start
compressing the driving spring with an initial en-
ergy of 39.14 foot pounds. The spring must be pro-
portioned so as (o absorb this amount of energy
over the entire distance through which it is com-

pressed times the average force required to produce
this deflection. That is:

Ei=FoD or Fgu—

(ft. Ib.;

i) 1.]-[_',"2

F=r=y .

==30.4 (ft. lb.)

Ur
D
If it is assumed that the bolt in the example must
open 10} inches (0.833 fcet) in order to permit feed-

ing of a 20-mm cartridge, the average force exerted
by the spring must be:

394
M

(1-7;

Fow— -47.2 (Ibh.)

It should be noted here that friction bectween the
bolt and its slide will produce an ecssentially constant
retarding force. If it is expected that the force
required to overcome the friction will be consider-
able, this force should be determined and sub-
tracted from the average spring force computed by
using equation 1 7. However, for purposes of the
present analysis, the friction force will be neglected.

Having the average spring force, the remaining
problem is to choose spring characteristics such that
this average force will result from compressing the
spring through the required rccoil distance. The
values to be chosen are the initial compression, F..
and the spring rate, K. For example, if the initial
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compression is taken as 17.2 pounds, a maximum
force of 77.2 pounds will produce the required aver-
age force of 47.2 pounds. Since the difference be-
tween the maximum force and initial compression is
60 pounds and the recoil distance 1s 10 inches, the
spring rate will be 6 pounds per inch or 72 pounds
per foot.  Any other combination of F, and K could
be chosen, providing that they produce an average
force of 47.2 pounds.

NOTE: Actually, the design of a driving
spring for a practical machine gun is a rather
complex problem and can not be disposed of
so casily. Spring losses, shock loads, forced
vibrations set up along the length of the spring,
and other factors can cause serious difhculties
in operation and may even result in unpredict-
able breakage. For this reason, the design of
springs to be used in a rapidly ascillating mech-
anism like a machine gun is a specialized art in
the field of machine design. Special tech-
niques of analysis are necessary and often a suc-
cessful design can be arrived at only through
carcful experimentation. Also, as will be ex-
plained later, the choice of Fo and K can have
an effect on the rate of fire attainable.

Although the factors mentioned in the preceding
note should receive due consideration in an actual
design problem, it will be assumed here that the
arbitrarily sclected combination of Fo=17.2 pounds
and K=.72 pounds per foot will result in a satis-
factory spring.

The required bolt weight and the characteristics
of the driving spring have now been determined and
this determination was made in accordance with
the stipulated requirements for limiting the bolt mo-
tion and for allowing sufficient recoil travel to per-
mit feeding. In other words, the basic design of
the gun is now established and the only task remam-
ing is to consider what performanie this design will
give.

It is obvious that a gun having such a heavy bolt
and such a weak driving spring will not be practical.
However, the only way to improve the design would
be to employ some special method for permitting
a higher average bolt velocitv., The question of
whether or not such a method can be found 1s not
important for the purposes of the present analysis
and will therefore be left ta the ingenuity of the
designer.  The main purpose of this analysis is to
establish a methed of approach to the design of a
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plain blowback gun and this method can be applied
regardless of what particular bolt vclocity is allow-
able.

3. Derivation of bolt molion equations

Since the bolt weight and driving spring data
have been determined, it is now possible to investi-
rate the performance of the gun. The first step in
this investigation will be to derive a number of 1m-
portant equations relating to the motion of the bolt.
These derivations will all be based on the fact that,
as the bolt moves in recoil, the driving spring absorbs
and stores energy. If it is assumed that the losses
due to friction and other causes are negligible, the
energy remaining in the bolt at any time during
recoil is expressed by the equation:

“n.T Ve

{1--8) = Hi,— f (F,+Kd) dd

B—(Fod+y )

This cquation may be used for deriving the equa-
tion expressing the relation hetween time and bolt
motion as follows: Solving for v, mves:

o I 2_ 2F, oE, dd
"’f"\'x v YR L T
ddl

lt-: -
[ J__£ . __.F
\’ M,‘ M, u

From a table of integrals, this expression is of the

form:
f Ed{l _l_ s1n L _ET "-h—l-p
vadi+bd+te y—a v b*—4dac
K )
where : =1 (<)
by = _2FK,
T M,
2E,
= +1_I:
Therefore;
: sin ! - Ny
VK /f‘r_F‘ﬁJ,,ST%_E_r |
5 AVRY IERLEY I
M. . , Kd-+F,
e ! FrioKE ]-}—(,
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But at the end of the recoil movement, the energy
storcd in the driving spring is equal to the initial
bolt encrgy :
E,~F,D4+,
Therefore:
hl)

P4 2KE, = F 4 2K (F.D+
"W 2KEF, D+ 1{'51'}""
— {Fﬁ +RDY
Substituting this value in the equation for t gives:

M, K{H—]‘.,] ,
lw—v K S KD _F. +C
When t=0, d=0 and therefore
M, O
C=— K " kDT,
Substituting this expression for (i gives the equation
for the time, t, required to recoil any distance, d.
M, o Kd+F, o F,

'“ H] I_\."I T“L S1T ["L] { Iq.,u—Elll ﬁ}-;F_F“

Solving this equation for d gives the inverse rela-
tion expressing the distance recoiled in any time, t.
(1-10)

to evaluate O

K, F,
[V MU gk E TR
Equation 1-9 may also be used to obtain the total
time T required for the bolt to move through the
entire recoil distance D.  Substituting D for d gives:

, N . K,
I'— \,‘ _3111 1- sin }RD—I-FE.]
N+ ., K,
1D T=4/ " [37507 KD+ F,
_ Lo, F,
“ VK KDLF,

If it is assumed that the losses are negligible, al-
though this is impossible, the time for the bolt to
return will be equal to the reeoil time. That 1s, the
time for a complete cycle of operation will be 27T
seconds. On this basis, the rate of fire in rounds
per minute will be:

L6030
N 2T
/ K
My !
(1-12) N— ) 11{
O3 KD F,
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Evaluating N for the conditions of the example
gives the rate of fire as:

72-32.2
i 304 500 , |
N : 170 =48 (rounds per mnute)
iy | o
005 " 70, 8334 17.2

With the rate of fire and bolt energy known, the
power absorbed by the bolt can be computed by
mcans of the formula:

_E.N

.
HE- 33,000

(1-13)
The horsepower absorbed by the bolt in the gun
of the example will be:

4. Development of theoretical time-travel and time-
velocity curves

Curves which show the bolt travel and bolt veloc-
ity with respect to time are very useful in determin-
ing what performance can be expected of a design
and also provide useful data for the design of the
feeder, ejector, firing device, and other auxiliary
mechanisms. The formulas derived under the pre-
ceding heading may be used to obtain such curves
and other data of interest. However, it should be
rcalized that all of these equations were derived
under the assumption that the initial bolt energy

3

was transferred to the bolt instantancously and there-
fore do not take into full consideration the period
of time during which the powder gas pressures act.
For a gun having a low rate of fire, the cvents
which occur during this period of time are negligible
in considering the total bolt travel but when the
rate of firc is high, the powder gas pressures exist
for a significant portion of the time required for
recoil. For this reason, it 1s usually desirable to
take the cffects of the powder gases into considera-
tion when developing bolt motion curves.

Since the effects of the powder gases can not be
formulated readily, a special method is employed
to plot the curves. The method consists essentially
of plotting a curve of frec bolt velocity and then
subtracting from each ordinate of this curve the
loss in velocity resulting from the retarding effect
of the spring.

The free bolt velocity curve can be derived di-
rectly from the free bolt momentum curve previ-
ously plotted (figs. 1-12 and 1-13) by dividing each
ordinate of the momentum curve by the mass of the
bolt. The resulting curves are shown in figs. 1-14
and 1-15.

‘To determine the retarding effects of the spring,
use is made of thc law expressed by the equation:

{(1-14) Fdt—Mdy
This law states that the change in the momentum of
a mass is equal to the applied impulse (the product

FREE BOLT VELOCITY (FT./SEC)

005

0010 TIME(SEC)

Figure 1-14. Free Recoil Velocity Versus Time (0-0.010 Sec.).
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Figure 1-15. Free Recoil Velocity Versus Time (0-1.0 Sec.).

of the force and the time for which it is applied).
Solving for dv gives:
__Fdi

M

To obtain the variation of the change in velocity
with respect to time, this expression is integrated.

TRt 1 t

dv

r—

(1-15) , MM
In accordance with equation 1-15, the retarding
effect of a force on a given mass can be deter-
mined as follows:
. Ilot a curve showing the variation of the force
with respect to time.

Measurc the area under the curve between t=0
and sotme time t;.

|

. Divide the measured area by the mass. This
gives the ordinate of the retardation curve for the
time t;.

Repeat 2 and 3 for other values of t and plot the
retardation curve.

When this procedure is applied to the driving
spring and bolt, the resulting curve shows the loss
in balt velocity resulting from the resistance of the
spring. Since the free bolt velocity curve shows the
gain 1n bolt velocity resulting from the thrust of the
powder gases, the difference between the curves will
be the net bolt velocity, or in other words, the ve-
locity of retarded recoil.

If the retarding force were constant or if its varia-

SOB575 O—06——4
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tion with respect to time were known, the applica-
tion of this method would be very simple. How-
ever, when the force varies with bolt displacement
as it does in the case of the driving spring, a difficulty
15 encountered.  In order to plot a graph showing
the variation of the retarding force with respect to
time, 1t is necessary to have a curve showing the
variation of bolt displacement with respect to time
and 1t 1s this very curve that we are attempting to
plot.

This difficulty can be circumvented by consider-
ing the problem in two stages. For the first 0.010
second while the powder gas pressures are acting,
the retardation offered by the spring will be small
and in any casc will be almost cntirely due to the
constant effect of the initial compression. The
varying force due to the spring rate during this in-
terval will almost certainly be negligible but, if
necessary, it can be approximated very closely.
These considerations make it possible to obtain ac-
curate results for the first 0.010 second. Tor the
remainder of the cvcle of operation, the powder gas
pressures arc not acting and the displacement of the
bolt can be determined analytically without any
trouble.

The procedure for plotting the velocity and dis-
placcment curves for the first 0.010 second 1s as

follows:
. Plot curve of free bolt wvelocity versus time
‘he. 1 14).
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. The loss in velocity due to the initial compression
of the driving spring is equal to Fat/M.. De-
termine the velocity loss for various values of t,
subtract each from the corresponding ordinate
of the free bolt velocity curve and draw a curve
through the resulting points.  If the effect of the
spring rate proves to be negligible, this curve is
the retarded velocity curve.

3. Integrate under the curve drawn in step 2 to

obtain the displacement curve,

t. Assume that the curve drawn in step 3 represents
the actual bolt displacement curve and use this
curve to determine the retardation due to the
spring rate K. Ordinarily, it will be found that
this retardation is so small that it will not have
any cffect worthy of consideration.

5. If the retardation determined in step 1 is suf-
ficient to affect the velocity, use it to madify the
curve drawn in step 2, and then integrate under
the new curve to obtain a corrected displacement
curve.
Steps 4 and 5 can be repeated as often as is neces-
sary until no significant change occurs in the
displacement curve. Actually, this process of
successive approximation should never be neces-
sary and satistactory results should be achieved
in the first three steps or at lcast in the first five
steps,

Fig. 1-16 shows the curves obtained for the gun

of the example. In this particular design, the spring

0.
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is s<0 weak that its retardation eflects are cntirely
negligible during the first 0.010 second. To illus-
trate this point, the loss in velocity duc to Fo over
this titerval is

Pl 17.2..01-32.2 1

The loss due to K, as determined by the method of
step 4 is only about 0.0004 fect per second. Thus,
in this gun the retarded velocity curve for the first
0.010 second is practically identical with the free
velocity curve.

The remainder of the bolt displacement curve can
now be determined analytically by using equation
[-10:

K1
d=

B

) B 'K . T, .,
}{F '?H‘“[‘«f MU R D F{JH[{
However, since some bolt travel (d”} occurred dur-
ing the first 0.010 second, the valucs of Fo, D, and t
must be changed to take this motion into account
and d’ must be added to the resulting values ob-
tained for d. The changed values to be used in
equation |- 10 are:

-1_'11: = _|11“ | K{-.If
D D—d’
t"=1—.010
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The modified form of equation 1-10 is now:

1;"n _%'_ ¥ IIII K
sin ,V- X3
sin~!

_KD—d) ¥+
L :I_ Fol Rl
K(D—d")+F,+Kd’ K

r‘] K ft — .0 lf}k:l-{—

“"“i“[\/'ﬁr (1—.010)+

LKA KA PR
KD+F,] K
This equation is employed to complete the bolt dis-
placement curve. The ordinates of the displace-
ment curve are then multiplied by K and mcreased
by F. to obtain a curve showing the variation of
the total spring force with time. Integrating under
this curve and dividing by M, in accordance with
equation 1-15 will give a graph of the loss in
velocity due to the spring force. Subtracting this
curve from the free bolt velocity curve will give

810

+d’
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Time-Travel and Time-Velocity Curves (Complete Cycle).

the complete graph for the retarded bolt velocity.

Fig. 1-17 shows the displacement and velocity
curves obtained by this method for the gun of the
example. After the necessary substitutions are
made 1n equation 1-10, the final form of the equa-
tion to be used after the first 0.010 second is:

d=1.072 sin[2.151+ .223]—.239

The spring force curve obtained from the displace-
ment curve of fig. 1-17 is shown in fig. 1--18.

If so desired in the course of a design, the effects
of friction and loads incident to operating the gun
mechamsm may be taken into account in ploting
the displacement and velocity curves. Lhese forces
are handled in the same way as the spring force.
For cxample, the friction force resisting bolt motion
will be essentially constant and therefore can be
taken into account by increasing F. in equation
1-10. A constant or varying load which exists for
only a small portion of the cycle (such as the force
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Figure 1-18. Variation of Spring Force With Time.

required to remove a cartridge from the feeder)
can be treated in a like manner providing that the
problem is considered in stages by methods similar
to those described in the preceding paragraphs.
Another useful curve for design and analysis pur-
poses may be obtained by plotting bolt velocity
versus displacement. This curve may be drawn
easily because the velocity and displacement curves
can be used to determine the velocity corresponding
to any displacement. Fig. 1-19 shows the velocity-
displacement curve for the gun of the cxample.

3. Note concerning driving springs

In paragraph 2, it was pointed out that the selec-
tion of Fo and K for a driving spring will have a
significant effect on the rate of fire. This may be
sccn by considering the time to recoil for the extreme
conditions in which (a) the initial compression is
zero, and (b) the spring constant 18 zero and only
a constant force retards the recoil.

The expression for the time to recoil when the
initial compression is zcro can be obtained directly
from equation 11 by setting F.—0.

. M, w
VK2
The expression for the time to recoil when the

spring constant is zero can not be obtained from
squation 1-11 because substituting K—0 vields an

This gives:

(1-16) ]
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indeterminate expression. However, the expres-
sion can be derived by substituting K=0 in equation
1-8 and solving the resulting differential equation.
This gives the relation between recoil distance and
ume as:

When t=D, d=D and therefore:
'2M,D
(1-18) (23

T—= :

i\‘f l"u
For the conditions of equation 1-16, K=2 Fu./D,
where F., is the average spring force over the dis-

tance D. For the conditions of equation 1-138
F.—Fa. Making these substitutions in equations
116 and 1-18 gives the following results:
For F,=0 ForK=0
/MDD = 2M.D
Y elial il T— o [ Z20r
T=v9r,, 2 \ F.
MD = _ MDD
J\I Fa\f 21,,2 '\'III F!ﬂ

Since that average spring force must be the same in
both cases, the time to recoil is greater for the condi-
tion when K=0 by a factor of

V2 4

= =]

= 27,
{2 \,2 L3
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The condition in which neither K nor F. is zero
will give a time to recoil somewhere between these
two extremes, depending on the combination se-

lected. This indicates that in the design of the
driving spring, I'» should be made as small as pos-
sible in order to improve the rate of fire.

BLOWBACK SYSTEM WITH ADVANCED PRIMER IGNITION

In the plain blowback system, the bolt returns to
the firing position with relatively low velocity but
with considerable kinetic energy and this energy is
absorbed by impact before the next cycle starts.
Since the bolt is stationary when the new round 1s
fired, all of the explosive force of the round 1s
erfective in accelerating the baolt to the rear.  As has
been explained, this condition requires the use of
an cxtremely heavy bolt 1n order to keep the bolt
velocity within safe limits.

A substantial saving in balt weight and other
advantages can be realized by making use of the
kinetic energy of the returning bolt. Instcad of
permitting this energy to be dissipated by impact
before the next round is fired, it is possible to time
the ignition so that the new round is fired just before
the bolt reaches its fully forward position. In this
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method of operation, known as “advanced primer
ignilion,” the impulse of the propellant explosion
must first slow and stop the returning bolt before it
can propel the bolt to the rear.  With this action,
only a portion of the explosive impulse is effective
in blowing back the bolt and the interval of time
during which the pressure of the powder gascs acts
to produce a rearward acceleration of the bolt is also
reduced. Both of these effects permit the use of a
much lighter bolt and produce a condition in which
higher bolt velocities are allowable. Thus, not only
can the gun be lighter, but it is also possible to
achieve a higher rate of fire.

The form of the mechanism for a blowback gun
employing advanced primer ignition {fig. 1-20) 1s
basically the same as for a plain blowback gun
except that the firing device shown in the figure



THE MACHINE GUN

oAaING BOLT SPRING
///,»"f;-"x,-f’xﬁ? AT, 377 T
NARNNNNGS]

i \\kxmm; N\ //

=_ | | | ST =4 ,@ \\u“w
h; ?ﬁr B o *’}.f < ]
x N mb‘ .:‘ -~ RN JW IW/"’ o ;’f’;f f_;:
A A ;\m\ . .
D > T /ff%%

FIRING FIRING
PIN MECHANISM

Figure 1-20. Simplified Schematic of Blowback Mechanism With Ad vanced Primer Ignition.

1s arranged to ignite the primer of the fresh car- the bolt to the rear. At the time the bolt 1+ driven

tridge just before the bolt reaches its [ully forward
position. Although the details of an actual gun
of this tvpe mav be considerably different in form
from the schematic representation shown in fig.
1-20), the basic mechanism shown illustrates the
essential mechanical {function.  The fundamental
parts of the mechanism are the bolt {which backs
up the cartridge case and is free to slide in the breech
casing ) and the driving spring { which absorbs the
kinctic cnergy of the bolt when the bolt is blown
back and then drives the holt back to the finng
position | .

Cycle of Operation

The automatic cycle for a blowback gun with
advanced primer ignition occurs as follows:

The cvcle starts with the bolt scared to the rear
and with the driving spring compressed. When the
scar 15 released, the bolt is thrust forward by the
driving ¢pring and as it moves forward, the bolt
picks up a fresh cartridge from the feed mechanism
and carries ihis cartridge into the chamber. When
the cartridge has entercd the chamber sufficiently
that the case walls are adequately supported but
before the bolt has reached its fully forward posi-
tion, the firing device is actuated to ignite the primer,

The pressure resulting from the explosion of the
propellant charge drives the projectile through the
barrcl of the gun and at the same time immediately
exerts a force which acts through the base of the
cartridge case to slow down the forward motion of
the bolt, bring the bolt to a stop, and then propel

to the rear, the only signilicant resistance to the
acceleration of the bolt is duc to the mertia of the
bolt mass,

The force exerted by the pressure of the powder
gascs lasts for only about 0.008 or 0.009 second
alter ignition of the primer.  After this point, there
is no further force driving the bolt to the rear but
the recailing parts continue to move ol their own
momentum.  As the bolt moves back, the spent
cartridge casc is cxtracted from the chamber and
cjected.  The resistance of the driving spring grad-
ually slows the bolt down until 1t has reduced the
bolt velocity to zero. At this pomnt, the cvele of
operation is complete and a new cycle begins as the
cnergy stored in the driving spring starts the bolt
moving forward.

Analysis of Advanced Primer Ignition

The most important factor to be considered
analvzing the efTects of using advanced primer 1gni-
tion is the manner in which the energy of the re-
turning bolt is utilized. Tf the relatively small losses
to friction and to operating the mechanism are 1g-
nored, the driving spring will return the bolt with
a final velocity which is almost equal to the mial
velocity of recoil. 'The amount of impulse which
must be supplied by the propellant explosion to
stop the forward mation of the bolt will then be ap-
proximately equal to the amount of impulse required
to produce the initial recoil velocity, or in other
words, only about one-half the impulse produced
by the explosion is effective in causing the recotl
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velocity.  Theretore, when advanced primer 1gni-
tion is employed, the momentum imparted to the
bolt 1s only one-half of that which would be obtained
with plain blowback. This means that from this
standpoint alone, the bolt weight can be reduced
by a factor of two.

In addition to the advantage mentioned in the
preccding paragraph, the use of advanced primer
ignition in a blowback gun results in other advan-
tages which are related to the manner in which the
cartridge case moves under the pressure of the
powder gases. The general nature of this movement
15 as follows:

Immediately after ignition of the primer, that s,
in the very early stage of the propellant explosion,
the bolt 1s still moving forward and is thrusting the
casc into the chamber.  Any frictional force which
results from the high pressure inside the case and
which tends to resist the forward movement will
result in compression stresses in the case walls. These
stresses are not troublesome because they do not tend
lo cause case separation and, in addition, the case
15 well inside the chamber so that its walls are ade-
quately supported. On the other hand, when the
forward motion has been stapped and the case
slarts to move to the rear, the factors which limit
blowback operation become cffective and they must
be taken into account.  These factors give rise to
two considerations:

l. If no lubrication 18 provided, the pcak chamber
pressures will cause the cartridge case to seize in
the chamber and therefore separation of the case
will occur unless the bolt movement is limited so
that the elongation of the case material is not ex-
cecded while the case is stuck. As explained in
the analysis of plain blowback, the precise elonga-
tion permissible for a specific cartridge case can
be determined only by careful experimentation
under actual firing conditions, but a good rule
to follow for the brass cases of 20-mm rounds is
that the bolt movement to the rear should not ex-
ceed 0.015 inch during the first 0.0015 second of
the propellant explosion. With advanced
primer ignition, the first 0.0009 second { approxi-
mately; of the explosion is utilized to stop the
forward motion of the bolt so that the critical
time during which case separation can occur en-
dures for only 0.0006 second. Since a bolt
movement of 0.015 inch is permissible during this

tume, the average allowable bolt velocity for the
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same time is 25 inches per second, or about 2
feet per sccond.  This is twice as great as the
velocity permissible with plain blowback but 1s
still a very low value.

If the ammunition is lubricated in order to avoid
chamber seizure, case separation will not occur but
the motion of the bolt must stll be limited to
prevent the case from moving so far out of the
chamber that the thin walls near the base are
unsupported while there iv any considerable re-
sidual powder gas pressurc.  As for plain blow-
back, this means that for a case of the type shown
in fig. [-6A, the travel in the first (.010 second
of the propellant explosion should not exceed
0.250 inch.  Since the rearward moetion does not
start until 0.0009 second has clapsed, this move-
ment will occur in 0.0091 second and therefore
the allowable average velocity is only 27.3 inches
per sccond, or al the most 2.5 feet per second
(instead of 2 fect per second as is allowable with
plain blowback ).

From the foregoing it is apparent that although
the use of advanced primer ignition permits shghtly
higher bolt velocities than are attainable with plam
blowback, the advantage in this direction is not very
great with the type of ammunition shown n fig.
I 6A. The increase in permissible bolt velocity
will produce a somewhat greater rate of fire and
will also result in a further decrease in the bolt
weight necessary.  This saving in bolt weight, cou-
pled with the fact that the bolt weight is reduced
by a factor of two because only one-half the explo-
sive impulse is effective in producing recoil, will
give a total weight reducton factor of somewhere
between 2 and 2.5. In other words, instead of the
500-pound bolt required for the 20-mm gun used
as an example in the analysis of plain blowback,
the bolt weight for a 20-mm blowback gun with
advanced primer ignition would be somewhat over
200 pounds. Although this represents a great 1m-
provement over plain blowback, a gun having such
a heavy bolt would still not be practical, particularly
since the rate of fire will not be much greater than
the 48-round-per-minute rate attainable with the
plain blowback gun used as an example.

'I'o make full usc of the potentialities of advanced
primer ignition, it is necessary to use lubricated car-
tridge cases having the special base form shown in
fig. 1-6B. With this form, the diameter of the
base is smaller than the maximum case diamecter so
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that the bolt and extractor can follow the case into
the chamber, which is made especially long.  When
the case is blown back, it can travel a considerable
distance before the walls near its base become unsup-
ported and therefore a higher bolt velocity is per-
missible.  In an existing 20-mm gun emploving
advanced primer ignition, the walls near the base
of the cartridge case are quitc hcavy and the case
1s thrust deeply into the chamber with the result
that the case can be blown back nearly two inches
in the first 0.010 second without cansing rupture
near the base.  Since the time for this movement is
approximately 0.0091 second, the allowable average
rccoll velocity for this interval is about 220 inches
per second or approximately 18 feet per second.
This recoil velocity results in a weight of less than
30 pounds for the recoiling parts and in a rate of
fire of between 400 and 500 rounds per minute.
Although this is not an exceptionally high cyclic
rate for a 20-mm gun, a design having the charac-
teristics mentioned is thoroughly sound and practical
for some applications.

It i1s appropriate here to mention some general
points concerning the use of ammunition of the type
considercd in the preceding paragraph. With a
cartridge case of the form shown in fig. 1 21, the
bottle-necked portion at the front of the case is not
supported by the chamber while the case moves
under the pressure of the powder gases. Therefore,
the internal pressure will tend to push the neck [or-
ward and will also tend to expand the mouth of the
case. ['his tendency is so pronounced in some guns
that the extracted cases are deformed to the point
where the hottle-neck is entirely gone and the cases
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Deformation of Bottle-Necked Case.

become practically cylindrical.  Because of this ex-
treme deformation, the mouth of the case will some-
times split open. It also should be noted that the
use of ammunition which can move well inside the
chamber makes the problem of obtaining precisely
timed ignition of the primer less critical than 1t
would be for conventional ammunition of the form
shown in fig. 1-6A. With a 20-mm cartridge of this
conventional type, only a 0.250-inch rearward travel
is permissible during the action of the gas pressure
and to obtain satisfactory performance the ignition
must be timed so that the forward motion of the casc
will be stopped very close to the position shown in
the figure. If ignition is too late, the bolt will strike
the rear face of the barrel. If ignition is too early,
the case will not enter the chamber far enough and
when blown back it will not receive support for the
full 0.250 inch. Since the total permissible travel
under pressure is only 0.250 inch, a difference of only
a few hundredths of an inch in the point at which
ignition occurs can have a serious effect on perform-
ance and the ignition must thercfore be timed very
precisely,  With ordinary percussion primers and
simple firing devices, such precision is difficult to
abtain. However, with ammunition of the form
shown in fig. 1-6B (for which the permissible
movement under pressure can be nearly two inches;
extreme precision in timing is not necessary and a
variation even as great as 14 inch in the position at
which ignition occurs for successive rounds will not
have anv unfavorable effect on performance.

All things considered, the use of advanced primer
ignition is an effective means for obtaining satisfac-
tory performance in an action based on the blow-
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Figure 1-22. Free Bolt Momentum for First 0.00234 Second.

back principle. However, when comparing ad-
vanced primer ignition with plain blowback 1t must
be emphasized that the advantages gained by mak-
ing use of the momentum of the rcturning bolt are
somewhat limited when this factor alone 1s con-
sidered. With all other things being equal, these
advantages are as follows: First, the weight of the
recoiling parts in an advanced primer ignition gun
can be less than half of that in a plain blowback
gun. Second, slightly higher bolt velocities are al-
lowable in an advanced primer ignition gun and
therelore a somewhat greater rate of fire can be at-
tained than with plain blowback.

[t should be realized that these advantages alone
are not sufficient to permit the design of a practical
gun emploving conventional ammunition. Reason-
able performance can be obtained only by using
ammunition with the special base form previously
described.  Of course, if this ammunition were used
in a plain blowback gun, the bolt weight could be
considerably reduced and a higher rate of fire could
be obtained but the weight would still be too great
and the cvclic rate would still be too low for the
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design to be practical. The usc of advanced primer
igniition, however, further reduces the bolt weight
and further increases the rate of fire to the point
where a practical design can be achieved.

Mathematical Analysis of Advanced

Primer Ignition

The following mathematical analyvsis of advanced
primer ignition is based on the same general prin-
ciples used for the analysis of plain blowback. In
this analysis, it 1s assumed that the same ballistic
data used for plain blowback are available.  {See
figs. 1-9, 1-10, and 1-11.} Since many of the
methods and formulas employed in this analysis arc
the same or are very similar to those used for plain
blowback, the derivations of the formulas and the
explanation of the procedures will not be repeated
herc. However, as they arise, any new concepts
or new formulas will be explained.

1. Determination of bolt weighi

The free momentum imparted to the bolt by the
impulsc created in the explosion of the propellant 1s
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Figure 1-23. Free Bolt Momentum for First 0.010 Second.

exactly the same for advanced primer ignition as
for plain blowback. However, it must be remem-
bered that at the instant the propellant charge is
ignited, the bolt is moving forward and has a
momentum equal to one half the total change in
mormentum which is produced by the propellant ex-
plosion. At any instant after ignition of the pro-
pellant, the free momentum of the bolt will be the
sum of its initial momentum and the change in
momentum produced by the impulse of the pro-
pellant explosion,

As has been shown previously, the total change in

momentum produced by the propellant explosion is

expressed by equation 1 2 as:
MoV,+4700 M,
Therefore the initial forward momentum of the
bolt is |
5 (M,V.,+4700 M,)

Since this momentum is directed forward, its sign
is negative. Before the projectile leaves the muzzle,
the momentum change produced by the impulse of
the propellant explosion is:

34

(M5 v,

Accordingly, the free momentum of the bolt at any
instant during this time will be the sum of its mitial
momentum and the change in momentum resulting

from the impulse of the propellant explosion.
That is:

A | |
(1-19) M,v,,m(mrﬁl-; ) vy (M,V,+4700 M,

Equation 1-19 can be used to plot a graph of {ree
bolt momentum versus time for the peried before
the projectile leaves the muzzle. For the cartridge
and barrel on which fig. 1-10 is based, the equation
1s evaluated as follows:

1 | 070
Meve =595 [(-2“**' 2 )

L (.20% 275044700 ><:+u?m]

17.0

=, 00101 v,

The curve obtained by using this relation is shown
in fig. 1-22. The same curve is also shown
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fig. 1-23 as the portion between t=0 and t=
0.00234 sccond. Note that these curves have the
same lorm as the corresponding curves for plain
blowback (figs. 1-12 and 1-13) except that the
zero axis is shifted upward by 17.5 (Ib. sec.) which
1s half the total change in momentum produced by
the impulse of the propellant explosion.

The momentum curve for the time after the pro-
jectile leaves the muzzle is completed in the same
wayv as for plain blowback. In this casc the maxi-
mum frec bolt momentum is given by the
l:‘.xprt:ssmn:

(1-20) MV, =

.f E

(MV, 44700 M)

For the conditions of the example:

20 070N
MV, = (%** 5 27504700 3212.)'-*']!.1’] (Ih. sec.)

Fig. 1-23 15 used to determine the bolt weight by
using the relation expressed by equation 1-4:

f (Myvs) dt

M~

I“E ;I 1’[ ull

In this case, it will be assumed that the special am-
munition shown in fig. 1-6B is to be used and that
the allowable movement during the first 0.010 sec-
ond is two inches. As fig. 1-23 shows, the rearward
movement does not start until 0.0009 second has
elapsed and therefore the time over which the two-
inch movement can occur is 0.0091 second. This
gives the allowable average velocity for the interval
from t=0.0009 to t=0.0010 as:
‘¥

Vg = 195 m]-q-;l—lh 30 (ft./see.)
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Integrating under the curve of fig. 1 23 from t=— equation expressing the maximum free recoil

0.000%9 to t==0.0091 gives a tatal area of 0.1310 (Ib.-

sec.”).  Using equation 14 to evaluate M gives:
. 1310 (lh sec. )
LY P p—— R -
L 0091 18.3 789 /

Therefore the required weight is:

W,=gM,=32.2%.780=25.5 (Ibs.)

Accordingly, the weight of the recoiling parts will
be taken as 26 pounds for the remainder of the
analysis,

2. Determination of driving spring design data

The maximum velocity of free recoil is found in
the same way as for plain blowback by using the
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momentum to solve for the velocity.

(1-21}) h-'I,V:f:; (M, V,+4700 M)

MV, 4700 M, W V,—I—firi]lﬂl W.
2 M, 2 W,
For the 26-pound bolt and the conditions of the

example:

vV =

T

v

226

Again assuming that this velocity is imparted in-
stantaneously to the bolt, the initial bolt energy 1
given by equation 1-b:

20X 2750+, [1.*[}}(4;[][}_}1 q( )
SE(

Tf

L

L b

2" 20
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Figure 1-26. Time-Travel and Time-Velocity Curves for Fixrst 0.010 Second.

Evaluating this expression for the conditions of the
example gives:

206 21.9°

b= 320

=104 (ft. Ib.)

The bolt driving spring must be proportioned so
that it will absorb this amount of energy over the
entire distance through which the bolt moves in
recoill. The energy absorbed by a spring is equal
to the distance through which it is compressed times
the average force required to produce this deflection.

That 1s:

=

T

=HF..D or ¥ .= 3

e |
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If it is assumed that the bolt 1n the example must
open 10 inches {0.833 feet) in order to permit
feeding of a 20-mm cartridge, the averagc force
exerted by the spring must be:

194
Fo= 333

In designing the spring so that it will produce this
average force, the same factors described in the
analysis of plain blowback should be considered.
However, an arbitrary choice of spring character-
istics will suffice for present purposes, If the initial
compression is taken as 130 pounds, a maximum
force of 336 pounds will produce the required aver-
age force of 233 pounds. Since the difference be-
tween the maximum force and the mitial compres-

=233 (Ib.]
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Figure 1-27. Time-Travel and Time-Velocity Curves (Complete Cycle).

sion is 206 pounds and the recoil distance is 10
inches, the spring rate will be 20.6 pounds per inch
or 247 pounds per font. Realizing that this choice
18 arbitrary, 1t will be assumed here that the selected
values of Fa—=130 pounds and K=247 pounds per
foot will result in a satisfactory spring.

dince the bolt weight and the characteristics of
the driving spring have been determined, the basic
design of the gun is now complete and the remain-

ing task is to consider what performance this design
may be expected to give.

3. Bolt motion equations

Since the bolt motion equations derived for plain
blowback are all based only on the amount of bolt
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energy and con the characteristics of the drving
spring, these equations are not affected by the use of
advanced primer ignition. (Of course, the values
to be substituted 1n the equations are different, but
the relationships between these wvalues are not
changed.)} ‘Therefore, the equations will not be de-
rived again here but they are listed for ready
reference:

(1-9) t M, sin ! ]{[}_{_F“—Eiﬂ_! ) ]
) —\ K KD—F, KD-LF,
1-10) d= I‘D ¥ [\/ i

o _____Fr-___]_.Fn

M KD, | TK
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\ I!\[ 1 Fu 1 — ]"”l:::
-1 T=y (o o (1-13) HP=_."5%
/K The horsepower absorbed by the bolt in the gun of
30 .::u\, ,& the example will be:
(1-12) N—= : 194 X 446
. I .
cos ™! | HP=—, =2.62
K [H&FD 33,000

( It should be noted that these equations are all
based on thc simplifying assumption that the
maximum velocity of free recoil is transferred
instantaneously to the bolt. A more thorough
analysis of the actual occurrences during the
progress of the propellant explosion is given in
the following description of the methods used
for developing the theoretical time-travel and
time-velocity curves.)

On the basis of equation 1-12, the rate of fire
for the gun of the example is:

20 \/24 ;ﬁ 32.2
| - =446 (rounds per minute)

‘?4;"><,‘_-H~:*1:ﬂ'|

N=

cOs

With the rate of fire and bolt energy known, the

power absorbed by the bolt can be computed by
means of the formula:
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This should be adequate power for opcrating the
gun mechanism.

4. Development of theoretical time-travel and time-
velocity curves

The theoretical curves showing bolt travel and
holt velocity with respect to time for a gun using
advanced primer ignition are developed according
to the same general principles employed for plain
blowback but there are certain differences in the
details as a result of the fact that ignition of the
primer occurs while the bolt is still moving forward.

The development of the curves starts with the
free bolt velocity curves [figs. [--24 and 1-25)
which are derived directly from the free bolt mo-
mentum curve previously plotted (fg. 1-23) by
dividing each ordinate of the momentum curve by
the mass of the bolt. (Bolt weight is 26 pounds.)

Fig. 1-26 shows the time-travel and time-velocity
curves obtained for the gun of the example for the
period from t—0 to 1=0.010 second. These curves
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were derived by the step-by-step system described
under plain blowback and the steps referred to in
the figure are those in the procedure described for
plain blowback. Note that for the first 0.0009
second the bolt travel curve dips downward to zero
and then starts to rise as the bolt moves back, in-
dicating that the bolt travel is measured from the
most forward position reached during the propel-
lant explosion. In this particular design the total
velocity loss resulting from the effect of the initial
spring compression during the time interval between
t=0.0009 to t—0.010 is equal to 1.47 feet per
second, computed as follows:

Bt 13030001 < 32,2 - f Tt

V= M, 26 — A (if)
The loss due to the spring constant K, as determined
by the method of step 4 is only about 0.19 feet per

40

_

Figure 1-29. Velocity-Displacement Graph.

This loss is so slight that it is not necessary
to continue the process of successive approximation
any further than step 5.

The remainder of the bolt displacement curve
can now be determined analytically by using equa-
tion 1-10, modified as necessary to account for the
displacement d’ during the first (.010 second. e
changed values to be used in equation 1-10 are the
following :

F,/=F, | Kd'=130+247>.156=168.5
D=D—d'"=D—.156
t'=1—.010

Making the required substitutions as explained for
plain blowback gives the final form of the equation
tor be used after the first 0.010 second as:

second,

d=1.2361 sin [17.49 t4 .351]|—.527
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This equation is used to complete the holt displace-
ment curve and gives the result shown in hg. 1-27.
The ordinates of the displacement curve are then
multiplied by K and increased by F. to obtain a
curve showing the vanation of the spring force
with time (fig. 1-28). Integrating under this curve
and dividing the results by M, in accordance with

equation 1 15 will give a graph of the velocity loss
duc to the spring force. Subtracting this curve
from the free bolt velocity curve will give the com-
plete graph for the retarded bolt velocity, which is
also shown in fig. 1-27. Fig. 1-29 shows the
velocity versus displacement curve for the gun of
the example as derived from the curves of fig. 1-27.

DELAYED BLOWBACK SYSTEM

All of the major diflicultics associated with the
design of blowback machine guns stem from exces-
sive movement of the cartridge case during the time
of action of the powder gas pressure. The preced-
ing paragraphs show how the use of advanced
primer ignition causes the initial high-pressure
phase of the propellant explosion to be expended in
stopping the forward motion of the bolt, with the
resulting advantages of a lighter bolt and a slightly
higher rate of fire than would be permissible with
plain blowback. These advantages are attributable
to the fact that the rearward motion of the bolt is
delayed for approximately one-thousandth of a sec-
ond, thus halving the impulse which is effective in
blowing back the bolt and also reducing the time
during which the bolt is accelerated to the rear.
Since this time 1s reduced, the average rearward
velocity of the bolt can be higher during the interval
without exceeding the allowable movement.

The beneficial effects of the delaved rearward
bolt movement obtainable with advanced primer
ignition lead to the conclusion that still greater bene-
fits could be achieved by further delaying the move-
ment.  Unfortunately, the delay which can be
obtained with advanced primer ignition is more or
less fixed and amounts to the time required for
the propellant explosion to produce approximately
one-half of its total impulse. {In other wards, for
a 20-mm gun such as used in the examples pre-
viously discussed, the delay is approximately 0.0009
to 0.0010 second.} To delay the rearward motion
of the bolt beyond this time, it is necessary to resort
to a special operating system referred to as “delayed
blowback™.

Delayed blowback may be defined as the system
of operation in which the bolt remains locked unuil
the peak powder gas pressures have passed and a
safe operating limit is reached after the projectile
clears the muzzle. The bolt is then unlocked by
some means so that it can be blown back by the
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residual pressure with sufficient energy to perform
the remainder of the cycle of operation. In this
system, the time at which the bolt 1s unlocked can
be controlled in the design so that any desired por-
tion of the residual pressure can be utilized. Of
coursc, the bolt must be unlocked while there 1s
still sufficient impulse available from the residual
pressure to produce the required operating energy.

Any gun in which the bolt i1s unlocked while
there is still some residual pressure is subject to some
blowback and partakes of some of the character-
istics of the delayed blowback system.  Such guns
include certain gas-operated and short-recoil-oper-
ated weapons in which the bolt is unlocked almost
immediately after the projectile has left the muzzle.
However, in guns of this type, the operating energy
does not come primarily from blowback but is de-
rived mainly from the action of the gas piston or
from the motion of the recoiling parts; therefore
these guns will not be described at this time.  The
present analysis is concerned only with guns in
which delaved blowback is the mam source of energy.

The methods which have been used to unlock the
bolt in delayed blowback guns are very numerous.
Some are relatively simple and some quite elaborate
but all arc intended to keep the breech rigidly locked
for a portion of the time of action of the powder
gases. In some guns, the barrel and locked bolt
are permitted to recoil together for a short distance
and this motion is then utilized to perform the opera-
tion of unlocking. In other guns, the barrel is
tapped so that a portion of the expanding powdecr
gases can be by-passed to operate a piston or lever
which actuates a mechanism so arranged that the
breech is unlocked shortly after the projectile leaves
the muzzle. Another method, known as primer
actuation, uses an arrangement whereby the cham-
ber pressure causes the primer of the cartnidge o
move to the rear in its pocket.  As the primer is set
back, it impinges on a sliding member and drives
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this member to the rear. The mcchanism is de-
vised so that the sliding member will unlock the
bolt after a sufficient delay to permit the projectile
to clear the muzzle. 5Still another method, known
as the “booster principle”, uses a device at the muz-
zle to trap the muzzle blast. The muzzle device is
moved by the expanding gases and this movement
is transferred to the breech mechanism through a
mechanical connection which unlocks the bolt.
After unlocking occurs, the trapped gas pressure
blows back the bolt.

The basic point to remember is that a delayed
blowback gun is one in which the bolt remains
locked until after the projectile leaves the muzzle
and is then unlocked so that the residual pressure can
blow the bolt back. Whether the delaved unlocking
is accomplished through recoil actuation, gas actua-
tion, setback of the primer, booster actuation, or
any other method is not of critical importance in
considering what cffects the delay has on the blow-
back action. Accordingly, in the following descrip-
tion and analysis of delayed blowback, it should be
understood that, although recoil actuation is used
to illustrate the principles, these principles apply
regardless of what method of actuation is employed.

Cycle of Operation

Fig. 1-30 shows, in schcmatic form, a typical
recoil-actuated delayed blowback mechanism. The
cycle of operation is as follows:

The cycle starts with a cartridge in the chamber
and with the bolt locked (fig. 1-30A). When the
gun 1s fired, the reaction to the forward momentum
imparted to the projectile and powder gases causes
the barrel and locked bolt to recoil together. This
recoll movement continues for a short distance
until the projectile has cleared the muzee and the
bolt unlocking device is actuated (fig. 1-30B).
When the bolt is unlocked, the residual pressurc
drives the cartridge case to the rear against the
resistance offered by the inertia of the bolt.

After unlocking occurs, the barrel is stopped by a
buffer and returned to battery by the barrel spring.
When the residual pressure has dropped to zero, the
bolt continues to move to the rear of its own momen-
tum (fig. 1-30C). As the bolt moves back, the
spent cartridge case is extracted and ejected and the
bolt driving spring is compressed. When the driv-
ing spring and buffer system has absorbed all of the
kinetic energy in the bolt and brought the bolt to a
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stop, the energy stored in the spring drives the bolt
forward., The bolt picks up a fresh cartridge from
the feeder as it moves forward, loads this cartridge
in the chamber, and then relocks to the barrel, thus
completing the cycle of operation.

Analysis of Delayed Blowback

In a delayed blowback gun, the blowback action
occurs under the relatively low residual pressure
which exists after the projectile has left the muzzle
and therefore case separation does not present a
serious problem. However, it should be realized that
the residual pressure can be considered to be rela-
tively “low” only when it is compared with the peak
chamber pressure. In a typical 20-mm gun with a
barrel length of nearly 60 inches, the initial value
of the residual pressure 1s approximately 5000
pounds per square inch and this pressure may be
considered to decrease exponentially with time as
shown in fig. 1-31, until it rcaches zero approxi-
mately 0.008 second after ignition of the propellant
charge. Pressures of the magnitudes which exist for
the major portion of the time shown in the figurc are
great enough to cause rupturc of the thin walls near
the base of the casc if the case 1s permitted to move
too far out of the chamber while these pressures are
acting. Therefore, it is necessary in a delayed blow-
back gun to limit the bolt movement so that the
cartridge case does not move too quickly out of the
chamber.

The exact limit for movement of a specific
cartridge case during the action of the residual gas
pressurc in a given gun can be determined only by
experimentation under actnal firing conditions.
However, a fair estimate for present purposes can
be obtained by considering the pressures shown in
fig. 1-31 in relation to the strength of a typical
20-mm cartridge case. If it is assumed that after the
thin portions of the case walls become unsupported
the maximum internal pressure that can be safely
allowed is 750 pounds per square inch, the period
during which rupture of the case can occur 1s shown
by the shaded portion of fig. 1-31. If it is further
assumed that the bolt is unlocked 0.001 second after
the projectile leaves the muzzle, the critical time ex-
tends from t==0.00334 to t=0.00500 second or lasts
approximately 0,00166 sccond. Now as previously
explained, a cartridge of the conventional tvpe
shown in fig. | 6A should not be permitted to move
aut of the chamber by more than approximately one-
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Figure 1-31. Residual Pressure Curve and Critical Period for Case Rupture (20 mm Gun of Example).

quarter inch during the time for which the residual
pressurc is high enough to cause rupture of the case
near its base. Since a one-quarter inch movement
1s permissible and the time during which this move-
ment can occur is about 0.00166 second, the allow-
able average bolt velocity during this interval is

equal to
=12.5 (f—t

SeC,

0.250

12300166

As shown in fig. 1-31, the residual pressure con-
tinues to act for some time after 0.00500 second
and therefore the final velocity reached by the bolt
can be considera ly higher than the 12.5 (ft./sec.)
average value allowable for the first 0.00166 second
after the bolt is unlocked. The foregoing consid-
erations show that the usc of delayed blowback per-
mits the attainment of relatively high boelt velocities
with conventional ammunition so that it is not
necessary to use the special ammunition described
for advanced primer ignition.

When delayed blowback is uscd, only a very small
portion of the total impulse of the propellant ex-
plosion is available for operating the gun mecha-
nism. The relative magnitude of the available
portion of the total impulse can be visualized by
examining fig. 1-32, which shows the variation of
the chamber pressure with time.  Assuming that the
bolt s unlocked 0.001 second after the projectile
leaves the muzzle, the shaded area in this figure
(when multiplied by the bore cross-section area)
would represent the impulse which produces the
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relative velocity between the bolt and the barrel.

The unshaded area under the curve {also multi-
plied by the bore cross-section area) would repre-
sent the impulse applied to the barrel and bolt while
these parts are locked together.

The points made in the preceding paragraph in-
dicate that the bolt must be relatively light in order
for the small available impulse to producc a high
bolt velocity and sufficient bolt energy.  Also, since
such a great impulse is applied before the barrel and
bolt are unlocked, some means must be provided
to account for thc recoil reactions which occur
before unlocking. Of course, In a dclayﬁr:l blow-
back gun cmploying recoil unlocking, the ln‘tplllﬁ't
before unlocking is utilized to produce the recoil
motion of the barrel and bolt.  In guns employing
gas unlocking, primer actuation, booster actuation,
or some other form of unlocking, 1t is usually alsf:n
necessary to mount the barrel so that it can I‘EL:DII
to the rear and thus provide a means for controlling
the magnitude of the trunnion reaction.

It should be pointed out here that the barrel-aml
bolt, while locked together, can acquire a consider-
able recoil velocity with respect to the breech casing
of the gun. After unlocking occurs, the blowback
action drives the bolt to the rear and mparts an
additional velocity to the bolt. Therefore, the
actual velocity of the bolt measured with respect to
the breech casing is the sum of the velocity of the
barrel at the instant of unlocking and the velocity

imparted by blowback. For this reason the bolt
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velocities obtained with delayed blowback are fairly
great and accordingly guns employing this principle
are capable of relatively high rates of fire.

Mathematical Analysis of Delayed
Blowback

The following mathematical analysis of delayed
blowback is based on the same general principles
used for the analysis of plain blowback except that
the problem must be considered in two stages. Theése
stages cover the conditions which exist before un-
locking and the conditions which exist during and

after blowback occurs. In this analysis it will be

“assumed that the same ballistic data used for plain
blowback are available. (See figs. 1-9, 1-10, and
1-11.) Since many of the methods and formulas
employed in this analysis are the same as or very
similar to those used for plain blowback, the deriva-
tions of the formulas and the explanations of the
procedures will not be repeated here. Howcever, as
they arise, any new concepts or new formulas will
be explained.

In order to perform an analysis of delayed blow-
back, it is necessary to assume certain definite char-
acteristics of the gun to be used as an example. First,
it will be assumed that recoil unlocking will be em-
ployed. Since both the barrel and bolt move in
recoil before unlocking, the weight of these parts
must be known in order that their motion character-
istics may be determined. In an actual design prob-
lem, 1t would first be necessary to design the barrel
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and plan the mechanism sufficiently at least to per-
mit making a preliminary estimate of the weight of
the recoiling parts. For purposes of the present
analysis it will be assumed that the barrel and its
related parts weigh 40 pounds and the effective
weight of the bolt will be taken as 10 pounds, giving
a total weight of 50 pounds for the recoiling parts.
It will also be assumed that unlocking occurs 0.001
second after the projectile leaves the muzzle of the
gun. After the analysis is completed in an actual
problem, it may be desirable to modify the assumed
values to adjust the performance of the gun. How-
ever, the same method of analysis will apply and
the assumed values will serve here to illustrate the
method.

1. Conditions of free recoil before unlocking

Before unlocking occurs, the combined mass of
the barrel and bolt moves in recoil. For the condi-
tion of free recoil the momentum relation for the
time before the projectile leaves the muzzle is the
same as expressed by equation 1-1:

Move=( Myt v
Solving for v, : |
20400
Ve —=— —— vp=.00650 v,
f 50

Using the projectile velocities shown in fig. 1-10,
this rclation can be used to plot the curve of free
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recoil velocity versus time for the period before the
projectile leaves the muzzle. The curve so obtained
is shown in fig. 1-33 as the portion between t=0
and 1=0.00234 second. In order to plot the re-
mainder of the curve, it is necessary to determine
the maximum velocity of free recoil and cxtrapolate
the curve by the mcthods previously described.
Actually the extrapolated curve will apply only
until unlocking occurs, 0.001 second after the pro-
jectile leaves the muzzle. The dotted portion of
the curve in fig. 1-33 after t=0.00334 sccond is
used only for purposes of extrapolation and does not
rclate to the conditions of recoil.

2. Effect of springs before unlocking

Immediately after unlocking, the rearward mo-
tion of the barrel is stopped by a buffer and the
bolt is blown back by the residual pressure, Since
the barrel is stopped by the buffer, the only real
functions of the barrel spring are to assist the barrel
to return to battery and to hold the barrel firmly in
the battery position. Therefore the value of the
force exerted by the barrcl spring is not critical and
the characteristics of the spring may be selected
arbitrarily. To return the barrel quickly to battery,
a fairly strong spring is desirable. As will appear,
such a spring will not have any great effect on the
recoil motion while the powder gas pressures are
acting and thcrefore, the resistance of the spring
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can be made quite high. On this basis, the initial
compression of the spring will be selected as 400
pounds and the spring constant as 400 pounds per
inch.

Since the bolt is light (10 pounds) and receives
a relatively low impulse from blowback, the driving
spring for the bolt will nccessarily be relatively light
in order to permit the bolt to open the 10 inches
assumed necessary for feeding a 20-mm round. The
actual characteristics of the bolt spring can not be
determined at this time but 1t can be safely assumed
that the bolt spring will have an initial compression
of approximately 120 pounds and a spring constant
of about 20 pounds per inch.

3. Theoretical time-travel and time-velocity curves
before unlocking

The theoretical time-travel and time-velocity
curves for the time before unlocking are developed
according to the same general principles used for
plain blowback. Fig. 1| 34 shows the curves ob-
taincd for the gun of the example for the period
of time from t=0 to t=0.00334 second. These
curves were derived by the step-by-step system de-
scribed under plain blowback and the steps referred
to in the figure are those in the procedure described
for plain blowback. In drawing these curves, the
combined resistances of the barrel and bolt springs
were taken into account. In this casc, the total
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velocity loss resulting from the effect of the com-
bined initial compression of the barrel and bolt
springs {or the first 0.00334 second is cqual to 1.118
feet per second, computed as follows:

Fot_ 520<.00334 % 32.2 ft.
N o _1.113(—)
The loss due to the combined spring constant K,
as determined by the method of step 4 is only about
0.26 foot per second. This loss is so slight that it
1s not necessary to continue the process of successive
approximation any further than step 5. Examina-
tion of the curves of fig. 1- 34 revcals that the total
recoll movement before unlocking is 0.0470 foot
(0.565 inch) and the recoil velocity at the instant
of unlocking is 19.2 feet per second.

V=

4. Barrel motion after unlocking

Immediately after unlocking, the barrel strikes the
buffer and its rearward motion is halted.  Since the
barrel weighs 40 pounds and is moving at a velocity
of 19.2 {eet per second, its kinetic energy is equal to
1 40

‘rﬁ =5 755

(19.2)*=229 (ft. 1b.)
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In order to bring the barrel to a stop, this kinetic
enicrgy must be absorbed by a buffer. If it is as-
sumed that the motion of the barrcl is stopped
within one-half inch after engaging the buffer, the
average force exerted on the buffer must be:

2'*9)(-—[]-—aﬁﬂﬂ (Ib.)

This serves to indicate that the barrel buffer must
be constructed very ruggedly. Buffers for applica-
tions of this sort arc usually constructed intentionally
so that there will be a considerable energy loss dur-
ing the buffing action. This is done in order to
damp out undesired motion of the barrel. In a
well-designed buffer, the energy loss can be as high
as 70 percent; that is, the kinctic energy of the
barrel after its motion is reversed will be only 30
per cent of the energy it contained upon first strik-
ing the buffer.

'T’he motion of the barrel during the time of ac-
tion of the buffer will depend largely on the particu-
lar characteristics of the buffer used. It should
he noted that while the buffer is acting, the effect
of the barrel spring is so small by comparison that
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it 15 neglgible. For purposes of illustrations, 1t
will be assumed here that the resistance offered by
the buffer to compression is canstant at 5500 pounds
for the full compression of one-half inch and it will
also be assumed that the expansion force of the buffer
is 30 per cent of this value, or 1,800 pounds. On
this basis and using equation 15, the barrel motion

15 as shown 1n fig. 1-35. The velocity loss due to
the buffer 15 given as:

_Ft_5500%32.
M 40

In this expression t is measured from the time the
buffer engages. The forward velocity imparted
to the barrel by the buffer is given as:

Ft 1650322
M 40
where t is measured from the time the forward
motion of the barrel starts. This relation holds

until the barrel has moved forward one-half inch.
Since the barrel is subjected to a uniform accelera-

2

V - t=4420 t

Vo= t=1430 ¢
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tion during this interval, the time required for the
one-half inch movement can be determined by solv-
ing for t 1n the expression

N3 B
=5 1330 ¢

t=.00792 (=eec.)

After the barrel leaves the buffer it is further
accelerated forward by the barrel spring. The
movement remaining to the battery position is
(0.0470 foot (fig. 1-34) and it may be assumed with
little error that the average force exerted by the
barrel spring over this distance will be the initial
campression {400 pounds’ plus approximately one-
half the force resulting from the spring constant
for the 0.0470-foot deflection

—2262113 pDUI‘LdS)
The gain in velocity due to this force will be:
_Ft_51352.2
M 42

Y =393 t
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Since the velocity of the barrel upon leaving the
buffer was equal to 10.52 fcet per second, the
velocity for the last 0.0470 foot of this return to
battery is given by the expression:

v=10.524393 1

The time required to move this distance can be
determined by solving the t in the following equa-
tion:

-
.n4?{_};|:1 u..-3:35+'*_';i.t] L

(= .00490) sec,

T'he curves resulting from the above analysis are
shown in fig. 1-35. As shown in the figure, the
barrel reaches the battery position with a velocity
of 12.0 fect per second at 0.0198 second after the
ignition of the propellant. The barrel is brought
to rest by a buffer and remains in this position until
the bolt returns and a new cycle is started,

3. Bolt motion after unlocking

At the mstant of unlocking, the barrel and bolt
are both moving at the same recoil velocity. After
unlocking, the bolt retains this velocity and acquires

S0

additional velocity from blowback. The methods
used for analyzing the bolt movement after unlock-
ing are generally the same as those used for plain
blowback and employ the momentum relation ex-
pressed by the curve shown in fig. 1-13. In this
case, the applicable portion of the curve is the part
after 0.00334 sccond, at which time unlocking
occurs. This portion of the curve is reproduced in
fig. 1-36. The values of bolt momentum read
above the horizontal line which crosses the curve
at 0.00334 second represent the after unlocking.
Dividing these values by the mass of the 10-pound
bolt for the gun of the example gives the additional
velocity imparted by blowback. Fig. 1-37 shows
the complete curve of velocity for the bolt. (Up to
0.00334 second, the curve shows the retarded
velocity curve from fig. 1-34 as obtained for both
the barrel and bolt. After 0.00334 second, the
curve shows the additional free velocity imparted
bv blowback.) The theoretical curves of bolt travel
and bolt velocity versus time are then obtained by
the same methods used for plain blowback.
Before the time-travel and time-velocity curves
can be drawn, it is necessary to determine the char-
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acteristics of the bolt driving spring so that the bolt
will open the required distance of 10 inches to permit
feeding. Fig. 1-37 shows that the maximum free
recoil velocity of the bolt is 34 feet per second. Since
this velocity is imparted within 0.010 sccond, it may
be assumed that the initial bolt energy is imparted
instantaneously. The value of this energy is given
by equation 1-6:

Er=) MV, 1= 0" (5. 1b
r_E* r¥ry '_Eg_(t' }

Evaluating this expression for the conditions of
the example gives:
10X 347
Since the bholt driving spring must absorb this
amount of energy over a distance of 10 inches
(0.833 teet). the average force exerted by the spring
must be:

180
w=gan=216 lb.

In designing the spring so that it will producc this
average force, thc same factors described in the
analysis of plain blowback should be considered.
However, an arbitrary choice of spring characteris-

F
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tics will suffice for present purposes. If the initial
compression is taken as 120 pounds, a maximum
force of 312 pounds will produce the required aver-
age force of 216 pounds. Since the difference be-
tween the maximum force and initial compression 1s
192 pounds and the recoil distance is 10 inches, the
spring constant will be 19.2 pounds per inch or 230
pounds per foot. Realizing that this choice is arbi-
trary, it will be assumed here that the selected values
of Fo=120 pounds and K=230 pounds per foot will
result in a satisfactory spring.

Having the characteristics of the bolt driving
spring and the free recoil velocity curve of fig. 1-37,
the time-travel and time-velocity curves for the bolt
can be constructed using the same general approach
used for plain blowback. At the instant unlocking
occurs, the bolt driving spring has been compressed
0.0470 foot (fig. 1-34). This mcans that for con-
sidering the period of blowback, the initial com-
pression of 120 pounds must be increased by the
cficct of the spring constant for this deflection.
That1s:

F,=120+4.047 % 230=130.8 (pounds)

Fig. 1-38 shows the time-travel and time-velocity
curves obtained for the bolt of the gun used as ex-
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ample for the period from t=0 to t=0.010 second.
These curves, for the time after t=0.00334 second
were obtained by the step-by-step svstem described
under plain blowback and thc steps referred ta in
the figure are those in the procedure described for
plain blowback. The velocity loss resulting from
the initial compression of the holt driving spring for
the time interval between t—0.00334 and t=0.010
second is equal to 2.81 feet per second, computed as
follows:

ot _130.8%.00666X32.2_, ( ft.
M, 10 T \sec.

The loss due to the spring constant K, as determined
by the method of step 4 is only about 0.697 foot per
sccond. This loss 1s so slight that it is not necessary
to continue the process of successive approximation
any further than step 5.

The remainder of the bolt displacement curve
can be determined analytically by using equation
1-10, modified as necessary to account for the dis-
placement d’ during the first 0.010 second. The
changed values to be used in equation 1-10 are the
following:

F,/=F, -t Kd’=120+4230x 245=176.3
D'=D—d’'—D— 245

V=

t'=t—.010

Making the required substitutions as explained for
plain blowback gives the final form of the equation
to be used after the first 0.010 second as:

(d=1.353 sin [27.2t}331]—.521

This equation is used to complete the bolt displace-
ment curve and gives the result shown in fig. 1 39.
The ordinates of the displaccment curve are then
multiplied by K and increased bv F. to obtain a
curve showing the variation of spring force with
time (fig. 1-40). (Note that the initial compres-
stion used is 130.8 pounds which takes into account
the compression resulting from the recoil movement
beforc unlocking.) Integraling under this curve
and dividing the results by M, in accordance with
equation 1 15 will give a graph of the velocity loss
due to the spring force. (All computations start
at the time of unlocking, 0.00334 sccond.} Sub-
tracting this curve from the free bolt velocity curve
of fig. 1-37 will give the complete graph for the
retarded bolt velocity, which is also shown in fig.
1-39. Fig. 1-41 shows the velocity versus dis-
placement curves for the gun of the example as
derived from the curves of figs. 1-35 and 1-39.

From fig. 1-39, the time for the complete cycle
is given as 0.0875 second. This gives the rate of
firc for the gun of the example as:

h':ii——:ﬁéiiﬁ (rounds per minute)
0875

RETARDED BLOWBACK SYSTEM

Onc of the principal disadvantages of the plain
blowback system is the excessive bolt weight re-
quired to limit the movement of the cartridge case
to a safe value during the action of the powder gas
pressure.  This particular difficulty can be circum-
vented by employing the “retarded” blowback sys-
tem-—a system in which a special type of retarding
mechanism is operated by the movement of the
bolt. The mechanism itself is composed of rela-
tively light parts and the inertia forces which result
when these parts arc sct in motion by the bolt are
therefore relatively small. However, the mechanism
is arranged so that the bolt must act through a tre-
mendous mechanical disadvantage to overcome the
incrtia forces and is accordingly subjected to a very
high resistance to motion. In other words, although
the bolt and thc associated mechanism may be quite
light, the efTfective resistance to bolt acceleration can
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be made just as great as that which would be ob-
tained by the use of a very heavy bolt.

The mechanism of a retarded blowback gun is
similar to that of a plain blowback gun except for
the presence of the retarding mechanism. This
mechanism can take many forms but the basic
principle underlying all of these forms is that the
bolt must overcome the inertia forces in the mech-
anism by acting through a high mechanical disad-
vantage. One such mechanism is illustrated sche-
matically in fig. 1-42. This mechanmsm 1s cssen-
tially a toggle joint and when the bolt is closed.
the angle “a” indicated in the figure is nearly 180
degrees. Under these conditions, the linkage acts
like a crank mechanism which is slightly off dead
center and most of the blowback force acting on
the linkage is not cffective in opening the bolt but
is transmitted directly through the links to the breech



BLOWBACK

FORCE IN
LINK AB

BARREL

7 FORCE IN
LINK BC
/ FORCE ON TRANSMITTED TO
BOLT LINKAGE BREECH CASING

Figure 1-42. Straight Toggle Linkage.

casing. Only a very small part of the blowback
force acts on the linkage mass at point B in the direc-
tion necessary to overcome its incrtial resistance to
rotation about point C. The result of this action
is that the relatively small inertial resistance of the
linkage mass is eflectively multiplied so that it pro-
duces the same resistance to bolt acceleration as a
very heavy mass located at point A, In this mech-
anism, the retardation ollered by the linkage docs not
remain constant. As the bolt opens and angle “a”
decreases, the holt acts at a smaller disadvantage
and the mass multiplying effect of the linkage de-
creascs. The effect of this change is that the more
the bolt opens, the less resistance it encounters,
The toggle linkage described in the preceding
paragraph can be arranged in many different ways.
For example, fig. 1-43 shows a linkage which op-
erates on the same principle but for some applica-

SWINGING FIXED
PIVOT PIVOT
0
o
7
BARREL BOLT

Figure 1-43. Compact Form of Toggle Linkage.

35

tions may be more economical of space. A
mechanism of this type, as used in the Schwarzlose
machine gun, is shownin fig. |-44. In somc cases,
the links may not pivot on hinge pins as indicated
schematically 1n figs. 1-42 and 1-43 but may have
cam-shaped ends which make rolling contact with
each other as the links move with respect to each
other.

Linkages represent only one of muany types of
mechanisms that can be used to produce retardation
by causing the bolt to operate against a high me-
chanical disadvantage. A wide variety of inclined
surfaces, cams, spirals, wedges, screw threads, and
other devices can be employed in such a manner
that only a small component of the blowback force
15 effective in causing shding or rotating motion of
the mechanism. Many such devices are illustrated
in part XI of this publication and therefore will
not be described here.

Cycle of Operation

The cvcle of operation for a retarded blowback
gun is essentially the same as for a plain blowback
gun.  When thc cartridge is fired, the pressure of
the powder gases drives the cartridge case to the rear
against the resistance offered by the bolt and the
assoclated retarding device,  After the powder gas
pressurc has fallen to zero (in less than (J.010 second
for a typical 20-mm gun), the bolt continues to
move to the rear by virtue of the momentum im-
parted to the recoiling parts bv the explosion.
During the rearward motion of the bolt, the spent
cartridge case 1s extracted and ejected and the bolt
driving spring is compressed. When the dnving
spring and buffer have absorbed all of the kinetic
energy ol the recoiling parts, the bolt is pushed for-
ward to pick up a fresh cartridge from the f[eed
mechanism and load this cartridge into the chamber.
After the cartridge is fully chambered, it 1s fired
and a new cycle begins.

Analysis of Retarded Blowback

From the standpoint of performance with high-
powered ammunition, the most significant char-
acteristic of a retarded blowback gun 1s that the
rearward motion of the cartridge case starts 1m-
mediately after ignition of the propellant charge,
which is exactly what happens in a plain blowback
gun, Thus, if the retardation is constant so that
the effect of the retarding mechamsin is exactly the
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same as that of a very heavy bolt, a retarded blow-
back gun would suffer from all of the disadvantages
of a plain blowback gun {except for the disad-
vantage of excess weight!. These disadvantages,
which are explained in detail under “Plain blow-
back system,”” are principallv a very low rate of fire
and insufficient bolt energy for operating the gun
mecchamsm. Therefore, 1t appears that there 13
little point in using the retarded blowback system
merelv as a means of saving weight.

The real advantage of using retarded blowback
can bhe obtained only if the retardation character-
istics of the mechanism are not uniform. The ideal
type of retarded blowback mechanism would be one
in which a very high resistance to bolt movement is
encountered during the period of high chamber
pressure which exists until after the projectile has
left the muzzle. This high resistance would result
in a verv low bolt velocity and a very small bolt
movement during the period of high pressure. It
would then be desirable for the last part of the small
bolt movement to cause a change in the character-
istics of the retarding mechanism so that the resist-
ance 18 decreased by a substantial amount a milli-
second or so after the projectile has left the muzzle
and the residual pressure has dropped to a safe
operating limit. The bolt, being subjected to
greatly decreased resistance, would then be blown
back safely at a relatively high velocity. An ex-
amination of the preceding requirements will in-

dicate that an ideal retarding mechanism approxi-
mates the effect of a delay mechanism except that
the bolt 15 not rigidly locked at any time. [Cf.
“Delayed blowback system™.)

It is important to note that effective use of re-
tarded blowback requires a high degree of precision
of mechanism and timing of operation. For safety
and proper functioning, the change in the resistance
ofTered by the retarding device must occur at exactly
the correct time during the propellant explosion.
'This fact makes barrel length the most critical factor
to be taken into consideration. For example, it has
been stated that in the Schwarzlose machine gun
(which employs a taggle linkage for retardation)
the barrel length is critical to an unbelievable degree.
It the barrcl were slightly longer, the residual pres-
surc would be too high as the linkage rises. Since
the retardation would then be too low for the exist-
ing pressure, this would create a condition of ex-
tremely violent recoil and possible explosive rupture
of the cartridge case. If the barrel were slightly
shorter, the residual pressure would drop excessively
before the linkage has risen sufficiently. Since the
retardation would then be too high for the avail-
able pressure, there would be insufficient recoil and
the gun would fail to function.

The foregoing example serves to indicate that a
retarded blowback gun for high-powered ammuni-
tion must be designed and developed with great care.
The parts of the retarding mechanism must be well

Vz' res

8
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Figure 1-45. Relationship of Velocities in Toggle Linkage.
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made and precisely fitted and the ammunition must
be uniform in performance. Also, since the high
forces resulting from the initial phases of propellant
explosion are transmitted directly through the parts
of the retarding mechamsm, thesc parts must be of
high-strength materials and carefully heat-treated.
All things considered, mechanisms of this type are
difficult and costly to manufacture and are at best
suitable only for guns in which the recoil forces are
not excessively great.

Mathematical Analysis of Retarded
Blowback

The general character of the mass multiplying
effects which can be obtained with a retarding
device can be illustrated by considering a typical
togele hinkage of the form shown in fig. 1-45. The
linkage consists of two arms of equal length, T,
pivoted at points A, B, and C. For purposes of
analysis, the entire mass of the linkage M. is con-
sidered to be located at point B. The mass of the
bolt itself 1s designated as M,. The position of the
linkage at any instant of timec 1s defined by the

angle # between arm BC and the path of motion
of the bolt.

1. Initial retardation effect

As arm BC rotates about point C, mass M. moves
at a tangential velocity of Vo=ro where o is the
angular velocity of arm BC in radians per second.
As indicated in the figure, the angle between the
vector V. and the vertical 1s equal to ¢ and there-
forc the horizontal component of V, (in the direc-
tion of the bolt velocity V;) is equal to re sin 8.
Since arm AB moves at thc same angular veloaty

as arm BC, the bolt velocity V; 1s expressed by the
relation:

'T] = Zi‘w f‘.’ri[l {l

Differentiating to obtain acceleration:

v, . . de e
-dtl--—Ei sin 8 m—l—?r cos ¢ It
bt :
dt  de? A dt
also;
iﬂ”_— y
dt

o8

Therefore:

ui‘-ﬂ
dt

dv
dt
At the instant the bolt motion starts, «=—0. Hence,

the relation between the initial accelerations of the
masses reduces to:

=2 sin 6 —+2 r cos § o’

t{\'l . [I ‘i"lr'!
= —-=t) s =
dg —=°"m f dt
or
dV, 1 dV,

dt 2siné dt

This relation shows that if # is small, the acceleraton
of the linkage mass M: will be much greater than
the acceleration of the bolt mass M,. For example,
if =4 sin 6--0.0698 and the acceleration of
mass M. will be greater than the acceleration of
mass M, by a factor of 7.17. In othcr words, the
inertia reaction of a mass located at point B is 7.17
times greater than for the same mass located at
point A.

Actually, the mass multiplving effect is further in-
creased by the fact that the bolt acts through the
linkage at a great mechanical disadvantage. Fig.
1-46 shows a vector diagram of the forces in the
linkage. The inertia reaction of mass M. is equal
to M (dV./dt) directed perpendicular to arm BC.
This force is in equilibrium with the indicated forces
exerted at point B by the linkage arms. Taking
component perpendicular to arm BC gives the force
P.in arm AB as:

M, S

sin 24

Pg:

Taking horizontal componcents at point A gives the
relation between P. and the force P, exerted on
arm AB by the bolt

Substituting the value of P: into this expression
gives:

av;
p,— dt

sin 2§

:\.1 @

cos 0

As previously explained, at the instant the bolt
motion starts:

dv, 1 d ¥,
di 2 sin @ «dt
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Figure 1-46. Effect of Inertia Reaction of Linkage.
Making this substitution in the expression for P PR S S
gives It o=4 1sin®9 4 (06087
1 dV, . 1
)\ ’ e . — —_ = n
M: o gne dt =1 100175 o°
Py= T cos
sin 2 ¢ 10 1
= —H‘—,:S:ZBU
cos8 o AV 2 4 (008732
S 2sin@sin29° dt Note that as ¢ is made smaller, the mass multiplying
Since sin 2 #—2 sin # cos #: effect increases tremendously. (When #=14", a
. one-pound mass at point B would have the same
= _1 Y ¢ 4V, initial retarding effect as a 3,280-pound mass
4 sin” 6 dt located at point A.)
The factor, 1/ (4 sin® #) is the initial mass multiply- The foregoing analysis indicates tha,t. by means
ing effect of the linkage and, for the instant the bolt of a toggle linkage, the imitial retardation can.hﬂ
motion starts, expresses the ratio by which the re- made to be as great as desired merely by decrtas.mg
tardation offered by the linkage mass exceeds that the initial angle. Howcver, there are practical
of an equal mass located at point A.  For example: limitations on how small the initial angle should be.
.
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Fiqure 1-47. Forces in Toggle Linkage.
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When angle 6 is very small, proper functioning
demands an extremely high precision in the dimen-
sions of the parts. However, at small angles, tre-
mendous forces are exerted on the links and the
resulting deformation of the linkage will produce a
condition in which the linkage will not act as effec-
tively as theoretical analysis would indicate. For
practical applications, the initial value of angle 6
should not be much smaller than from 5 to 10
degrees.

2. Analysis of bolt motion

The analysis of the bolt motion in a retarded
blowback gun employing a togele linkage can not
be conducted by the same mcthods as are described
in this publication for other blowback guns. This
15 50 because the mass effect of the linkage is not
constant but varics as the parts of the linkage rotate,
with the result that the motion can not be inter-
preted in terms of a simple relationship between
impulse and momentum.

The differential equation expressing the free re-
coil conditions in the linkage may be derived from
fig. 1-47. F is the force exerted on thc bolt by
the powder gas pressure at any instant of time. (F
is an empirical function of time which may be
derived from a graph of chamber pressure versus
time of the type shown in fig. 1-9.) Considering
mass M. and arm BC at angle 4, the torque result-
ing from the force G applied to M. by arm AB
will be equal to the moment of inertia of arm BC
times the angular acceleration of this arm about
point C. That is:

Gr %@

sin 2 =1 dc

Since the entire mass of the linkage is assumed to
be concentrated at point B, the moment of inertia
is given by the relation

[ — M,r?
Making this substitution and solving for G gives

Mar

G_‘-u][l 26 dr?

Now considering the equilibrium of the horizontal
forces on the bolt at point A gives the relation

d?x
F=M, tg-{—(: cos ¢
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Substituting the expression for G previously obtained

gives:

d®x + Myr d*

dt? ' 2 sin 8 dt?
But =in 2

Therefore:

F=XM, cos #

A=2 sin # cos ¢

o®x
(12

Angle # may be eliminated from this expression as
follows: If L is the initial distance between point
A and point C and x is the linear displacement of
the bolt along line AC:

\121 l*g
2 sin @ dt?

F—M,

1..1"_' X
Oy

= cos~!

Differentiating to obtain dé/dt gives:

dx dx
dj dt _ dt
de o [.—x ‘4r?—(L—x)?
zr\,’lv—-u-ér ) v

Differentiating to obtain d*#/dt* gives:

—— d’x L—x dx\?
dgﬁ' \:41 _IIL l}-_t:ltz ‘MI4T —GJ“I)E (“.'r)
dez [41r*—(L.—x)?]

v =L § == ()
dt~ 4 —{I —}.)213”
Also:

sin §=+1—cos® =

LoxY_ 1 g (%P

' 1
\/1_ o )=£

Substituting the expressions for d*¢/dt* and sin ¢
in the differential equation gives:

d®x

dE

et — (L3 T~ L= (§ )

[4r*—(L—x)*J*

h-'.l :gI'E

Unfortunately, the solution to this equation can not
be expressed in finite form in terms of elementary
functions of t. The situation encountered here is
similar to that which arises in the mechanics of a
simple pendulum. In the case of the simple pen-
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Figure 1-48. Time-Travel and Time-Velocity Curves for Complete Cycle of a Retarded Blowback Gun.
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dulum, the relationship between the displacement
of the bob and time involves an integral of a special
type known as an “elliptic integral” which can be
evaluated by the usec of infinite series or by means
of special tables. However, the equation derived
above for the toggle linkage breech mechanism is
further complicated by the fact that F is an empiri-
cal function of time and any attempt to obtain a
solution by direct methods would involve extremely
intricatc manipulations. Probably the best method
of attack would be to assign suitable values to M,
M;, r, and L and then (using a curve expressing
the vanation of F with time) to evaluate the integrals
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strate in this publication.

involved in the solution by one of the standard
methods for numerical approximation. Because of
the form of the differential equation and the fact
that F varies with time, cven this approach will
be very laborious and much too tedious to demon-
Accordingly, the time-
travel and time-velocity curves will not be developed
here.

The general form of the time-travel and time-
velocity curves for the complete cycle of a retarded
blowback gun employing a toggle linkage (fig.
1-48) will closely resemble the form of the curves
for a dclayed blowback gun.



Chapter 2

RECOIL OPERATION

PRINCIPLES OF RECOIL

The principles of recoil can be understood best
by considering the forces which result from firing
a cartridge in an elementary gun. Such a gun
{shown schematically in fig. 2-1) consists of a
barrel having a chamber at its rear end for receiv-
ing the cartridge and a breech closure in the form
of a bolt. The bolt s ngidly locked to the barrel
after the cartridge is inserted, thus providing a firm
support for the base of the cartndge casc so that
the case will not be blown out of the chamber by
the explosion of the propellant charge.

When the cartridge is fired, the explosion of the

__fﬂff/:f ;”J.ﬁ’f:ﬁ;ﬁf/ﬁf" ﬁ“’;::

of the projectile and in imparting motion to the
powder gases. (A very small proportion of the
total pressure is expended in overcoming borc fric-
tion and in imparting rotation to the projectile, but
this proportion is too small to be shown in the
fisure.) The pressure producing the recol force
is the total of both parts of the curve. Fig. 2-2
shows that the recoil force does not immediately
cease when the projectile leaves the gun after
(0.00234 second but continues to act until the re-
sidual pressure falls to zero at approximately 0.008
second.

2,
%

Figure 2--1.

propellant results in the rapid generation of ex-
tremely high gas pressure in the chamber and the
expansion of this high-pressure gas drives the pro-
jectile forward through the bore. As the powder
gases expand behind the projectile, the center of
mass of the gases also moves forward. While the
projectile i1s in the bore, the same pressure which
causes the projectile and powder gases to move for-
ward also acts simultancously at the breech end of
the gun to produce an equal and opposite reaction
which tends to drive the entire gun to the rear.
The force resulting from this reaction is called the
“recoil force”™ and the magnitude of this force at
any instant depends on the chamber pressure.

kig. 2—2 shows how the chamber pressurc varies
with time in a tvpical 20-mm gun with a total bar-
rel length of slightly less than five feet. The parts
into which the curve is divided show the proportion
of the pressure expended in producing the velocity
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Elementary Gun.

The effect of the recoil force on the gun depends
entirely on how the gun is mounted. If it is assumed
that the gun is mounted so that it can move freely
without friction or any other restraint, the impulse
of the recoil force (acting over the entire 0.008
second ) will impart to the gun a rcarward momen-
tum equal to the total forward momentum of the
projectile and powder gases. The velocity of the
gun will depend on its mass; the smaller the mass,
the higher the velocity. When the residual pressure
falls to zero at (.008 sccond, the gun will have
achieved its maximum velocity and since 1t 1s as-
sumed that there are no external restraining forces,
the gun will continue to move at this velocity.
This _hypnthctical condition is referred to as the con-
dition of “free recoil”.

With any practical weapon, the rearward motion
of the gun must be controlled and limited by the
application of restraining forces, producing the con-
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Figure 2-2. Variation of Chamber Pressure With Time.

dition known as “retarded recoil”. In many guns,
the effect of recoll is merely an inconvenience which
must be tolerated since it can not be avoided. The
primary source of difficulty in such cases is the tre-
mendous magnitude of the recoil forces resulting
from firing high-powered ammunition. {For
cxample, 1t might be pointed out here as a matter
of general interest that maximum recoil force in a
16-inch gun having a maximum chamber pressure
of 38,000 pounds per square inch is the stupendous
figure of almost 8,000,000 pounds. Even in a
20-mm gun, the maximum recoil force can amount
to over 22,000 pounds.} While it might be possible
to build a rigid mount capable of directly withstand-
ing forces of this magnitude, such a mount would be
entirely too heavy and cumbersome for any prac-
tical purpose. Accordingly, it is necessary to permit
the gun to move during and after the action of the
recoil force so that the momentum of the gun can
be cancclled through the application of a smaller
retarding force which acts over a considerable in-
terval of time and distance. Since the gun moves in
recoil, 1t acquires kinetic energy which must be ab-
sorbed in order to bring the gun to rest. For the
above reasons, many guns (particularly those of
hcavier calibers) are mounted in a slide and are pro-
vided with a recoil brake and a recuperator, both of
which absorb the recoil energy. Most of the encrgy
is dissipated by thc brake in the form of heat and
the energy stored in the recuperator is utilized to
return the gun to battery.
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In hand-held weapons, the recoll momentum s
cancelled by a force applied to the weapon through
the arm or shoulder of the firer. For example,
when a Springfield rifle is fired, the maximum force
of recoil is about 3700 pounds. (Thc maximum
chamber pressurc of 52,000 psi times the bore cross-
section area {=/4) (.30)° in., gives the maximum
force as 52,0003<.0707=3670 pounds.} Actually,
this force is not applied directly to the shoulder of
the firer but produces the rearward acceleration of
the gun known as “kick.” 'T'he shoulder of the firer
then acts as a recoil brake which absorbs the result-
ing kinetic energy of recoil over a travel of two or
three inches. I it is assumed that the rifle moves
three inches in recoil, the average force applied by
the shoulder against the stock must be in the order
of 60 pounds. If an attempt were made to limit
the recoll distance to one-quarter inch, the average
force would be 720 pounds. (This indicates why
it 15 not a good idea to fire a high-powcred rifle
with the shoulder rigidly backed up against a solid
support. )

Up to this point, rccoil has been considered as
undesirable because it creates forces and energies
which must be absorbed and dissipated after cach
shot of an ordinary gun. However, in an auto-
matic weapon, these same forces and energies repre-
sent a convenient source of power for operating the
gun mechanism.  Machine guns which utilize this
source of power are said to employ the “recoil
system’ of operation.
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The amount of operating energy available from
recoil depends on the particular cartridge used and
on the weight of the recoiling parts. The use of a
powcrful cartridge will result in a high total mo-
mentum imparted to the projectile and powder
gases and the corresponding reaction will produce
a high momentum of the recoiling parts.  How-
ever, the velocity of recoil will depend on the weight
of the recoiling parts; the greater the weight, the
lower the velocity.  Since the kinetic energy of a
weight is directly proportional to its mass and the
square of its velocity, the net result is that the energy
contained 1n the recoiling parts will be inversely
proportional to their weight.  In other words, in-
creasing the weight of the recoiling parts will not
change the momentum imparted to them but will

cause a decrease in both the recoil velocity and the
Thus it is cvident that the weight
af the recoiling parts has an important eflect on the
performance of a recoil-operated gun.

recoil energy.

All of the kinetic energy imparted to the recoiling
parts is transferred to them in the period of less
than 0.01 second during which the pressure of the
powder gases is active. After this time, the parts
continue to move of their own momentum and their
energy 1s transferred to the gun mechanism for per-
forming the various operations required in the auto-
matic cycle.  In various types of recoil systems, the
energy may be emploved in different ways.  These
systemms  will be described and analyzed in the
following pagces.

RECOIL OPERATION

In the recoil system of operation, provision is
made for locking the bolt to the barrel and these
parts are mounted in the receiver so that they can
slide to the rear. The gun is fired with the bolt
locked to the barrel and these parts remain locked
together as they are thrust back by the pressure
resulting from the explosion of the powder gases.
In some guns, the energy derived from this motion
1s used to perform the entire cvcle of operation;
in other guns the energy derived from recoil may
perform only certain functions in the cycle or may
merely supplement the energy derived from another
system of automatic operation.

The distinguishing characteristic of the recoil
system 1s that energy used for operation is obtained
from the recoil movement of the barrel and bolt
while these parts are locked together. Any gun in
which the bolt is locked to the barrel while there
18 pressure in thc chamber will be subject to some
recoill action, but unless the recoil is put to use in
operating the gun mechanism, the gun does not
employ the recoil system.  T'or example, some gas-
operated guns are arranged so that recoil can occur
while the barrel and bolt arc locked together but
this motion is permitted only in order to obtain a
reduced trunnion reaction. Since no energy for
operating the gun mecchanism is obtained from re-

coil, such guns can not be said to use the recoil
system.

In the following description of recoil operation,
it will be assumed that the bolt remains locked to
the barrel during the entire time of action of the
- Some guns using the recoil
system are designed so that the bolt is unlocked when
the residual pressure has fallen to a safe operating
limit but has not vet reached zero and are therefore
subject to some blowback action.

In a gun operated purely by recoil the bolt re-
mains locked to the barrel until the chamber pres-
sure has become zero and therefore, there are no
problems (such as are encountered in blowback)
resulting from movement of the cartridge case under
pressure and lubrication of the ammunition s
UNNECEssary.

NOTE: Of course, this statement is true only

if the gun is adjusted for correct head space.

I[f the head space is excessive, case separation

will occur for reasons which are explained in

detail under Blowback,

Since the use of recoil operation disposes of the
limitations imposed by cartridge casc movement,
the main problem confronting the designer of a
recoil weapon is how to make efficient use of the
energy available for operating the mechanism.

I]ﬂ W d CT Tas p ressire.

RECOIL SYSTEMS

The number of different machine guns employ-
ing the recoil system of operation is very large and

an cxamination of these weapons will reveal an ex-
treme diversity of mechanical detail and functional
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arrangement. However, in spite of these dissimilari-
ties, all recoil-opcrated weapons can be placed in
one of two basic sub-classes: long recoil or short
recoll.

Long recoil is defined as a system of operation
in which energy for operating the gun mechanism 1s
obtained from a recoill movement which is greater
than the overall length of the complete cartridge.
During this entire movement, the bolt remains locked
to the barrel. At the end of the rearward move-
ment, the bolt is unlocked from the barrel and 1s
latched in its rcarmost position while the barrcl
moves forward in counter-recoil, thus pulling the
chamber off the empty cartridge case and ejecting
the case. When the barrel has moved forward far
enough to provide a sufficient opening for feeding,
and just before its counter recoil movement i3 com-
pleted, the bolt is unlatched. The bolt then moves
forward to perform the function of loading and the

cycle is completed as the bolt relocks to the barrel.

In a short-recoil weapon, the bolt remains locked
to the barrel for only a portion of the recoil stroke
requircd to permit feeding. After unlocking oc-
curs, the barrel may move a short distance with the
bolt but it is then stopped. The bolt, on the other
hand, continues to move to the rear and it may
complete this movement by virtue of the momentum
it had at the time of unlocking or it may receive
additional momentum through the action of a me-
chanical device (known as an “accelerator™) which
transfers some of the energy of the barrel to the
bolt. In either case, the rearward motion of the
bolt continues until the opening is sufficient for
feeding and the bolt is then moved forward to close
and lock the breech. In some guns, the bolt may
push the barrel back to the firing position but in
others, the return motion of the barrel is accom-
plished independently before the bolt closes.

LONG RECOIL SYSTEM

In the following paragraphs the long recoil sys-
tem of operation is described and analyzed by con-
sidering the sequence of events which occur in the
automatic cycle of operation. As with other sys-
tems treated in this publication, this analysis is con-
cerned only with the functioning of the mechanisms
and with the general factors affecting design.

Because of its relatively simple functional charac-
teristics, the long recoil system will be analyzed first.
Actually, existing examples of guns using this system
are far from simple when viewed from the stand-
point of mechanical detail because of the com-
plexities involved in actuating the locking and
latching devices. However, these mechanical com-
plexities are not directly concerned in an analysis
of the basic motions and forces encountered in long
recoil operation and therefore will not be considered
hcre.

Fig. 2-3A shows schematically the essential ele-
ments of a gun which operates by the long recoil
system.  ‘These elements consist of the bolt, an ar-
rangemcent for locking the bolt to the barrel and
unlocking it, a bolt driving spring for returning the
bolt after recoil, a spring to return the barrel, and
a latch to hold the bolt to the rear while the barrel
is moving forward. The other portions of fig. 2--3
show different stages during the cycle of operation.
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Cycle of Operation

The operating cvele of a typical long recoil gun
occurs as follows:

The cycle starts with a cartridge in the chamber
and with the bolt locked to the barrel {fig. 2-3A).
When the cartridge is fired, the pressure of the
powder gases drives the projectile and gases for-
ward and at the same time drives the barrel and
locked bolt to the rear in recoil. During the action
of the powder gas pressure, the retardation offered
by the springs is relatively small and the only really
significant factor in limiting the recoil acceleration
1s the mass of the recolling parts.

The force exerted by the powder gases exists for
a relatively very short time. In a typical 20-mm
gun with a barrel length of about five feet, the pro-
jectile leaves the muzzle after approximately 0.0023
second and the residual pressure continues to act
until 0.008 or 0.009 second after ignition of the
primer. After this point, the powder gas pressure
is zero and the recoil force is also zero but the barrel
and bolt continuc to move of their own momentum.
As the barrel and bolt move back, the barrel spring
and bolt driving spring are compressed and the
resistance of these springs gradually slows down
the recoil parts until their velocity is zero at the
extreme recoil position shown in fig. 2 3B. (The
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small overtravel indicated in the figure is allowed
in the design to take care of normal variations in the
loading of the cartridges.) Note that up to this
pomt, the bolt is still locked and noautomatic opera-
tion other than firing has been completed.

After the springs have brought the barrel and
bolt to rest, the force of the compressed springs starts
moving these parts forward. However, the bolt
unlocking device is almost immediately caught and
held by the bolt latch (fig. 2-3C) and the forward
pull of the harrel causes the bolt lock to open.
Therefore, the barrel continues to move forward,
causing extraction and ejection of the case. Feed-
ing of a fresh round can not occur until the barrel
is at or nearly at the fully forward position, becausc
only then is the holt open a suflicient amount to
permit feeding. Just before the barrel reaches the
fully forward position, all of the potential energy
stored in the barrel spring during recoil has been
transformed back into kinetic energy (except for
losses such as are occasioned in unlocking, extrac-
tion, ejection, or overcoming friction). Therefore
the barrel is moving with considerable velocity and
its kinetic energy must be absorbed either by impact
or by a buffer.

When the barrel reaches the fully forward posi-
tion, 1t actuates the bolt latch to release the bolt
(fig. 2-3D). The bolt driving spring then pushes
the bolt forward to feed and load a new round,
lock the breech, and actuate the firing mechanism
to start a new cycle of opcration. Just as the bolt
locks to the barrel, all of the potential energy stored
in the bolt driving spring during recoil has been
converted back to kinetic energy (except for the
losses due to [eeding, loading, locking, and actu-
ating the firing mechanism). This kinetic energy
is absorbed by impact as the bolt is brought to rest.

Analysis of Long Recoil

In the preceding descriptions of recoil operation
and of the long recoil system, it was pointed out
that, since the bolt remains locked until the chamber
pressure is zero, there arc no special difficulties aris-
ing from cartridge case movement under pressure
and that the principal problem confronting the de-
signer is how to make efficient use of the available
recoil energy. The manner in which the recoil
cnergy is utilized in a long recoil gun is largely
dependent upon the power of the cartridge consid-
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ered in relation to the attainment of a practical rate
of fire.

The long recoil system has several important
advantages which relate to the problems involved
in handling recoil forces and which make it espe-
cially suitable for large-caliber guns employing high-
powered ammunition. In such guns, the large bore
cross-section area coupled with high chamber pres-
sure produces extremely great recoil forces and these
forces tend to result in violent action and excessive
recoil energy. In a long recoil gun, the rearward
thrust of the recoil forces is expended in producing
motion of the combined mass of the barrel and bolt
and since this mass is quite heavy, the recoil energy
will be correspondingly relatively low. Second,
since the recoil energy can be absorbed more or less
gradually over a relatively long movement in recoil,
the forces involved in absorbing the energy can be
kept within reasonable limits, thus giving fairly low
trunnion reactions as well as reduced stresses in the
parts of the gun mechanism.

Although the long recoil system 15 well adapted
to handling large-caliber high-powered ammuni-
tion, it has a disadvantage in regard to rate of fire.
The basic difficulty with the long recoil system is that
the sequences necessary in the automatic cycle of
operation do not permit cfficient utilization of time.
To demonstrate this point, the entire time necessary
for the recoil movement is essentially wasted because
the bolt must remain locked this entire period, thus
delaying the accomplishment of unlocking, extrac-
tion, ejection, and the other automatic functions.
Furthermore, after unlocking occurs, a substantial
portion of the time required for barrel return is ex-
pended merely in extracting the spent case. Ejection
and feeding must be delayed until the return of the
barrel has been practically completed and only then
can the bolt start its return movement. Because all
of these delays are inherent in the long recoil system,
guns based on the long recoil system tend to have
a rather low rate of fire.

When considering the expression “rate of fire”, it
is important to realize that the terms “low” or
“high'’ are only relative and depend entirely on the
caliber of the gun. What may be thought of as a
very low rate for a 20-mm gun might be a terrihcally
high rate for a gun of much greater caliber. In a
larger sense, the meanings of the terms “low” or
“high" as applied to rate of fire are dictated by the
type of target for which the gun is intended. For
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high speed air-to-air combat in which the gun can be
brought to bear on target for usually only a split sec-
ond, a rate of fire of 1000 rounds per minute might
be considered none too high. In such combat, the
target may be fairly light so that effective hits can be
scored with ammunition of relatively small caliber.
However, for targets such as buildings, ships, and
heavily armored vehicles, it is usually desirable to use
high-powered ammunition of large caliber and there
probably will be ample time for firing. Under such
conditions, a rate of fire of over 1000 rounds per
minute is not necessary and it may be preferable to
deliver a few devastating blows to the target rather
than a large number of highter hits.

Because of its advantages in regard to handling
high recoil forces, the long recoil system is applied
extensively for large-caliber weapons and, consider-
ing the caliber of these weapons, the rates of fire at-
tained are fairly high. The disadvantage of the
long recoil system in regard to rate of fire becomes
evident only for smaller caliber guns. In such guns,
the distances through which the recoiling parts must
move are more or less predetermined by the total
length of the cartridge used. Therclore, the only
way In which the tendency toward a low cyclic rate
can be mimimized s to design the gun so that the
recoil movement and the return movements of the
barrel and bolt occur at the highest velocity attain-
able on a practical basis. Thus, in an analysis of
long recoil as applied to smaller caliber guns, pri-
mary attention must be given to those factors which
affect the barrel and bolt velocities.

Assuming the use of a particular type of ammuni-
tion, the main factor affecting the velocities of the
recolling parts 1s the weight of these parts. With a
given ammunition, the total forward momentum im-
parted to the projectile and powder gases is some
definite amount and the resulting reaction will pro-
duce an equal and opposite momentum in the recoil-
ing parts. In other words, the momentum imparted
to the recoiling parts is some definite amount which
is determined by the cartridge used. The recoil
velocity which corresponds to this momentum will
be inversely proportional to the weight of the recoil-
ing parts and therefore the maximum recoil velocity
will depend on the weight of the recoiling parts.
This necessitates that, to obtain a high recoil
velocity, the recoiling parts should be made as light
as possible.
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Unfortunately, there are definite limitations to
how small the recoiling parts can be. In order to
perform their functions and to withstand the forces
to which they are subjected, the barrel, bolt, and
other recoiling parts must be ruggedly constructed
and will nccessarily be fairly massive.  In fact, all
is based on the propellant charge and the more
powerful the ammunition, the heavier these parts
will be. Since there i1s a limit to how light the
operating components can be, the maximum attain-
able recoil velocity is sirnilarly limited.

The extent of this limitation can be illustrated
by considering a 20-mm gun. In a gun of this
caliber with a maximum chamber pressure of
45,000 pounds per square inch, the barrel and barrel
extenston assembly alone could hardly weigh much
less than 35 pounds, no matter how economically it
is designed from the standpoint of weight.  Allowing
a conservative 6 or 8 pounds for the bolt, locking
device and firing mechanism and another 6 or 3
pounds for the effect of the spring masses gives a
total minimum weight close to 50 pounds. The
recoil momentum produced by the assumed car-
tridge will be approximately 35 (lb. sec.] and
dividing this figure by the mass of the 50-pound
recoiling parts gives a maximum free recoil velocity
of about 22.5 feet per second. Now it must be
realized that this velocity represents (to a fair
approximation) the highest value attainable in the
assumed weapon because an attempt to increase this
velocity by lightening the parts would make the
parts too frail.

Thus it appears that the designer of a 20-mm
gun operated purely by long recoil is “stuck with”
a maximum initial recoil velocity of somewhere near
22.5 feet per second. It will be recalled from the
description of the long recoil cycle of operation that
the barrel must recoil and counter-recoil the full dis-
tance before the bolt starts its return movement.
For a 20-mm gun, the recoil distance must be from
eight inches to nearly one foot to permit feeding and
therefore the barrel must travel a total distance of
almost two feet per cycle. Even if it is assumed
(although this is impossible) that this entire mo-
tion is accomplished at the maximum velocity of
22.5 feet per second and that the bolt return time
is ignored completely, this will mean that the time
required for each cvcle will be 2/22.5=.089 second
which gives a rate of fire of 675 rounds per minute.
Actually the barrcl must be stopped and its motion
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must be reversed at the end of recoil and its average
velocity will necessarily be lower than the maximum
free recoil velocity.  Furthermore, the bolt return
time will have a significant effect on the rate of fire
under practical conditions. Therefore, the maxi-
mum attainable rate of fire will be considerably
lower than 675 rounds per minute and the best that
can be expected is in the neighborhood of 300 to

500 rounds per minute. In modern terms, this is

considered a prohibitively low cyclic rate for any

20-mm machine gun.

From what has been said, it can be scen that to
achieve even the relatively low rate of 500 rounds
per minute with long recoil operation, the designer
must carefully utilize every possible means at his
command to take full advantage of the following
points:

I. To obtain a high initial recoil velocity, the re-
coiling parts must be¢ made as light as possible
consistent with the practical requirements for
strength, rigidity, and durability.

2. The recoil distance should be no greater than
the minimum necessary to provide an adcquate
opening for feeding, as governed by the overall
length of the incoming round.

3. The gun mechanism should be arranged to mini-
mize delays by taking advantage of every pos-
sible instant of time (rapid unlocking, cject at
instant extraction is completed, etc.).

4. In smaller caliber guns, instead of using the
barrel spring to absorb most of the recoil energy,
this spring could be made as light as possible and
be depended upon only to hold the barrel in
battery. This would produce a condition of low
retardation, thus permitting the barrel and bolt
to recoil the entire distance with little decrease in
velocity. The reversal of their motion at the end
of recoil could then be accomplished by causing
the recoiling parts to rcbound from an extremely
stiff buffer spring. Although this arrangement
gives a high average velocity of recoil, it should
be noted that the reversing action of the buffer
spring will be rather violent, and accompanied
by high impact forces. In addition, the impact
loss in the buffer may be considerable with the
result that the slowness of the long counter-recoil
movement of the barrcl would reduce or elimi-
natc entirely any advantage gained during recoil.
Since the advantage of employing this mcthod
is doubtful in a long-recoil gun, the use of a con-
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ventional barrel spring will be assumed from
this point forward.

. 'The barrel spring and bolt spring should be pro-
portioned so that the total time required for re-
turning the barrel and bolt will be minimized.
(The calculations neccssary to accomplish this
are described in the mathematical analysis of long
recoil.)

. It might be mentioned here that some improve-
ment in the rate of fire can be accomplished by
the use of a so-called ‘“‘recoil intensifier’” or
“muzzle booster”. This device utilizes the resid-
ual gas pressure by trapping the muzzle blast in
such a way as to increase the rcarward thrust
on the muzzle face of the barrel and thus increases
the recoil velocity.

All of the preceding points are concerned with
the problem of obtaining the uptimum rate of fire
from the long recoil system as applied to a smaller
caliber gun, but as has been remarked previously,
even with these refinements, the cyclic rate will
still be relatively low. This limitation, coupled with
the design disadvantages arising from the long travel
of the heavy barrel and from the inherent com-
plexity of the mechanism, probably accounts for
the fact that no successful machine gun using the
long recoil system has appeared among modern
weapons of 20-mm or smaller caliber.

In the large caliber guns to which the long recoil
system has been applied successfully, the high recoil
energy involved has made it necessary to ignore
many of the points described in the preceding para-
graphs. In these guns there is so much excess recoil
energy that the problem is one of minimizing and
disposing of energy rather than one of taking ad-
vantage of every possible means to incrcasc the
velocity of recoil and rate of fire. Therefore the
approach is exactly opposite to that described for
smaller caliber guns. The recoiling parts are de-
liberately made heavy to minimize the energy im-
parted to them, and recoil brakes and buffers are
utilized to remove energy from the system. The
recoil stroke is made as long as practical considera-
tions will permit and muzzle brakes rather than
muzzle boosters are sometimes employed.  All things
considered, the long recoil system is best adapted to
handling high recoil forces and is not the best system
for use in smaller caliber weapons in which high
cyelic rates are desired. If the number of rounds
delivered per minute is the primary consideration
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and the recoil forces are not excessive, it is safe to
say that some other system than long recoil should
be used.

In the following mathematical analysis, the gun
uscd to illustrate the computations will be a 20-mm
gun 1n spite of the fact that long-recoil may not be
the ideal system for a gun of this caliber. This is
done in order to permit comparison of the results of
the analysis with the results obtained from the
analyses of the other operating systems described in
this publication which also used 20-mm data for
purpose of illustration,

Mathematical Analysis of Long Recoil

The following paragraphs describc a systematic
procedure for performing the computations neces-
sary in a basic analysis of a gun operated purely by
long recoil. This procedure follows the same gen-
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Graph of Chamber Pressure Versus Time (20 mm. Gun).

eral lines used for the analysis of the other systems
described in this publication with the modifications
necessary for considering the specific problems aris-
ing in the design of long recoll machine guns. Asin
the other analyses, no attempt will be made to dis-
cuss the straightforward machine design methods
used for arriving at the particular physical form of
the mechanisms or to make detailed computations
for the effects of friction or the relatively minor forces
incident to operating the anxiliary mechanisms such
as the bolt lock, feeder, firing device, or ejector,

The following analysis is based on the assumption
that a particular cartridge with known character-
istics is to be used and that the desired muzzle
velocity and barrel length have been predetermined.
I't is also assumed that all necessary interior ballistics
data are known and that graphs showing the time
variation of projectile velocity, chamber pressure,
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Figure 2-5. Graph of Projectile Velocity Versus Time (20 mm Gun).

and bore travel are available (figs. 2-4, 2-5, and
2.6).

NOTE: Forsome design problems, all or part
of this information may not bec available.
Analytical methods by which the required data
and graphs can be approximated for use in
preliminary studies may be determined by con-
ventional interior ballistics computations,

As has been explained, the primary factor affect-
ing the performance of a long-recoil operated gun
is the weight of the recoiling parts and in order to
obtain a reasonable rate of fire, this weight must be
kept to the bare minimum consistent with the re-
quirements for strength, rigidity, and durability.
The weight of these parts will be affected not only
by strength considerations but also by the particular
configuration of the mechanism selected by the
designer.  (For example, if the designer wishes to
have the bolt slide in a long barrel extension, the
recoiling parts might be heavier than they would
be if the bolt moved on guide rails which were part
of the receiver.) Accordingly, in order to deter-
mine the weight of the recoiling parts, the barrel
must be designed first and the remainder of the
mechanism must be planned at least to the extent
which will make it possible to obtain a fair pre-
liminary estimate ol what weights will be involved.
In the process of planning the mechanism it will also
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be necessary to determine what distances the parts

must travel.

Of course, the final dimensions and weights of
some of the recoiling parts can not be defined untl
complete consideration is given to the forces which
act on these parts as the result of the accelerations
and shocks to which they are subjected in operation
and which yet remain to be determined.  However,
the estimated weight obtained from a carcfully
made preliminary design and layout should be
accurate enough to serve as the starting point for the
calculations necessary to detcrmine the operating
forces. 1t 1s these calculations which are the main
concern of the following analvsis,

As the analysis progresses, its application will be
illustrated by means of sample calculations.
Although these calculations and the rclated graphs
are for a specific 20-mm cartridge and barrel and
are based on an assumed weight of recoiling parts,
the methods are gencrally applicable to long-recoil
guns of any caliber. The calculations cover the
following important points:

1. Determination of the conditions of free recoil.

2. Determination of thc data necessary for design-
ing barrel spring and bolt driving spring which
will permit the recoil distance required for fceding.

3. Computation of the rate of fire.

4. Development of graphs showing how the velocity
and travel of the recoiling parts vary with time.
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Symbols Used in Analysis

A Area ol bore cross-section—in.?

B Ratio between average forces of parrel
spring and bolt spring.

C  Arbitrary constant of integration (also
ratio between masses of barrel and
bolt).

D Total recoil travel of bolt—ft.

d Recoil travel of bolt for time t—ft.

d Distance recoiled in first 0.010 sec-
ond—f{t.

E. Initial bolt energy—{t. lb.

F,, Average combined force of barrel and
bolt spring over distance D—Ib.

F.,, Average force of barrel spring over
distance D—Ib.

F., Average force of bolt spring over dis-
tance D—Ib.

F, Combined initial compression of barrel
spring and bolt spring—Ib.

F,, Ini]EaI compression of barrel spring—

F,, Initial compression of bolt spring—Ih.

g Acceleration of gravity—-32.2 ft./sec.?

K Combined spring rate of barrcl and
bolt springs—Ib. /ft.

K, Spring rate of barrel spring—Ib. /ft.

K. Spring rate of bolt spring—Ib. /{t.

M. Mass of powder charge—Ib. sec.?/ft.

M, Mass of projectile—Ib. sec.?/ft.

M. Total mass of recoiling parts Ib.
sec.®/ft.

M, Mass of barrel—Ib. sec.?/ft.

M. Mass of bolt—I1b. sec. 2 /ft.

P Muzzle pressure—Ib./in.?

T Time to recoil—sec.

T’ Total cycle time—sec.

T, Time for counter-recoil of barrel—sec.

T. Time for return of bolt—sec,

t Time—sec.

t- Approximate total return time for bar-
rel and bolt—sec.

Tres Time of duration of residual pres-
surc—sec.

V, Muzzle velocity of projectile—ft./sec.

vy Vclocity of projcctile in bore at time
t--ft./sec.

ve Velocity of retarded recoil at time
t—ft. /sec.

V., Maximum velocity of free recoil—

ft. /sec.
¢ velocity
ft./sec.

Weight of powder charge—Ib.

Weight of projectile—Ib.

r Weight of recoiling parts—Ib.

v of free recoil at time t—

g ]

3%

3383756 O—06——7
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3. Computation of the power absorbed by the re-
coiling parts.

In the course of describing these calculations, the
following fundamental formulas will be developed
and explained:

a. Momentum and velocity relation for time pro-

jectile is in bore.

b. Formula for determining momentum and

velocity of free recoil.

c. Expression for duration of residual pressure.

d. Formula for determining initial energy of the

rccoiling parts.

e. Formulas for determining spring retardations.

f. Energy equation for recoiling parts and springs.

g. Formula for determiming time to recoil.

h. Expression for computing rate of fire.

1. Condition of free recoil

Under the heading “Principles of Recoil” it was
pointed out that, if a gun is mounted so that it can
move freely without friction or any other restraint,
the impulsc of the recoil force will impart to the gun
a rearward momentum equal to the total forward
momentum of the projectile and powder gases. For
the time the projectile is in the bore, this momentum
relationship is expressed by the equation:

(2—-1) Mev,, =Mpv,+M.v,

Since the powder gases will be thoroughly mixed by
the turbulence created in the explosion it is reason-
able to assume that the center of mass of the gases
moves forward at one-half the velocity of the pro-
jectile. Actually, this is not quite accurate because
the presence of the enlargement at the chamber and
the fact that the rifling does not extend the full
length of the space occupied by the gases creates a
condition in which the volume of the space is not
uniformly distributed along its length. Neverthe-
less, the assumption is close enough for present pur-
poses. Therefore equation 2—-1 may be rewritten
as:

(2-2)  Move, = Myvp+ M, 2=( h-—f,,+“,f—°)v,.
NOTE: It should be pointed cut here that

the momentum equality expressed by equation
2-2 is not affected by the internal [rictional
forces opposing the motion of the projectile and
powder gases or by the forces incident to en-
graving the rifling band and to imparting the
rotational velocity of the projectile.  Although
all of these forces retard the forward motion
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Figure 2-8. Graph of Projectile Bore Travel Versus Time (20 mm, Gun).

of the projectile and powder gases, thev pro-
duce equal and opposite reactions on the bar-
rel which result in a corresponding retardation
of the rearward movement of the gun. In
other words, the internal resistances merely
decrcasc the effective impulse producing mo-
tion but they do not cause any inequality in the
forward and rearward momentums.

Solving equation 2-2 for v, gives the velocity
of free recoil for the time the projectile is in the
bore as:

Mo W
M, YW,

Equation 2-3 can be used to plot a curve showing
the free recoil velocity versus time for the period
before the projectile leaves the muzele. The
weights of the projectile and powder charge arc
both known and it is assumed that the weight of the

(2-3) .
v ry A b
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recoiling parts have been estimated in accordance
with a preliminary design plan.  Also, the velocity
of the projectile at any time is known from the
available ballistic data (fig. 2-5). Therefore, the
ordinate of the free recoil velocity curve at any time,
t, can be found by multiplving the corresponding
ordinate of the projectile velocity curve by the
factor:

“T
“FD_|_.§_!3_
W,

Assuming that in the 20-mm gun to be used as an

example the estimated weight of the recoiling parts

is 50 pounds and the weights of the projectile and

powder charge are as shown in fig. 2-5, the value
of the multiplying factor is:

W0

5
W

070

- 204~

—. H
D 0065

r
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Therefore, befare the projectile leaves the muzzle,
the free velocity of the recoiling parts is:

it.

B0,

v,.= 00650 v, (

The curve obtained by using this relation is shown
in fig. 2-7 and is also shown in fig. 2-8 as the por-
tion between t—0 and t—.00234 second. (In fig.
2-8, the time axis is compressed in order to show
how the velocity varies after the projectile leaves the
muzzle. )

The manner 1n which the free recoil velocity
varies after the projectile leaves the muzzle can not
be determined from equation 2-3 because the pro-
Jectile is no longer part of the system. Since the
effect of the residual pressure can not be expected
in simple terms, a special method is used to extend
the curve obtained from equation 2-3. This
method is based on the fact that the results of ex-
perimental firings of various guns show that the
maximum velocity of free recoil may be closely
approximated as:

_ W, V,+4700 W,
- W,

This relationship is equivalent to saying that the
maximum momentum imparted to the recoiling
parts is cqual to the sum of the muzzle momentum
of the projectile and the momentum of the powder
gases, assuming that the powder gases leave the gun
at an average velocity of 4700 feet per second. For
the gun used as an example:

(2-4) Ve
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=225 ()
se¢.

A line representing this value of the maximum
velocity of free recoil is drawn on the velocity graph
(fig. 2-8) and thc curve previously drawn from
equation 2-3 is extrapolated until it becomes tangent
to the line. The point at which the curve becomes
tangent represents the time at which the residual
pressure becomes zero and therefore imparts no
further velocity to the recoiling parts. Although an
error in locating the exact point of tangency will
not have any serious effect on the accuracy of the
results, it may be of some assistance in plotting to
determine this point by using Vallier’s formula for
approximating the duration of the residual pressure:

v _29X275604-4700%.070
" 50

[2_5:' ‘TrEI:% {Hiﬂu_ﬂrp}
For the sample cartridge and barrel:
Tres= 00 (9400—2750)

32.2 xg (.790)2 X 5000

=.00592 (sec.)

To obtain the total time of action of the powder
gases, this value is added to the time at which the
projectile leaves the muzzle:

T\ o= 00234+ .00592=.00826 (sec.)

Extending the original curve until it is tangent at
this point gives the complete free recoil velocity
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curve shown in fig. 2-8. This curve will be used as
the basis for the remainder of the calculations in this
analysis.

2. Determination of spring design data

The calculations made for obtaining the free re-
coil velocity curve give the maximum velocity of free
recoil as 22.5 fect per second. Since the total ac-
celeration of the recoiling parts occurs in less than
0.010 second and since the retardation offcred dur-
ing this interval by the barrel spring and bolt driving
spring will be very small, it may be assumed for
purposes of considering the effect of the springs that
an initial recoil velocity equal to the maximum
velocity of free recoil is imparted instantancously to
the recoiling mass. On the basis of this assumption,
the mitial kinetic energy of the recoiling parts is
given by the expression :

vy ﬂzf’f !
27T 2
Evaluating this expression for the conditions of the
example gives the initial bolt energy as:

50} 22.5
2X32.2

Since it has been assumed that this kinctic energy is
instantaneously transferred to the recoiling parts,

the springs must be proportioned to absorb this
energy over the entire distance through which the

T2

E,= (ft. 1b.)

E= =304 (ft. 1b.)
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barrel and bolt move in recoil. The energy ab-
sorbed by the springs is equal to the distance through
which they are compressed times the average force

required to produce this deflection. That is:
(2-7) E,—F,.D or F=]i?j

If it is assumcd that the bolt in the example must
open 10.5 inches to permit feeding of a 20-mm car-
tridge (including a slight overtravel allowed to ac-
count for minor variations in the loading of the
cartridges), the total recoil distance is 1C.5 inches
(0.875 feet). Therefore the average combined
force of the barrel spring and bolt driving spring
must be:

394

It should be noted here that the friction between
the recoiling parts and the slide will produce ah
essentially constant retarding force. If it 1s ex-
pected that the force required to overcome friction
will be considerable, this force should be determined
and subtracted from the average spring force com-
puted by using equation 2-7. Ordinanly, however,
the friction force should be small when compared to
the average spring force of 450 pounds and for pur-
poses of the present analysis, the friction force will
be neglected.

Having the average combined spring force, it
remains to choose spring characteristics such that
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this average force will result from compressing both
barrel return and bolt springs through the required
recoil distance. The first problem that presents it-
self in this connection is how the spring resistance
should be proportioned between the springs. One
obvious choice would be to make the spring resist-
ances proportional to the weights of the barrel and
bolt respectively but if it is important to obtain the
maximum possible rate of fire, the particular spring
combination which would produce this condition
should be determined before the selection 1s made.

The effect of the manner in which the springs
are proportioned to each other will become apparent
during the counter-recoil strokes of the barrel and
bolt. During recoil both springs act together but
during counter-recoil the barrel spring rcturns the
barrel to battery and then the bolt driving spring
returns the bolt. The strength of the springs will
determine the time in which these parts are returned
and by proper choice of the springs, the total return
time can be held to a minimum. The following
calculations show how the ratio B between the aver-
age forces exerted by the barrel spring and bolt
driving spring is determined so that the total return
time will be minimum.

At the end of the counter-recoil movement, the
kinetic energy in either the barrel or bolt will be

equal to the average force exerted by its spring times
the counter-recoil distance.

E=%MVEJ;D

Solving for the terminal velocity V gives:

2F,, D
v“\/:m"

The time required for counter-recoil will be approxi-
mately inversely proportional to this velocity:

t a\/- _____ N
“V2F,.D

Therefore, the total return time for the barrel and
bolt may be expressed as

M,
“V&F,, Dt

— e o ma

b 2 Fur, D

(Note that for simplicity, this relation does not con-
sider the effects of the overtravel previously
mentioned. )

Now:
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M,=:CM,
F“’l + Fm.r2=Fm.r E.l'ld,
F“1=B an_.?

Solving the last two equations simultancously for
Fav, and Fay, gives:

Foe B
B+1
__E.'.‘E .
B+1
In the equation for the total return time, substitut-

ing CM, for M, and the above values for Fu.
F..  yields:

Fo, = and,

Fnrg -

and

CM,
trﬂ'“ F“ B + \/ ‘Fllv
B + 1 B+ -|—1

Simplifying :

t [v Q.E.B_-F_n_i_?’]}.‘_]]vz F“ 5

The value of t. will be minimum when the factor
enclosed in brackets 1s mimmimum; that is when

s

({5
Diﬂcrcntiating:
o i)

S &~

oVB+1

Solving for B:
m+1

1
( B+‘)ﬁiﬁ
C

‘/O
C

B+1

B VB-VBY
B+1 IC_
B {yVE !

1 /C_,

BYVB™

B=4C
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Thus, it appears that the total counter-recoil time
will be minimum if the barrel spring and bolt driv-
ing spring are proportioned to cach other so that the
ratio between their average forces is equal to the cube
root of the ratio between the barrel weight and bolt
weight. It will be assumed for purposes of the
example that the barrel is six times heavier than the

bolt, that is, C=6.
Fig. 2-9 shows the value of the factor

1 (5o

for various values of B when C=6. Note that
the curve reaches its minimum point at B=1.82
which is the cube root of 6. If this ratio between
the spring forces were used in the example, the total
required average force of 450 pounds breaks down
so that the bolt spring would have an average force
of 160 pounds and the average force of the barrel
spring would be 290 pounds. It should be realized
that the use of a bolt spring with an average force
as high as 160 pounds would cause difficulty in
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charging the gun manually unless some mechanical
aid is provided.  For this reason, it may be desirable
to increase the ratio B, thus sacrificing some speed
of operation for ease in charging. However, if the
gun is to be charged pneumatically or by some other
means, the computed values are not unreasonable
and will therefore be cmployed for the remainder
of the analysis.

The next problem relating to thc design of the
springs is to choose values for the initial compression
Fo and the spring constant K such that the required
average force will be obtained when the springs are
compressed through the desired recoil distance
(10.5 inches in the example). As has been men-
tioned before, the practical problems involved in
designing springs for machine guns require very
careful analysis to take into consideration such fac-
tors as spring lnsses, forced vibrations set up along
the length of the spring, shock loads, and other
complications. If this is not done, serious opera-
tional difficultics or even failure of the spring may
result.  For this reason, the design of springs which
are to be subjected to large and rapidly varying
forces is a highly spccialized art in the field of ma-
chine design and often a satisfactory spring for a
machine gun can be found only by experimental
means. Since it is beyond the scopc of the present
analysis to attempt a practical spring design at this
point, an arbitrary selection of the spring charac-
teristics will be made.

In making the selection of F, and K for the springs
of the gun used as an cxample, the valuc of Fo will
be kept relatively small in order to gain an advan-
tage in regard to rate of fire. (Cf. paragraph 5 in
the mathematical analysis of the plain blowback
system.) For the barrel spring, an initial compres-
sion of 115 pounds is rcasonable and this choice
requires that the maximum force be 465 pounds to
produce the required average force of 290 pounds.
Since the difference between the maximum force
and initial compression is 350 pounds and the recoil
distance is 10.5 inches {0.875 feet), the spring rate
will be 400 pounds per foot or 33.3 pounds per
inch. For the bolt spring, if Fo is sclected as 35
pounds, the average force of 160 pounds will be
obtained if the maximum force is 265 pounds. The
difference between the maximum force is then 210
pounds. Since the recoil distance is 0.875 feet, the
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spring rate 15 240 pounds per foot or 20 pounds per
inch.

The foregoing determinations complete the basic
preliminary design of the gun and the remaining
task is to investigate what performance this design
may be expected to give.

3. Derivation of recoil equations

Having the estimated weights of the recoiling
parts and having the characteristics of the barrel
spring and bolt spring, the performance of the gun
can be determined by considering the energy rcla-
tions which exist during recoil. These relations are
expressed by a number of important equations
which will be derived on the basis of the fact that

as the recoiling parts move to the rear, the springs

absorb and store the kinetic energy imparted by
the propellant explosion. If it is assumed that the
recoil energy 1s imparted instantaneously and that
the losses due to friction and other causes are negli-
gible, the energy remaining in the recoiling parts at
any time during recoil is expressed by the equation:

(2-8)

M,v.? Kd?
e —J (F,+Kd) dd_F}t.—(T d4& )

NOTE: In this equation, F, represents the
combined initial compressions of the barrel
spring (F, ) and of thc bolt spring (Fy,).
Similarly K represents the combined spring rate
of the barrel spring K. and of the bolt spring,
K.El
This equation may be used for deriving the equation
expressing the relation between time and the motion
of the recoiling parts as follows: Solving for v,

gives .

K F, ,,2E, dd
d+ =di

| d{l

Vg A

.i.

From a table of integrals, this expression is of the
form:

-2 ad—b

dd |
__ - o 1 L8dTh )~
f At bdte vea ™ i—tae

where:
f = — I; (a<0)
E-Fr'r
b=— M.
2E,
C= —
M,
Therefore:
_ EH_ -
(H-
l‘l 4F 2 +SKE
8 M2 T M2

M.[. ., Kd+F,
“VEK I:E”” FIF2KE ]‘*‘C
But at the end of the recoil movement, the energy

stored in the driving spring is equal to the initial
bolt energy. That is:

Therefore:

F 4 9KE,=F,+2K (F D+

KDE)

=F 24 2KF, D+ K?I)

= (FﬂIED)E
Substituting this value in the cquation for t gives:
M, . _, Kd+F,
"—\/‘}'{ S Rp+E, O

To evaluate (01 when t=0, d=0 and therefore

C=— M in-t i
== '\/I K =3 K]-}+141

Substituting this expression for C gives the equation
for the time, t, required to recoil any distance, d.

(2-9) “—\/ | sin- " Do)

Solving this equation for d gives the inverse relation
expressing the distance recoiled in any time, t.

KD-F,

I|' *
K © 81N [\/5}“ t+

K, R
sin '1{D+F.J K

 Kd-—F,
KD—S—I‘

(2-10) d=
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Equation 2-9 may also be used to obtain the total
time, T, required for the recoiling parts to move
through the entire recoil distance, D. Substituting
D for d gives:

s Ly R 1\'-[‘; q* -1 e —1 Ilﬂri
(2-11) T= \'/"IT |: in~!'1—sin KD-F,
T= /"»l_r  sin I
“"VK L2~ KD-+F,
_ }'[T ([.,DE-I K. )
VYVE\UT KD+F,
or;
PN A
— 1 2 pog—l - ST .
rl _F\I K,|+K1 cos {KL—I_P&E}D_I"_FHIF}_}-‘Q?

If it is assumed that the losses are ncgligible, the
times required for the barrel and bolt to return to
the firing position may be determined by the use
of equation 2-11 providing that the proper values
are substituted for M., K, Fo, and D. Making these
substitutions and adding the times gives the time for
a complcte cycle as:

—— e —— —

- arEEr—

—— ——

L15+85

Trmy] AOFI0 (g LEEES
Y 32.2(4004-240) \ "7 (4004-240).875+114 |
[ 10 (. 55 )
V32.2x240\ " 240X .875+55

— 06604 .0737 +.0487
=(.1884 (second]

The rate of fire 1s then:
N — 60

1884
(This rate of fire is based on the use of springs
which absorb all of the recoil energy. As pointed
out previously, some improvement in the rate might
be gained by using lighter springs and permitting
the parts to rebound from buffers at the end of
recoil but since such a gain would not be very great,
no consideration will be given to this method here. )

With the rate of fire and recoil energy known,
the horsepower absorbed by the recoiling parts can
be computed by means of the formula:

E.N
HP " 33,000

=319 {rounds per minute)

(2-14)
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(2-12)
M, M,

Fo, + ¥,

T = - (K, +K,) D+ i;i;;;;?;.Fug]+

s

/FHT] vye 1 ____.F“1 :I
VE, L KD+F, |t
M., [ K
- _EE S—— .__.._..E
\/ KE _l )= KED_F-DEJ

Note that in the last two terms of equation 2-12,
no consideration is given to the overtravel which
was allowed in the design. (See fig. 2-3.) The
resulting error is so slight that there is no need to
complicate the equation further by taking it into
account.

Since 17 1s the total time required for one com-

plete cycle of opcration, the rate of fire in rounds
per minute will be:
, 60
(2-13) N:-T’
For the conditions of the example, N is evaluated
as follows:

The total weight of the recoiling parts is 50
pounds. The effective weight of the barrel and its
related parts will be taken as 40 pounds and the
ellective weight of the bolt and its related parts will

be taken as 10 pounds. Thereforc:

“ 10

N 115
55)+ \/ 59,2 5400

400 875+ 1 15)'} |

cos 1

The horsepower absorbed by the recoiling parts in
the gun of the example will be;

_ 394319 _
HP= 33.000 —=3.81

4. Development of theoretical time-travel and time-
velocity curves.

In the design of the various details of the breech
mechanism and of the other gun mechanisms such
as the feeder and firing device, it is necessary to have
information relating to the motion of the recoiling
parts during the progress of the cycle of operation.
This information can be presented in convenient
form by mcans of theorctical curves which show the
relation between time, the travel of the recoiling
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parts, and the velacity of the recoiling parts. Such
curves may be drawn by using the formulas devel-
oped under the preceding heading, but it should be
realized that all of these formulas are based on the
assumption that the imitial energy was transferred
instantaneously to the recoiling parts. Therefore,
curves plotted in this way would not take account
of the detailed efTects resulting from the conditions
which exist during the time of action of the powder
gas pressures. T'his time 1s so short that it will be
relatively negligible when the overall cycle of opera-
tion is considered, particularly if the rate of fire is
low. However, for higher rates of fire, the time of
action of the powder gas pressure may represent a
small but significant portion of the time required
for recoil and accordingly should be given due con-
sideration in plotting bolt motion curves. In addi-
tion, because of the high accelerations which occur
during the propellant explosion, it is highly desira-
ble to determine in detail what motion character-
15tics may be expected in the initial portion of the
recoil stroke.

The effects of the powder gas pressure can not
be expressed by simple equations and therefore a
special method is employed to account for these
effects in plotting the bolt motion curves. The
method consists essentially of first plotting a curve
of free recoil velocity and then subtracting from
cach ordinate of this curve the velocity loss result-
ing from the retarding effects of the springs.

The curves showing the velocity of free recoil
versus time were developed previously and are
shown in figs. 2-7 and 2-8. These curves will be
used to illustrate the following description of the
method,

To determine the retarding cffects of the spring,
use is made of the law expressed by the equation:

(2-15) Fdt=Mdv

This law states that the change in the momentum
of a mass is equal to the applied impulse (the
product of the force and the time for which it is

applied}. Solving for dv gives:
dv—-F-{-lE
- M

To obtain the variation of the change in velocity
with respect to time, this expression is integrated.

) L s | A | .
21 P S — ot
2-16) V=M :xIJ:-th
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In accordance with equation 2-16, the retarding
effect of a force on a given mass can be determined
as [ollows:

1. Plot a curve showing the variation of the force
with respect to time.

2. Measure the area under the curve hetween t=0
and some time t,.

3. Divide the measured area bv thc mass. This
gives the ordinate of the retardation curve for
the time ti.

4. Repeat steps 2 and 3 {or other values of t and
plot the retardation curve.

Applying this procedure using the mass of the
recoiling parts and the combined resistance of the
barrel spring and bolt spring produces a curve show-
ing the loss in recoil velocity resnlting from the ac-
tion of the springs. Since the frec recoil velocity
curve shows the gain in velocity resulting from the
thrust of the powder gases, the difference between
the curves will be the net recoil velocity, or 1n other
words the velocity of retarded recoil.

The foregoing mcthod would be very simple if
the retarding force were constant or if the varia-
tion of this force with respect to time were known.
However, when the force varies with recoil travel
as 1t does with the springs assumed for purposes of
analysis, a difficulty 15 encountered. In order to
plot a graph showing the vanauon of the retarding
force with respect to time, it is necessary to have a
curve showing the variation of the recoil travel with
respect to time, and the latter curve is one of those
which vet remain to be determined.

To overcome this difficulty, the problem is con-
sidered in two stages. For the first 0.010 second
while the powder gas pressures are acting, the loss
in velocity resulting from the retarding effect of the
springs will be relatively small and will be almost
entirely due to the constant effect of the initial com-
pression. ‘The varying force due to the spring con-
stant during this interval of time will almost certainly
be negligible but, if necessary, it can be approxi-
mated very closely. Tn this way, accurate results can
be obtained for the first 0.010 second and for the
remainder of the cycle of operation, while the pow-
der gas pressures are not acting, the recoil travel can
be determined analytically without any trouble.

The procedure for plotting the velocity and travel
curves during the first 0.010 second 1s as follows:

. Plot curve of free recoil velocity versus time

(fig. 2-7).
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Figure 2-10. Development of Time-Travel Curves for First 0.010 Second.

2. The loss in velocity due to the imitial compression
of the springs is equal to:

{11“1 “1) b
N

Determine the velocity loss for various values of t,
substract cach from the corresponding ordinate
of the free recoil velocity curve and draw a curve
through the resulting points.  If the effect of the
spring constant proves to be negligible, this curve
is the retarded velocity curve.

. Integratc under the curve drawn in step 2

obtain the displacement curve.

Assume that the curve drawn in step 3 represents

the actual time-travel curve and use this curve

to determine the retardation due to the spring
constant. (Use the combined spring constant
for the barrel spring and bolt spring, K, +K..)

Ordinarily, it will be found that this rctardation

is so small that it will not have any effect worthy

of consideration.

. In the event that the retardation determined in
step 4 is suflicient to affect the velocity, use it to
modify the curve drawn in step 2 and then in-
tegrate under the new curve Lo obtain a corrected
displacement curve.,

. Steps 4 and 5 can be repeated as often as is
necessary unul no significant change occurs in the
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displacement curve. Actually, this process of
successive approximation should never be neces-
sary and satisfactory results should be achieved
in the first three steps or at least in the first five
steps.

Fig. 2-10 shows the curves obtained for the gun
of the example. The total loss in velocity duc to
the combined effect of the initial compressions of
the springs during the first 0.010 second 1s:

(s, *Fm)_‘ (1154-55).01 X32.2

o0
—1.09 (
see.

The loss due to the combined effect of the spring
constants as determined by the method of step 4 1s
only about 0.345 foot per second. The final curves
shown in fig. 2—10 are the result of performing step
5. Since the velocity loss duc to the cffect of the
spring constant is so small, step 6 need not be taken.

The remainder of the displacement curve for the
recoil stroke can now be determined analytically

by using equation 2-10:
]“lfu
.l K

V—

K,

lei 1 l*.,
["\“fu R ¢ D RN Y

d=
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However, since some recoi]l travel (d’) occurred
during the first 0.010 second, the values of F,, D,
and t must be modified to take this motion 1nto
account and d” must be added to the resulting values
obtained for d. Also note that the values for K, F.,
D, and M. must be selected to smt the particular
portion of the operating cycle under consideration.
During recoil, both springs act on the total mass of
the recoiling parts but in counter-recoil the barrel
is returned to battery first while the bolt remains
latched and then the bolt 15 returned. Thus it i3
necessary to consider the motions in three phases:
recoil motion, barrel counter-recoil, and bolt return.

To account {or the recoill movement during the

time of action of the powder gases, the faollowing
changed values are used in equation 2—10:

Fﬂ!: Fﬂ_!_ de 0r Fuj:FH[ "|:F":‘E ‘i_ le *KE’)[-{’
N =D—d’
t" =t —.010

Also since the barrel and bolt and their springs
act as a unit during the recoil stroke, the following
substitutions are also made in equation 2-10:

‘ FD o Fnl + FDE
L =K, + K,
M, =M, +M,,

Making these substitutions gives the modified form
of equation 2—10 as it applies to the recail stroke as:

(KK (D —r!“u—l—l*.Jl—l—bnz—l—(lil—l—hﬂd’ |: K, +K?
d= K 1K, ——— 8in —\/“Iri—l_\Irq — 010} 4+
. I 1}1 _|_]-—‘l:|3_|_ {K1_|_I‘L 1}{]! ] Fn1_|_]-1| CI--:h_ lel _|_]IE}':1Ir 1
TR, T R)D Y Fo +F o+ (K + Kp)d’ K, K, ‘
simphifving:
(K +K>)D+F, +F,, [ K+ K, . F +F 4 I K d,]
(1= K, +K, - S1n -\/I\.Irl:'_—ii:i (L-——010)4sn~" 1{1—|—l{£}])—14““]—1—['

F,, -+ Fot (Kt Kl
K+ K,

This equation is employed to plot the displacement
curve from the time t==0.010 until the bolt is latched
at the rear. Since the design used as example al-
lows for only a very slight overtravel, this overtravel
will be neglected and it will be considered that the
bolt 1s latched when the counter-recoil movement is

equal to I {0.875 foot).
Alter the bolt is latched and the bolt lock is
opened, the barrel continues its forward movement

in counter-recoil and is now driven by the barrel
spring alone.

(

The movement of the barrel during
this time can be determined by using equation 2-10
in a special way. Since the barrel spring only is
acting, the valuc K, is substituted for K, F., is sub-
stituted for F., and M., is substituted for M,. In
the equation, the time used for determining the
barrel counter-recoil curve must be equal to t+ (T.—
T'); where T is the time to recoil expressed by equa-
tion 11, and T, is the time required for thc barrel
alone to complete its counter-recoil movement. This
substitution is necessary because the period of the
sine curve expressing the barrel counter-recoil move-
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ment is different from that of the curve expressing
the recoil movement of the combined mass of the
barrel and bolt. Making the necessary substitu-
tions gives the modified form of equation 2-10 as
it applies to the barrel counter-recoil movement as:

KD+F, . (K, . v e
(|=_' K] s10 [‘\VII|I I"l,"]:rl ‘.rt'—l_ FI_ ]_J"_
sin™! j ..:I_]j"l

K,D-+F, | K,

This equation is applicable from the time t=T 10
the ttme t—T 4T, at which time the curve reaches
the zero axis.

For purposes of analysis, it will be assumed that
the bolt is unlatched just as the barrel reaches the
battery position at the time t=T-+T,. The move-
ment of the bolt after its release can be determined
by using equation 2-10 in the same general way as
for the barrel. In this case, since the bolt is driven
by the halt spring alone, the value K. 1s substituted
for K, F., is substituted for F., and M, is substi-
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tuted for M.. The time used in the equation must be
equal to t+41.— (T'+T,); where T, is the time re-
quired for the bolt alone to complete its return
movement. This substitution is necessary for the
same reason as cxplained in the preceding para-
graph. Making the indicated substitutions gives the
modified form of equation 2—-10 as it applies to the
bolt return movement as:

ho+F, . Ke . v e
d— K, sin [\/T‘r‘lrg b4+ T,—T—T 1+
- Fo, Fo,
SN =y | —
K.D+F,, K,

This equation is applicable from the time t=T+4T,
to the time 1—T+T,+4T:, at which time the curve
reaches the zero axis.

The three equations described in the preceding
paragraph are used to complete the curves show-
ing the recoil and counter-recoil movements of the
barrel and bolt. The resulting curves can he used

to determine curves showing the variation with time
of the forces exerted by the springs during the vari-
ous parts of the cycle of operation. To obtain the

spring force curves for the recoil stroke, the ordinates

ol the corresponding portion of the displacement
curve are multiplied by the factor K,+K. and are
increased by F, 4+F.. For the barrel counter-
recotl movement, the spring force curve is deter-
mined by multiplving each ordinate of the
corresponding portion of the displacement curve
by K and increasing the result by Fo. The spring
force curve for the bolt return stroke is determined
in the same way using K. and F.. Integrating
under the first portion of the curve and dividing
by M. +M;:, in accordance with equation 2-16
gives a graph showing the loss in recoil velocity re-
sulting from the combined [orce of the barrel and
bolt springs. Subtracting this curve from the free
bolt velocity curve produces the graph showing the

retarded recoil velocity. The curve showing the

'q s
800 BoLT sPRING —L
AND I i
BARREL SPRING
TOO = S ‘-
600 | = - |
29 1 BARREL
- | SPRING -
S
400 S
§ Foi‘" Fnl‘"[l'il"'ll‘il]d
® (K, = 400LB/FT)
2 i (K,=200LB/FT )
300 T
- SPRING
F“l + Kld
200 ! | IS !
£, +F |
= .
0ol o,%To, I70LB l Fﬂt + K!d
| | Fﬂ'= IIE LEI
l - I I Fo,=55LA,
0 02 .04 06 .08 10 12 14 16 .18 .20
TIME (SEC.)

Figure 2-12. Variation of Spring Forces With Time.
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counter-recoil velocity of the barrel is obtained by
integrating under the second portion of the spring
force curve and dividing by Mr. (Thc resulting
ordinates are plotted as negative values because the
barrel is now moving forward.) A similar method
is used to plot the curve showing the velocity at
which the bolt returns. The third part of the
spring force curve is used and the integrals are
divided by M. .

Fig. 2-11 shows the displacement and velocity
curves obtained by the method described in the

of the cxample. After the necessary substitutions
arc made, the final forms of the three equations
used after the first 0.010 second are:

(1 from 0.010 to T
d=1.14 sin [20.3t 4 .204] 265
(t from T to T="I"))
(d=1.162 sin [17.93t | .393]—.2

(t from T +'T" to T+ T4+T,)

preceding paragraphs, using the data for the gun d=1.103 sin [27.8t—2.31]—.229
25 ] T l l
20 |
|
| BARREL AND l

ID l I I . 1
- 5 L |
o
2 [ |
M ! . | - | —
- o] A 2 3 4 .5 6 T 8 9 RECOIL |
w : , | | | TRAVEL(FT.)
- |
E s} } |
T
o
hur’ 1 : _
W BARREL RETURN
> -0 4 ,\ | i

-5 4 ;|

BOLT RETURN

]

Figure 2-13. Velocity-Displacement Curve.
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The spring force curve obtained [rom the displace-
ment curve of fig. 2-11 1s shown n fig. 2 12,

In an actual design problem, it may be desirable
to consider the effects produced on the displace-
ment and vclocity curves by forces resulting from
friction and from operation of the gun mechanism.
These forces are treated by methods similar to those
employed for the spring forces. For example, the
friction force resisting the recoil movement will be
essentially constant and therefore can be taken into
account by increasing F, in equation 2--10. 1II the
force under comsideration is a constant or varying
load which exists for only a small portion of the
operating cvcle (such as the force required to strip

a cartridege out of the feeder), it can be treated In
a similar manner, providing the problem is con-
sidered 1 stages by methods like those described in
the preceding paragraphs.

Another useful type of curve for design and analy-
sis purposes may be obtained by plotting the veloci-
ties involved in each portion of the cvcle aganst the
corresponding values for the displacement. These
curves can be drawn easily because the displace-
ment and velocity curves shown in fig. 2-11 can be
used to obtain the velocity corresponding to anv
displacement. Fig. 2-13 shows the velocity versus
displacement curves for the barrel and bolt of the
gun of the example.

SHORT RECOIL SYSTEM

In the short recoil system of operation, the barrel
and bolt remain locked and recoil together for a
short distance until the powder gas pressure has
dropped to a sale limit. The recoil movement is
then utilized to unlock the bolt and after unlocking,
the barrel is stopped while the bolt continues to move
to the rcar until the opening between the barrel
and bolt is suflicient to permit [eeding. It would be
possible for the holt to complete this movement
merely by virtue of the momentum it possesses at
the instant of unlocking, but in all short-recoil
weapons, in order to speed up operation, the bolt
is given additional momentum by means ol an
accelerating device _,i;rhith transfers energy to the
bolt from the barrel during the short time that the
barrel i still moving to the rear after unlocking.
Also, unlocking ‘usually occurs before the residual
pressure reaches zero and therefore the bolt receives
an additional impulse from blowback action.

‘The essential elements of a gun which operates
by the short recoil system are shown schematically
in fig. 2-14A. These elements consist of the bolt,
an arrangement for locking the bolt to the barrel
and for unlocking it, an accelerating device, a barrel
stop, a backplate buffer, and springs for returning
the barrel and bolt after recoil.  In the mechamsm
illustrated, the barrel is latched in the position at
which it is stopped after unlocking. The returning
bolt unlatches the barrel before the bolt locks to the
barrel extension and then the barrel and bolt return

87

to battery together. In other weapons, the barrel
may be returned to battery independently before
the bolt returns. The other portions of fig. 2-14
show diffcrent stages during the cycle of operation.

Cycle of Operation

The operating cycle of a typical short recoil gun
occurs as follows:

The cycle starts with a cartridge in the chamber
and with the bolt locked to the barrel {fig. 2-14A).
When the cartridge is fired, the pressure of the
powder gases drives the projectile and gases forward
through the bore and at the same time drives the
barrel and locked bolt to the rear in recoil.  During
the action of the powder gas pressure, the retarda-
tion offered by the combined action of the bolt driv-
ing spring and barrel spring is relatively small so
that the only really significant factor in limiting the
recoil acceleration is the mass of the recoiling parts.

The large forces exerted by the peak pressure of
the powder gases exist for a rclatively short time.
In a typical 20-mm gun with a barrel length of
about five feet the projectile leaves the muzzle 0.008
or 0.009 second after ignition of the primer. How-
ever, 0.001 or 0.002 second after the projectile
leaves the muzzle, the residual pressurc has dropped
tn a safe limit and the bolt may be unlocked in order
to take advantage of the blowback action produced
by the residnal pressurc.  Therefore, at this instant.
the unlocking device is actuated to free the bolt from
the barrel (fig. 2-14B).
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Shortly aftcr unlocking occurs, the barrel {which
is still moving to the rear of its own momentum )
strikes the accelerating device (fig. 2-14C). This
device can take many forms, but in the mechanism
illustrated, it is a lever pivoted in the breech casing.
Fig. 2-15 shows the action of this lever in detail.
In figz. 2-15A, the barrel extension is just in en-
gagement with the lever and in fig. 2-1518 the lever
has been rotated to where 1t has started to thrust on
the bolt.  As the barrel continues moving to the
rear, the lever rotates and the point of contact be-
tween the barrel extension and the lever moves closer
to the lever pivot (fig. 2-15C). This causes the
top of the lever to move more rapidly, thus impart-
ing & high acceleration to the bolt.

When the accelerating action is completed, the
barrel strikes.a buffer stop which absorbs the re-
maining recoil ‘energy in the barrel and its associ-
ated parts. After the barrel has heen stopped, it is
latched in its rearward position so that it is not
immediately driven‘forward to battery by the com-
pressed barrel return spring.

The combined action of the accelerating device
and the blowback produced by the residual pressure
imparts a high velocity to the bolt and then the bolt
continues to move to the rear of its own momentum
until the opening between the barrel and bolt is
sufficient to permit feeding. As the bolt moves
back, the spent cartridge case is extracted from the
chamber and e¢jected and the bolt driving spring is
compressed. This spring is rclatively light and its
only function is to assist the return motion of the
bolt. Thercfore, the driving spring does not absorb
any great portion of the kinetic energy of the re-
coiling bolt and the bolt moves through its entire
recoil distance at high velocity. The bolt then
strikes the backplate buffer and rebounds. The for-
ward velocity of the bolt immediately after leaving
the backplate is somewhat less than the velocity at
which it strikes the backplate because the impact
18 not purely elastic and some energy is lost as heat
in the exchange.

Az the bolt moves forward, its motion 1s aided
by the driving spring. The bolt picks up a fresh
cartridge from the [eed mechanism and loads this
cartridge into the chamber. Just befere the bolt
locks to the barrel, the barrel is unlatched so that the

Fo¥3TH O—506—=8
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bolt 2nd barrel move forward into battery while
locked together. Shortly before the recoiling parts
reach their most forward position, the firing mecha-
msm is actuated and a new cvcle begins,  Since the
cartridge is fired before the counter-recoil motion is
completed, the forward velocity of the recoiling
parts is first checked by the initial part of the rear-
ward thrust exerted by the exploding propellant
charge and the recoiling parts are then driven to the
rear. { Timing the firing in this way eliminates the
nced for a heavy counter-recorl buffer to absorb
and dissipate the forward kinetic energy of the
recalling parts. )

Analysis of Short Recoil

The most outstanding feature of the short recaoll
system of operation is that by proper design, very
high cvclic rates can be attained. ‘L'he bolt 1s un-
locked without unnecessary delay shortly after the
projectile has left the muzge and then the holt,
which is already moving with considerable recoil
velacity, is propelled to the rear at even greater
velocity by the combined cffects of the accelerator -
and blowback. With this high bolt velocity, the
recoil movement of the bolt and its return to battery
arc accomplished in a very short time.

From the foregoing, it is evident that the bolt
velocity i a short recoil gun is determined by three
separate factors: (1 the recoil velocity at the time
of unlocking, (2) the additional velocity imparted
by blowback, and (3) thec additional velocity result-
ing from the action of the accelerating device. In
the following paragraphs, cach of these factors is
analyzed separately.

The recoil velocity of the bolt at the instant of
unlocking is the result of the total impulse applied
by the powder gases to the combined mass of the
barrel and bolt while these parts are locked together.
For any particular cartridge, the total forward
momentum of the projectile and powder gases will
produce an cqual and opposite momentum in the
recoiling parts. The recoil velocity resulting from
this momentum will be inversely proportional to the
weight of the recoiling parts; that is, the lighter the
recoiling parts are, the higher will be their velocity.
Therefore, within reasonable limits, to obtain a high
recoil velocity while the barrel and bolt are still
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Figure 2-15. Action of Catapult Lever-Type Accelerating Mechanism.

locked together, the total weight of the recoiling
parts should be kept to 2 minimum.

The maximum recoil velocity altainable in a
practicable gun is limited because there are limita-
tions on how light the recoihng parts can be. In
order to perform their functions and to withstand
the forces to which they are subjected, the barrel,
bolt, and other recoiling parts must be ruggedly con-
structed and will necessarily be fairly massive., This
1s particularly true of the barrel which must be de-
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signed for sufficient strength to withstand the peak
pressure of the propellant explosion and is also true
of the barrel extension, bolt, and bolt locking device,
all of which are subjected to the large forces pro-
duced by the powder gas pressure.

As has heen mentioned previously, the cffect of
the limitations on the recoil velocity can be illus-
trated by considering a 20-mm gun. In a gun of
this caliber, with a maximum chamber pressure of
45,000 pounds per square inch, the total weight of
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the recoiling parts including the barrel, bolt, bolt
locking device, firing mechanism, springs, and other
parts could not be much less than 40 to 50 pounds.
The recoil momentum produced by a typical high-
powered cartridge of this caliber would he approxi-
mately 35 {Ib. sec.) and dividing this figure by the
mass of the recoiling parts will give a maximum free
recoll velocity of from 22 to 28 fect per second.
Actually, in a short recoil gun, the bolt will be un-
locked before this maximum velocity 1s attained and
the recoil velocity at the instant of unlocking will
be closer to 20 feet per second. It should be realized
that an attempt to obtain a significantly higher
velocity than this in the assumed weapon by lighten-
ing the parts would probably make the gun too frail.

The next point to consider is the additional bolt
velocity produced by blowback alter the bolt is un-
locked. This effect in a short recoill gun 15 very
similar to the action in a delayed blowback gun
and all of the design factors which apply with delayed
blowback are applicable with short recoil. The
principal factor affecting the design is the allowable
movement of the cartridge case during the action
of the residual gas pressure.

Before blowback action is analyzed, it 15 appro-
priate to mention an operational feature associated
with unlocking which can greatly improve per-
formance during the blowback phase of the cycle.
I'ffective blowback action is largely dependent on
the ahsence of binding or excessive friction between
the cartridge case and the walls of the chamber.
When lubncated ammumtion 1s used, {riction and
binding do not present a problem but with un-
lubricated ammunition, such as is used in short
recoil guns, trouble may be encountered with bind-
ing. This binding results because the peak chamber
pressures and the heat of the explosion expand the
cartridge casc tightly against the chamber and since
unlocking occurs while there is still an appreciable
residual pressure, the cartridge case does not have
a chance to contract sufficiently to permit it to move
freelv under blowback. This difficulty can be
avoided by employing an operational fcature known
as “‘Initial extraction.” When this feature is in-
corporated in the unlocking mechanisim, the bolt is
not unlocked completely at first but is cammed back
slightly just sufficiently to cause the taper of the
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cartridge case to break free of the chamber walls.
Immediately thereafter, the bolt is unlocked com-
pletely and blowback can occur without binding.

The first consideration relating to the blowback
action is that unlocking must not occur too soon.
At the instant initial extraction occurs and the bolt
is unlocked, the pressurc of the powder gases in the
chamber will begin to drive the cartridge case and
bolt to the rear. The velocity of the bolt motion
imparted by this blowback effect will depend on the
magnitude of the gas pressures and the mass of the
parts subject to the blowback action. Since the
bolt of a short recoil gun is of necessity quite light,
it is possible in the presence of high gas pressures
[or the holt to acquire an extremly high velocity.
However, there is a definite limitation on the
magnitude of the velocity which can be allowed
under practical conditions. If the cartridge case
and bolt move too rapidly under high pressure, the
rear end of the case will move so far out of the
chamber that the thin walls near the base of the
cartridge case will not be supported by the chamber
and will therefore rupture as the result of the high
internal pressure. In other words, the motion of
the cartridge case must be limited so that the case
does not move too far while the chamber pressure
1s high enough to cause rupture,

The actual limit on the amount the cartridge casc
can be permitted to move as it is related to the cham-
ber pressure will of course depend on the specific
cartridge casc under consideration. A good way
to estimate the limit for a given cartridge case 1s to
consider what pressure could be withstood by the
case when the case has moved just far enough to the
rear so that the thin walls near the base are exposed.
(Sce fig. 2-16.) For an ordinary 20-mm cartridge
case this occurs when the case has moved approxi-
mately (0.250 inch to the rear. When the case has
reached this position, it is reasonable to assume that
the internal pressure should not be in excess of 750
pounds per square inch, in order to be sure that the
case will not be ruptured. Fig. 2-17, which is a
graph showing the residual pressure variation with
time for the assumed gun and cartridge, indicates
that the pressure does not fall to 750 pounds per
square inch until 0.005 second after ignition of the
propellant charge.
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Since the weight of the bolt in a short recoil gun
15 kept as low as possible, the only means whereby the
movement of the bolt can be limited as desired is by
selecting the proper time for unlocking. If the bolt
is unlocked too soomn, it will receive too great an im-
pulsc from the powder gases and its avera ge velocity
will be so great that the allowable 0.250-inch move-
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F1 gure 2-16. Limit of Cartridge Case Movement

Heurwmd Before Residual Pressure Reaches
safe Value.
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ment will be exceeded before the pressure drops to
the safe limit of 750 pounds per square inch. If un-
locking 1s delayed too long, the impulse imparted to
the bolt will be unnecessarily small snd the full

benefit of blowback will not be realized. The ideal
unlocking time for a given bolt weight is that which

will permit the bolt to move the full allowable 0.250
inch and no more by the time that the pressure has
dropped to 750 pounds per square inch.

It s appropriate here to consider the effect of
bolt weight as 1t is related to the blowback action
in a short recaill gun. First, the primary purposc
in making use of blowback is to obtain an increase
in bolt velocity and therefore it is obviously desir-
able to set up the design so as to make the best
possible use of the available blowback action.  As
has been explained in the preceding paragraphs, 1t
is possible for blowback to produce extremely high
bolt velocities but unfortunately 1t 1s necessary to
limit the bolt motion in order to avoid rupture at
the base of the cartridge case. (The limit assumed
for the sample conditions is a bolt motion of 0.250
inch up to the time that the residual pressure has
dropped to 730 pounds per square inch.) The
question now at hand is how to limit the bolt move-
ment as required and yet obtain a high velocity.
The answer to this question lies in the selection of
bolt weight and unlocking time.
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The basic controlling factor is the limit on the
allowable movement (0.250 inch). If the time in
which this movement 15 accomplished 1s long, the
average velocity of the movement will necessarily
be low. However, if the time for the movement
18 made very short, the average velocity may be
very large. For example, suppose the bolt is un-
locked 0.002 sccond before the safe pressure of 750
pounds per square inch is reached at 0.005 second.
The bolt can now travel the 0.250 inch in 0.002
second, That is to say, its average velocity for this

interval can be:
—10.4 ( —)
=er

T]'_ 2! Jf}}{_l_"
Now assume that the bolt is unlocked only 0.001
second hefore the safe pressure is reached. It can

t 002
then travel the 0.250 inch at an average velocity for

the 1interval of:
| aos( )
Se0,

. D 2
Vo= 7=

The foregoing indicates that, by shortening the time

for which the blowback operates before the safe

pressure 1s reached, increased bolt velocity can be

achieved without exceeding the allowable bolt

movement.,

Of course, it should be realized that shortening
the time of blowback action reduces the blowback
impulse available for producing the velocity. Thus,
in order to gain an incrcasc in allowable average
velocity by reducing the time of action, it is neces-
sarv (o reduce the holt weight. T'o illustrate this
point, if the velocity of 10.4 feet per sccond cited
in the first example above was obtained with an
8-pound bholt, it would be necessary (with the same
cartridge and gun} to reduce the bolt weight by a
factor of at least 4, even if it is assumed that the
average blowback pressure is the same for both ex-
amples.  Actually, since the residual pressure de-
creases with time, the average pressure for the second
example would be considerably less than [or the
first and therefore a further reduction in bolt weight
would be required. The actual weight reduction
factor would be more nearly in the neighborhood of
6, giving a bolt weight of only 1.3 pounds. (This
would probably be much too light for a practical
gun. )
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Thus, it appears that a substantial gain in average
allowable bolt velocity by means of reducing the
time of blowback action can be achieved only by
a drastic reduction in bolt weight.  Although it is
not practical to attempt to reduce bolt weight by
an excessive amount, it is important to note that
efficient utilization of blowback in a short recoil
gun can be of great advantage in attaining the
high bolt velocity necessary for a high rate of firc.
However, this advantage can be gained only
through precise timing of unlocking in combina-
tion with careful attention to minimizing bolt
weight,

The third subject [or consideration is the action
of the accelerating device. From what has been
said in the preceding paragraphs about the effects
of blowback, it can be seen that the action of the
accclerator should be delayed until after the residual
pressure has dropped to the safe limit there speci-
fied (750 pounds per square inch for the sample
condilions). If this delay is not provided, the ef-
fect of the accelerator will be wasted up until the
time the pressure has dropped to the safe limit.
As has been explained, the velocity of the bolt must
be limited so that the bolt movement does not
exceed 0.250 inch while the pressure is above 750
pounds per squarce inch.  Since blowback alone can
easily impart the velocity required to produce the
(0.250-inch movement, assistance from the accel-
erator 1s not necessary or desirable. However, once
the pressure has fallen below 750 pounds per square
inch, rupture of the cartridge case will not occur
and the need for limiting the bolt velocity no longer
exists. At this point, then, the accelerator can start
its action and further increase the velocity of the
holt.

There are several important points concerning
the action of the accelerating device which should
be considered at this time. First, the device should
be designed carefully to act smoothly and positively
so that it can transfer velocity to the bolt without
excessive shock or friction. This is particularly
necessary because even at best the action of the
accelerator usually must be completed in a few
thousandths of a second and will therefore be quite
violent. If the action is not made as smooth as
possible, battering of the parts, deformation of the
mechanism, and frequent breakages will be unavoid-
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able. Because of the extremely large forces involved
in transferring the required energy so rapidly from
the barrel mass to the bolt, the parts of the accelera-
tor should be ruggedly dimensioned and properly
heat-treated for maximum strength and wearing
qualities.

There is no ideal design type for an accelerator
and many different types have been used with good
results. Accelerators of various types are illustrated
in Part XI of this publication and therefore par-
ticular design configurations will not be treated in
detail here. The present discussion is limited to the
design factors affecting the use of acceleration in
short recoil guns. The basic design requirements for
an accelerating device can be enumerated as fol-
lows: The mechanism should, of course, be as
simple as possible so that it can be manufactured
with the least difficulty and is fundamentally re-
liable. The form of the mechanism should be such
that its parts are compact and rugged and do not
require delicate adjustment for effective function-
ing. If the foregoing requirements are satisfied, the
next major consideration is onc of “cfhiciency™.
this connection, the term “efficiency” is used in a
special sense.  Since the object of using the accelera-
tor is to speed up the bolt by making effective use of
the kinetic energy in the recoiling barrel, the
efficiency of the accelerator can be reckoned 1in terms
of what percentage of the available energy is trans-
ferred to the bolt.

To analyze the factors involved in the transfer
of energy from the barrel to the bolt, consider the
type of accelerator shown in fig. 2—18. (This type
ol accelerator is known as a “catapult spring” de-
vice.)  With this type of accelerator, as the barrel
recoils, the catapult strikes a latch in the breech
housing and the barrel compresses the catapult
spring as it moves to the rear in recoil. At the same
time, the bolt moves to the rear until a lug on the
bottom of the bolt is engaged by a catch on the top
of the catapult. The catapult latch is then released
so that the compressed catapult spring will drive
the bolt to the rear. Without becoming concerned
with the complications involved in properly timing
the various latching and unlatching operations and
other practical considerations, assumc that all of
the kinetic energy of the recoiling barrel is stored

In
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in the catapult spring {that is, the catapult spring
brings the barrel to a complete stop) and further
assume that all of this energy is transferred to the
bolt without loss.

Now takc the barrel weight as 45 pounds and
the bolt weight as 5 pounds. Assume that the
velocity of the barrel before starting to compress the
catapult spring is 20 feet per second and that the
velocity of the bolt just before the catapult is released
is 32 feet per sccond (allowing for the increase due
to blowback). The initial kinetic energy of the
barrel (the amount of energy assumed to be stored
in the spring) is:

p._n._.-.l_ W,

J*

45 H 1_o
SQEX?H 280

The kinetic energy of the bolt before the catapult
action starts 1s:

KE=L W2 v
114

 V,i= (ft. 1b.)

>< *-—-:-c:sz 79.5 (ft. 1b.)

27°32.2
Since it is assumed that all of the kinetic energy
originally possessed by the barrel is translerred

through the spring to the bolt, the final kinetic en-
ergy of the bolt will be:

KE,=280-+-79.5=2359.5 ([t. Ib.)
The final velocity of the bolt will then be:

[(KE)x2g__ [359.564.4

=1{i8.1 ( )
see

Thus it appears that cven under the idcal condition
of 100 per cent efficiency of energy transfer, the
factor by which the bolt velocity is increased for the
stipulated values of mass and velocity is only approx-
imatcly 2 times. The factor will vary depending
on the ratio between the barrel and bolt masses (in-
creasing with this ratio} and will also vary slightly
depending on the values of the initial velocitics.
Nevertheless, the values assumed in the example are
more or less representative of a typical 20-mm gun
and it can be seen that there is a definite limit on

'L-'l

the velocity gain that can be expected.

Under actual conditions, it is usually not prac-
tical to attempt to bring the barrel to a complete
stop through the action of the accelerating device
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Figure 2-18. Action of a Catapult Spring Accelerating Device.

alone and this by itself reduces to a considerable
extent the amount of energy transferred. Further-
more, there will be friction and impact losses and
other inefficiencies in the mechanism which also will
reduce the velocity gain factor. All things consid-
ered, the velocity gain in any practical, well designed
mechanism will probably be such that the bolt veloc-
ity after acceleration will be approximately 1.5 times
its velocity at the start of acceleration.

It is well to mention here that the same general
conclusions apply to accelerators of the lever or cam
type. Merely increasing the lever ratio in a lever-
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type accelerator will not result in a higher velocity
gain. In the final analysis, there is only a certain
amount of energy available in the recoiling barrel
and no matter how efhiciently this energy is trans-
ferred, the change it can produce in the velocity of
the bolt is definitelv limited. A lever ratio which
is too high will result, not in a greatly increased bolt
velocity, but in excessive strain and shock on the
mechamsm.

‘T'he preceding analysis has been concerned with
the three basic factors which determine the bolt
velocity in a short recoil gun. These factors are:
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(1} the recoil velocity imparted Lo the barrel and
bolt while these parts are still locked together, (2]
the additional velocity imparted to the bolt by blow-
back after unlocking, and (3) the gain in bolt
velocity produced by the accelerator. Since the
principal reasons for using the short recoil system
of operation is to obtain a high rate of fire, each of
these [actors is considered from the standpoint of
how to achicve the highest possible bolt velocity
consistent with safety and reliable functioning. The
mecthods used to obtain a high bolt velocity may be
summarized as follows: The total weight of the re-
coiling parts should be kept to a minimum so that
the recoil velocity before unlocking will be high.
Next, the bolt should be as light as possible and
should be unlocked at the proper instant so that the
blowback effect can produce a large increase in
velocity without causing rupture of the cartridge
case. Finally, the accelerating device should start
to function just at the instant the residual pressure
has reached a safe limit and should be designed to
produce the maximum possible transfer of encrgy
from the barrel to the bolt.

Another means of increasing the rate of fire in a
short recoll gun is to employ a device known as a

“muzzle booster™

or “‘recoil intensifier”. An ex-
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ample of a device of this type is shown in fig. 2-19
and other forms are illustrated in Part XI of this
publication. The booster is installed at the muzzle
of the gun and operatcs by trapping the muzzle blast
in such a way as to apply a heavy thrust on the
front face of the barrel. This additional thrust
causes the recoiling parts to have a higher vclocity
and hence increases the velocity inherited by the
bolt as well as incrcasing the energy available for
acceleration of the bolt.  Also in some designs, it is
possible for the trapped gas to produce a slightly
greater blowback effect than would be obtained
without the booster.  Although the muzzle booster
can be used with good cffcct to increase the rate of
fire ol a short recoil gun, it is important not to
employ excessive boosting action. I the booster
acts too powerfully, extremely viclent recoil will
result with the consequent danger of severe shocks
and pounding.

All of the foregoing analysis is related to the
mcthods which can be used to impart a high initial
velocity to the bolt. It is now appropriate to con-
sider the motion of the bolt after this velocity is im-
parted. The bolt is given its initial velocity early in
its rearward travel and then it completes its motion
of its own momentum. To permit feeding, the bolt
must move to the rear through a distance at least
as great as the overall length of the complete
n::a.rt-ridge and then its motion must be reversed to
load the gun and close the breech.
this action is accomplished through the use of a
relatively powerful driving spring which is com-
The spring ab-

In some guns,

pressed as the bolt moves in recoil.
sorbs the kinetic energy of the bolt over the full
recoil travel, finally stopping the rearward motion of
the bolt when all of the kinctic cnergy of the bolt has
been absorbed. The spring is designed so that this
occurs when the opening is sufficient to permit feed-
ing. The compressed spring then drives the bolt
forward to complete the operating cycle. This type
of design has a serious drawback from the standpomnt
of speed of operation. Since the bolt is gradually
slowed down by the spring, its velocity varies from
maximum at the beginning of recoil to zero at the
end of recoil.  (See fig. 2—11, which 1s a graph show-
ing how the bolt velocity varies with time under these

conditions.) The [act that the bolt velocity varies
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from maximum to zero in the manner illustrated
means that its average velocity will only be slightly
greater than one-half its maximum velocity. In
other words, 1f this type of action were used in a
short recoil gun, in spite of all the pains taken to
achieve a high initial bolt velocity, the overall travel
of the bolt would be accomplished at a much lower
average velocity.

To overcome this disadvantage, the bolt driving
spring can be made relatively very light so that it
offers a low retardation and will permit the bolt to
move its entire recoil distance with little loss in
velocity, In this case, the function of the driving
spring is merely to provide a positive force which
18 just sufficient to insure that the bolt will close.
Stopping the bolt at the end of its travel and revers-
ing its motion can then be accomplished by causing
the bolt to rebound from a so-called “backplate
buffer”. This device is in effect an extremely stiff
spring which absorbs all of the kinetic energy of
the bolt over a very short distance and then delivers
energy back to the bolt to propel it forward. 'The
reversing action produced by the backplate is so
abrupt that the effect may be classified as an elastic
impact.

In order to obtain a high rate of fire, it is also
important for the bolt return to be accomplished
at high velocitv, If there were no energv losses in-
volved in the reversing action, the forward velocity
of the bolt after leaving the backplate would bc
equal to the velocity at which it strikes the back-
plate. This would be the ideal condition. How-
ever, 1n actual practice the coefficient of restitution
for the bolt and backplate is usually considerably less
than unity and the best that can be expected is a
coellicient in the neighborhood of 0.60 or 0.70; that
is, the velocity after impact will be 60 or 70 per
cent of the velocity before impact. This represents
satisfactory performance, but if the coefficient of
restitution is too low as the result of poor backplate
design, the return of the bolt will be sluggish and
the rate of firc will be affected adversely. 1In this
connection, it should be emphasized that the pur-
pose of the backplate buller is to reverse the motion
of the bolt with as little loss of cnergy as possible.
In many instances, the term “buffer” is used to refer
to a device which has the primary purpose of dis-
sipating impact energy rather than of conserving
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energy to produce an efficient rebound action. For
this reason it might be better to refer to the back-
plate buffer as a “bolt deflector” or *rebound
plate.”

Another important consideration in the opera-
tion of a short recoil gun is related to the events
which occur at the end of the return motion of the
bolt during the transition from the completion of
one operating cycle to the start of the next cycle.
It is at this point that the timing of the various
operations is particularly critical. The return of
the bolt, which is moving at high velocity, and the
return of the heavy barrel to battery can be at-
tended by heavy shocks and severe vibrations if
proper attention is not given to the problem of
synchranizing the operations and dissipating the
kinetic energy of the moving parts. The problems
arec multiplied in high rate of fire guns if firing of
the [resh cartridge occurs belore the vibrations re-
sulting from firing the previous round have settled
out. Under these conditions, the action of the gun
may be extremely erratic and jerky and stresscs may
develop which will literally cause the gun to batter
itself to pieces.

The value of proper timing is well illustrated by
the type of mechanism used at the start of this
section to serve as an example of a short recoil gun.
In this mechanism, the barrel is latched in 1its rear-
ward position after recoil and remains in this posi-
tion while the bolt complctes its movement to the
rear and returns. Just before the bolt reaches the
barrel on the return stroke, the barrel is unlatched
and starts moving forward due to the force exerted
on it by the barrel spring. Therefore, the barrel 1s
already moving forward when the bolt re-engages
with the accelerator lever. Now since the bolt 1s
moving at a higher velocity than the barrel, the
accclerator lever acts to slow down the bolt and to
increase the velocity of the barrel. In a correctly
arranged design, this action will be initiated with
little shock and will smoothly decrease the relative
velocity between the barrel and bolt to a much
lower valuc than existed before the lever was en-
gaged. Thus, when the bolt strikes the barrel and
locks to it, the impact is reduced.  Also, since the
barrel is not latched and is free to move forward,
the severity of the metal-to-metal shock which re-
sults when the bolt strikes the breech face is further
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decreased.  Now both the barrel and bolt continue
moving forward together and strikc a counter-
recoil buffer, but before the velocity of counter-
recoil is brought to zero, the fresh round which has
been loaded in the chamber i1s fired. The force of

the propellant explosion then opposes the forward
motion and this force quickly brings the recoiling
parts to a stop and then propels them to the rear.
Although this reversal of motion occurs with great
rapidity, the cushioning effect of the txplésimn
causcs 1t to be accomplished smoothly and without
vibration or any heavv metal-to-metal shock.

It should be noted that utilizing a portion of the
explosive impulse for reversing thc motion of the
recoiling parts has the effect of decreasing the recoil
velocity to some extent and therefore will tend to
reduce the rate of fire. However, the loss is rela-
tively slight and is more than compensated for by
the resulting smoothness of operation.

Mathematical Analysis of Short Recoil

The details of the mathematical analysis of a
design employing short recoil will depend to some
cxtent on the particular forms of the mechamsms
utilized for performing the various operational func-
tions and therefore it s not feasible to set up an
analytical method which will apply universally to
all short recoil guns. However, the basic functions
performed in all guns of this type are sufficiently
similar to justify illustration of the general methods
by analysis of a gun which is more or less representa-
tive of the type.

The following analysis employs methods which
are similar to thosc used in the other portions of
this publication with the addition of the special
procedures required for handling the specific design
problems related to the short recoil system of opera-
tion. Again, as for the other systems, the analytical
methods treated here are concerned onlv with the
basic bolt and barrel motions and the related forces.
No attempt will be made to discuss the straight-
forward machine design methods by which the re-
sults are applied in arriving at the particular phys-
ical form of the mechanisms. Also, no detailed
compulalions are made to cover the effects of such
factors as friction or the incidental forces imposed
on the breech mechanism by the auxiliary mecha-
msms such as the feeder, firing device, or locking
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device. These effects will have only a relatively
slight influence on the bolt and barrel motions. In
any case, they can be properly taken into account
only in the advanced stages of a design when the
form of the gun mechanism becomes fairly well es-
tablished. At this point, the preliminary analysis
of the bolt and barrel motion can casily be modihed
as desired.

The analvsis which follows is based on the assump-
tion that a particular cartridge with known charac-
teristics is to be used and that the desired muzzle
velocity and barrel length have been predetermined.
It is also assumed that all necessary interior ballistics
data are known and that graphs showing the time
variation of projectile velocity and chambcer pressure
are avatlable (figs. 24, 2-53, and 2-6).

NOTLE: For some design problems, all or part

of this available.

Analytical methods by which the required data

and graphs can be approximated for use in pre-

liminary studies mayv be determined by con-
ventional interior ballistics computations.

In the preceding description of the factors in-
volved in short recoil operation, considerable em-
phasis was placed on the importance of keeping the
weight of the recoiling parts to a minimum in order
to achieve a high rate of fire. As has been men-
tioned previously in this publication, the weight of
the recoiling parts of any gun will be affected not
only by requirements for strength, rigidity, and dur-
ability but will also depend to a large extent on the
particular configuration selected by the designer.
(To repeat the example previously cited, if the de-
signer wishes to have the bolt slide in a long barrel
extension, the recoiling parts might be heavier than
they would be if the bolt moved on guide rails which
were part of the receiver.) Therefore, the weight
of the recoiling parts can not he determined with
any accuracy until the barrel has been designed
and the remainder of the mechanism has been laid
out at least to the extent which will make it pos-
sible to make a fair preliminary estimate of what
weights will be involved. In the process of plan-
ning; the mechanism, it will also be necessary to
determine what distances the parts must travel.

Of course, the final dimensions and weights of
some of the recoiling parts can not be defined until

information may not be

complete consideration is given to the forces which
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act on these parts as the result of the accelerations
and shocks to which they are subjected in opera-
tion and which vet remain to be determined. How-
ever, the estimated weights obtained from a care-
fully made preliminary design and lavout should
be accurate encugh to serve as a starting point for
the calculations necessary to determine the operat-
ing forces. It 1s these calculations which are the
main concern of the following analysis.

As the analysis progresses, its applications will
be illustrated by means of sample calculations. Al-
though thesc calculations and the related graphs arc
[or a specilic 20-mm cartridge and barrel and are
based on certain assumed weilghts and other charac-
teristics, the general approach described 1s appli-
cable to short recoil guns of any caliber. The
calculations cover the following important points:
1. Determination of the conditions of free recoil.
2. Determination of correct time for unlocking.

3. Computation of data required for design of
accelerator.

Selection of characteristics of barrel return spring
and bolt driving spring and determination of data
for design of backplate buffer.

. Development of graphs showing how the velocity
and travel of the barrel and bolt vary with time.
In the course of describing these calculations, the

tallowing fundamental formula will be developed

and explained:

a. Momentum and velocity relation for time pro-

1ectile is in bore.

b. Formula for determining velocity of free recoil.

c. Expression for duration of residual pressure.

d. Formulas for determining spring retardations.

( Because of the fact that before unlocking occurs
there is no difference hetween the analysis of a
short recoil gun and a long recoil gun, some of the
explanations and derivations are identical for both
systems of operation. In such cases, to avoid the
inconvenience and confusion of attempting to refer
back to the explanations given under long recoil,
the material will be repeated here.)

4.

] |

I. Conditions of free recoil

Under the heading “Principles of Recoil” it was
pointed out that, if a gun is mounted so that it can
move freely without friction or any other restraint,
the impulse of the recoil force will impart to the
gun a rearward momentum equal to the total for-
ward momentum of the projectile and powder gases.
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=i

For the time the projectile is in the bore, this mo-
mentum relationship is expressed by the equation:

(2-17) M. =Myv,+Meve

Since the powder gases will be thoroughly mixed by
the turbulence created in the explosion, it 1s reason-
able to assume that the center of mass of the gases
maoves forward at one-half the velocity of the pro-
jectile.  Actually, this is not quite accurate because
the presence of the enlargement at the chamber and
the fact that the rifling does not extend the full
length of the space occupied by the gases creales a
condition in which the volume of the space is not
uniformly distributed along its length.  Neverthe-
less, the assumption is close enough for present pur-
poses. Therefore equation 2-17 may be rewritten
as:

_, M,
rz 1 h; }‘-[r Vi i — -h'[ p¥p —I_ M 5 l“,l.p_( h'[l-'.—l_ - ::_,'-' ) Vo

NOTE: Itshould be pointed out here that the
momentum equality expressed by equation
2—18 is not affected by the internal frictional
furces opposing the motion of the projectile and
powder gases or by the forces incident to en-
eraving the rifling band and to imparting the
rotational velocity of the projectile.  Although
all of these forces retard the forward motion
of the projectile and powder gascs, they pro-
duce equal and opposite reactions on the barrel
which result in a corresponding retardation of
the rearward movement of the gun. In other
words, the internal resistances merely decrease
the effective impulse producing motion but they
do not cause any inequality in the forward and
rearward momentums.

Solving equation 2-18 for v-, gives the veclocity
of free recoil for the time the projectile is in the
bore as:

W, W,

2
W,

v,
Equation 2-19 can be used to plot a curve showing
the frce recoil velocity versus time for the period
before the projectile leaves the muzzle. The
weights of the projectile and powder charge are
both known and it is assumcd that the weight of
the recoiling parts has heen estimated in accordance
with a preliminary design plan. Also, the velocity
of the projectile at any time is known from the

M,
_ 2
M,

M, +
(2-19) _

W r 1;'1.’ —
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Figure 2-20. Free Recoil Velocity While Projectile Is in Bore.

available ballistic data (fig. 2-5). 'l'herefore, the
ordinate of the free recoil velocity curve at any time,
t, can be found by multiplyving the corresponding
ordinatc of the projectile velocity curve by the
factor:

ik

Assuming that in the 20-mm gun to be used as an

example the estimated weight of the recoiling parts

is 50 pounds and the wcights of the projectile and

powder charge are as shown in fig, 2-5, the value

of the multiplying factoris:

W,
W=

.29+tﬂ£ 0
— =.00650
50

Therefore, before the projectile leaves the muzzle,
the free velocity of the recoiling parts is:

i

;)

. =.00630 v
Vi, a0 v (HEI_‘-

The curve obtained by using this relation is shown
in fig. 2-20 and is also shown in fig. 2-21 as the
portion between t=0 and t=.00234 second. (In
fig. 2-21, the time axis is compressed in order to
show how the velocity varies after the projectile
leaves the muzzle.’

The manner in which the free recoil velocity
varies after the projectile leaves the muzzle can not

be determined from equation 2-19 because the pro-
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jectile and a portuon ol the powder gases are no
longer part of the system. Since the effect of the
residual pressure can not be expressed in simple
terms, a special method is used to extend the curve
obtained from equation 2—-19, This method is based
on the fact that the results of experimental firings
of various guns show that the maximum velocity of
free recoll may be closcly approximated as:

_ WV, | 4700 W,
— v

This relationship is equivalent to saying that the
maximum momentum imparted to the recoiling
parts 1s equal to the sum of the muzzle momentum
of the projectile and the momentum of the powder
gases, assumung that the powder gases leave the gun
at an average velocity of 4700 feet per second. For
the gun used as an example:

()

__-29X2750+47003<.070
‘ 40

A line representing this value of the maximum
velacity of free recoil is drawn on the velocity graph
(fig. 2-21) and the curve previously drawn from
cquation 2-19 is extrapolated until it becomes tan-
gent to the line.  The point at which the curve be-
comes tangent represents the time at which the resid-
ual pressure becomes zero and therefore imparts no
further velocity to the recoiling parts. Although an
error in locating the exact point of tangency will
not have any serious effect on the accuracy of the

results, it may be of some assistance in plotting to

(2-20) V.

f

ft.
=,

YV

— 9

L
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determine this point by using Vallier's formula for
approximating the duration ol the residual pressure:

M
rE_E ) —— “ l'; T
(2-21] Teew= yp (9400 V)
For the sample cartridge and barrel:
07 . .
Trna: f{']"—‘ ({}‘1[}”—??5[}]

HB.EKE (79023 5000

— 00592 (sec.)

To obtain the total time of action of the powder
gases, this value is added to the time at which the
projectile leaves the muzzle:

T res=.00234 4 00592 = 00826 (sec.)

Extending the original curve until it is tangent at
this point gives the complete free recoil velocity
curve shown in fig. 2 21. Actually, the entire
curve shown in the figure does not apply to the
actual recoil conditions in a short recoil gun because

unlocking occurs before the residual pressure has
become zero.

2. Effect of blowback before acceleration and com-
putation of unlocking time

The next point for consideration is the effect on
the bolt velocity of the blowback action which oc-
curs between the time that unlocking occurs and

101

the time that the accelerator starts to operate.  As
pointed out in the analvsis of short recoil, the ideal
condition for this portion of the blowback action is
that the bolt should move 0.250 inch with respect
to the barrel by the time that the residual pressure
has dropped to the safe limit ol 750 pounds per
square inch. {These figures are based on assumed
safe values for a tvpical 20-mm cartridge and should
be checked experimentally for any specific car-
tridge.)

For purposes of determining the blowback effect,
it is only neccessary to consider the velocity of the
bolt with respect to the barrel.  After the bolt is
unlocked, the residual pressure has no further effect
on the barrel but merely imparts motion to the bolt
with respect to the barrel. It will be assumed here
that the bolt weight, as estimated from a prelimi-
nary lavout of the mechanism is 5 pounds.

Fig. 2-17 which is a graph of the residual pres-
sure versus time for the sample gun, shows that the
residual pressure reaches 750 pounds per square
inch at 0.005 second. The problem is to decide
how long before this point the bolt should be un-
locked so that its motion with respect to the barrcl
will be 0.250 inch at 0,005 second. This problem
can be solved using the data in fig. 2-21. If the
ordinates of the velocity curve in fig. 2-21 are multi-
plied by the mass of the recoiling parts, the resulting
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Figure 2-22. Changes in Bolt Velocity Imparted by Blowback and Determination of Time for Unlocking.

curve will show the momentum of these parts at
any instant or, since the momentumn is equal to the
applied unpulse, the curve will also show the im-
pulse applied up to any instant. Now, after un-
locking occurs, the impulse shown by this curve will
be applied in changing the velocity of the bolt and
thercfore it is possible to divide each ordinate of
the 1mpulse curve by the bolt mass to obtain the
new curve shown in fig. 2 22, {Only a portion of
the vertical scale is shown in order to produce the
significant portion of the curve in a large size.)
The actual velocity values shown by this curve are
meaningless but between any two values of time,
the curve does show accurately what change in bolt
velocity would be produced by the impulse.

Having the curve of fig. 2-22, it is only necessary
to determine where to place the zero velocity axis so
that the area between this axis and the curve up to
0.005 second is equal to 0.250 inch or 0.0208 foot.
{Since this is a velocity-time graph. areas under the
curve represent displacement.]  The zero axis can
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be located quite simply by drawing a line along
the 0.005-second ordinate and mcasuring the arca
between this ine and the curve, taking the elements
of area as shown in the figure and working down-
ward until the arca is cqual to 0.0208 foot. The
abscissa of the point where the line bounding the
lower limit of this area intersects the curve is the
requircd time of unlocking (0.00307 second).
Ordinates measured above the lower bounding line
are equal to the free recoil velocity, with respect to
the barrel, imparted to the bolt by blowback. The
curve shows that the gain in free bolt velocity be-
tween the time of unlocking and 0.005 second s
18.2 feet per second.

It should be noted that although this computation
neglects the retarding effect of the bolt driving
spring, the resulting error is extremely small and en-
tirely insigmificant.

The data shown in fig. 2-22 are used in the com-
putations for completing the bolt motion curves up
to 0.005 sccond. T'he manner in which the data are
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used 1s explained in paragraph 4 in connection with
the plotting of the theoretical time-travel and time-
velocity curves before acceleration.

3. Selection of spring characteristics

Since the only purpose of the barrel return spring
and the bolt driving spring is to assist the barrel and
bolt to return to battery and neither spring is re-
quired to absorb all of the recoil energy of the parts,
the valucs of the forces exerted by the springs are
not critical. For this reason, the characteristics of
these springs may be selected more or less
arbitranly.

The barrel assembly is assumed to weigh 45
pounds and to return this relatively heavy mass
quickly to battery a fairly strong spring is indicated.
As will appear, such a spring will not have any great
cficct on the recoil motion and therefore the resist-
ance of the spring can be made quite high. On this
basis the initial compression of the spring will be
selected as 250 pounds and the spring constant as
300 pounds per inch.

The bolt spring will be made very light so that it
will not offer a high retardation to the five-pound
bolt. An initial compression of 25 pounds and a
spring constant of 10 pounds per inch will provide
adequate force for assisting the closing of the holt.

4. Theoretical time-travel and time-velocity curves
before acceleration

Because of the complexities resulting from the
multiplicity of actions during the recoil and counter-
recoll movements in a short recoil gun, it is not
practical to attempt to derive analytically expres-
sions for the time to recoil and time to counter-
recoill.  Also, such derivations would be extremely
complicated unless it i1s assumed that the initial
kinetic energy is transferred instantaneously to the
recoiling parts, ignoring the detailed effects which
occur during the action of the powder gas pressures.
However, in high-rate-of-fire guns employing the
short recoil system, the time of action of the powder
gases is extremely significant and must be given due
consideration in plotting the bolt motion curves.
A detailed analysis of this type is particularly im-
portant because most of the c¢ritical actions and high
accelerations occur during the progress of the pro-
pellant explosion and it is therefore highly desirable
to determine what motion characteristics may be

expected in the initial portion of the recoil stroke.

Since the cffects of the powder gas pressure can
not be expressed by simple equations, a special
method is emploved to account for these effects in
plotting the bolt motion curves. The method con-
sists essentially of first plotting a curve of free recoil
velocity versus time and then subtracting from each
ordinate of this curve the velocity loss resulting from
the retarding effects of the springs.

The curve showing the velocity of free recoil
versus Ume for the time interval before unlocking
was developed previously and is shown in fig. 2-21.
‘This curve will be used to illustrate the following
description of the method.

To determine the retarding effects of the springs,

- use is made of the law expressed by the equation:

103

(2-22) Fdt=Mdv

This law states that the change in the momentum of
a mass is equal to the applied impulse (the product
of the force and the time for which it is applied).
Solving for dv gives:

dv _ Fdt
M

To obtain the variation of the change in velocity
with respect to time, this expression is integrated.

: _{tFdt_1
(2-23) v=[ =i f Fdt

In accordance with equation 2-23, the retarding
effect of a force on a given mass can be determined
as follows:

1. Plot a curve showing the variation of the force

with respect to time.

. Measure the arca undcr the curve between t—0)
and some time fy.

. Divide the measured area by thc mass. This
gives the ordinate of the retardation curve for the
time t,.

. Repeat steps 2 and 3 for other values of t ana

plot the retardation curve.

Applying this procedurc using the mass of the re-
coiling parts and the combined resistance of the bar-
rel return spring and the bolt driving spring produces
a curve showing the loss in recoil velocity resulting
from the action of the springs up to the time of un-
locking.  Since the free recoil velocity curve shows
the gain in velocity resulting from the thrust of the
powder gases, the difference between the curves will
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be the nct rccoil velocity, or in other words the
velocity ol retarded recoil.

The foregoing method would be very simple if
the rctarding force were constant or if the variation
of this force with respect to time were known. How-
ever, when the force varics with recoil travel as it
does with the springs assumed for purposes of anal-
ysis, a difficulty is encountered. In order to plot a
graph showing thc variation of the retarding force
with respect to time, it is necessary to have a curve
showing the variation of the recoil travel with re-
spect to time, and the latter curve is one of those
which yet remain to be determined.

This difficulty can be overcome by emploving a
process of successive approximation, While the
powder gas pressures are acting, the loss in velocity
resulting from the rctarding effect of the springs
will be relatively small and will be almost entirely
due to the constant effect of the initial compression.
The varying forcc due to the spring constant during
this interval of time will almost certainly be negli-
gible but, if necessary it can be approximated very
closely.

T'he procedure for plotting the velocity and travel
curves for the time before unlocking occurs is as
follows:

1. Plot the curve of free recoil velocity versus time

(hg. 2-22).

2. The loss in velocity due to the initial compression
of the springs is equal to:

(Ko, +T7,,) t

N
Determine the velocity loss for various values
of t, subtract cach from the corresponding ordi-
nate of the free recoil velocity curve and draw a
curve through the resulting points. If the effect
of the spring constant proves to be negligible, this
curve is the retarded velocity curve.

. Integrate under the curve drawn in step 2 to ob-

tain the displacement curve.

4. Assume that the curve drawn in step 3 represents
the actual time-travel curve and use this curve to
determine the refardation due to the spring con-
stant. { Use the combined spring constant for the
barrel return spring and the bolt driving spring,
Ki+K.:.) Ordinarily, it will be found that this
retardation is so small that it will not have any
eflect worthy of consideration. J

5. In the event that the retardation determined in

L

step 4 is sufficient to affect the velocity, use it to
modify the curve drawn in step 2 and then inte-
grate under the new curve to obtain a corrected
displacement curve.

6. Steps 4 and 5 can be repeated as often as is neces-
sary until no significant change occurs in the dis-
plafcmtnt curve. Actually, this process of suc-
cessive approximation should never be necessary
and satisfactory results should be obtained in the
first three steps or at least in the first five steps.

Fig. 2-23 shows the curves obtained for the gun
of the example for the interval before unlocking.
The total loss in velocity due to the combined effect
of the initial compressions of the springs during this
interval (0 to0.00307 second ) is

_ (K, +1* un) {2504

L e

=244 ( )
SOC,

The loss due to the combined effect of the spring
constants as determined by the method of step 4 1s
only about 0.115 feet per second. The final curves
shown in fig. 2-23 arc the result of performing step
3. Since the velocity loss due to the effect of the
spring constants is so small, step 5 need not be
taken.

After unlocking occurs, the bolt and the barrel
are independent of each other and cach is affected
only by its own spring.  Since the bolt is unlocked,
the barrel is no longer affected by the pressure of
the powder gascs and therefore its free recoil char-
acteristic is to continue moving at the same velocity
it had at the instant of unlocking. Thisis indicated
in fig. 2-24 by the fact that the free barrel velocity
curve alter unlocking is a horizontal line.

The retarding effects of the barrcl return spring
and bolt driving spring up o the time of accelera-
tion (0.000 second) are determined by the same
general method as used before unlocking. How-
ever, at the instant of unlocking, the springs have
been compressed 0.0414 foot (fAg. 2-23). This
means that in consideration of the period alter un-
locking, the initial compression of each spring must
be increased by the effect of its spring constant for
this deflection.  That is:

F.J =250+ .0414 %300 12=250+4+149=399 {lh.)
and ;
Fo,=25+.0414 X 10X 12=25+5=30 (Ib.)

25).00307 X 32.2
511
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Figure 2-23.

The total loss in barrel velocity due to the corrected
initial compression of the barrel return spring during
the interval between unlocking at 0.00307 second
and the start of acceleration at 0.005 second ({an

interval of .00 .00307=0.00193 second) is:

550 (1)

The loss due to the effect of the spring constant as
determined by the method of step 4 is only about
0.089 foot per sccond. The final barrel motion
curves shown in fig, 2—24 are the result of perform-
ing steps 2 and 3. Since the velocity loss due to the
cfect of the spring constant is so small, it is not
necessary to take step 5.

Having the final barrel motion curve for the in-
terval between unlocking and the start of accelera-
tion, it is now possible to draw the free bolt velocity
curve for this interval. This portion of the free
holt velocity curve s plotted from the data shown
n fig. 2--22 by adding to the ordinates of the re-
tarded barrel velocity curve the curresponding ordi-
nates of the curve in fig,

ft.

sl

F,, 1:399}{ 00193 32,2

V- —— 45

=M, "

2-22, measuring these
ordinates above the zero axis. The resulting free
bolt velocity curve 1s shown in fig. 2-24.

The retarding effect of the bolt driving spring is
determined by the same methods employed for the
barrel motion curves. The loss in bolt velocity due

S0B3TH O—bH6— 9
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Development of Time-Travel and Time-Velocity Curves for Period Before Unlocking.

to the corrected mitial compression of the bolt

driving spring is:
(_f.l-:.-._)
80C.

F,,
=\t

The loss due to the effect of the spring constant
as dctermined by the method of step 4 is, in this
case, only about 0.053 foot per second.  The final
bolt motion curves shown in fig. 2-24 are the result
of performing steps 2 and 3. Since the velocity
loss due to the effect of the spring constant 15 so
small, it is not necessary to perform step 5. Note
that the displacement between the barrel at bolt
at 0.005 second [ as indicated by the travel curves)
15 0.0208 foot or 0.250 inch as required. The re-
tarded velocity curves for the bolt and barrel show
that at the instant acceleration starts, the velocity
of the bolt 18 36.7 feet per second and the velocity
of the barrel is 18.5 feet persecond.

; >
30X.00193X32.2_ 5o

V 5

d>. Motions during pertod of bolt acceleraiion

When the cvcle of operation has progressed for
0.005 second as described up to this puint, the re-
sidual pressure has decreased to the assumed safe
operating limit of 730 pounds per square inch and
it is now possible to increase the velocity of the bolt
without danger of rupture of the cartridge case. It
should be noted that at 0.005 second, the residual
powder gas pressure has not yet reached zero and
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Figure 2-24. Development of Time-Travel and Time-Velocity Curves for Period Between Unlocking and
Start of Acceleration.

thereforc there will be some small additional blow-
back eflect which will occur simultaneously with the
action of the accelerator,

The first point to consider is the amount of kinetic
energy available from the moving mass of the barrel.
Since the barrel weighs 45 pounds and at 0.005
second 1s moving at a velocity of 18.5 feet per second,
the kinetic energy possessed by the barrel mass is:

45

} 3 R
29 M 185

KE 5 MY 2><
=239 (ft. 1b.

These 239 foot pounds of barrel energy do not
constitute all of the energy which can be utilized
to accelerate the bolt because some work will be
done on the bolt as the result of the force exerted
by the residual pressure.  Although this force can
be determined at any instant from thc graph of
residual pressure versus time [fig, 2—17, it is not
possible at this time to determine the work done by

this force because the bolt displacement for the
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interval of acceleration is not vet known. How-
ever, the distance moved by the bolt during the
0.003 second [or which the residual pressure will
continue to act will certainly be quite short and the
average force exerted by the powder gas pressure
during this movement will also be relatively small.
These conditions indicate that the work donc on
the bolt by the last portion of the resitdual pressure
will be of little consequence when compared with
the 239 foot pounds of encrgy available from the
barrel mass. A rough estimate indicates that the
work which can be done on the bolt by the remain-
ing blowback action will be in the arder of only 10
or 15 foot pounds. Since this amount of work is
so small, little error is likely to occur if 1t 1s assumed
for the present that the cnergy available for
acceleration is 250 foot pounds.

It is of interest to consider what the result would
be if the efficiency of energy transfer during ac-
celeration were 100 per cent {that is, if all of the
available cnergv could be transferred to the bolt
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without anv loss). At the Instant acceleration
starts, the velocity of the bolt 1s 36.7 feet per second.
Since the bolt weighs 5 pounds, the kinetic energy
possessed by the bolt is:

Assuming that all of the available 250 foot pounds
of energy is transferred to the bolt, the kinetic en-
ergy of the bolt after acceleration will be:

KE=104.5-4250=354.5 (ft. lhs.

Having this kinetic energy, the velocity of the bolt
after acceleration would be:
f*:.-{}{l

;zv 364 I“w 92 2

iy

V=

— O (: j)
SO0,

since the bolt velocity before acceleration was 36.7
feet per second, this represents a velocity gain factor
of 1.815 times. It should be realized that this
velocity gain factor is the theoretical maximum based
on a 100 per cent efliciency in transferring the avail-
able energy from the barrel to the bolt and there-
fore the bolt velocity in this particular design could
never exceed 66.7 feet per second regardless of what
type of accelerating device is used.

In actual practice, an cnergy transfer ethciency
of 100 per cent can not be autained because there
will always be unavoidable losses which decrease
the amount of cnergy transferred. One of these
losses is due to the fact that it is impractical to at-
tempt a design in which the action of the accelerator
alone brings the barrel to a complete stop.  There-
fore there will always be somc cnergy remaining in
the barrel after the accelerating function is com-
pleted. There will also be lasses due to friction,
impact, and extraction of the cartridge case and
some energy will be absorbed by the barrel return
spring and bolt driving spring.  Without having a
definite mechanical design to work with and in the
absence of detailed design data, there is no positive
way to arrive at accurate specific values for these
losscs and accordingly it will be necessary here to
select arbitrarily values which are reasonable prac-
tical estimates. Let it be assumed that residual
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barrel velocity after acceleration is 6 feet per second
and that the other incidental losses amount to 50
foot pounds.

On this basis, the residual kinetic energy in the
harrel after acceleration will be:

. , q f
> ﬁﬁ W HhE=25.1 ‘fl 1hs.)

KE-

—111 2

I-.'.|Ir-—-

Subtracting this energy and the incidental losses of
50 foot pounds from the available 250 foot pounds
of energy gives the energy actually transferred as 175
foot pounds. Adding this energy to the initial
kinetic energy of the bolt ( 101.5 foot pounds) pro-
duces a final kinetic energy of 280 foot pounds in
the bolt. With this kinetic energy the final velocity
of the bolt after acceleration will be:

2R
()

The H—'L‘ll]tiil}" gain factor is now

2280325

=y

)

L]

£() ..
{[} : =1.H3

The efficiency of energy transferis:

<100 =70 percent

This appears to be a value which reasonably could
be expected under practical conditions,

Having ecstablished the fact the action of the
accelerator will speed the bolt up from 36.7 feet per
second to 60 feet per second (a velocity gain of 24.3
feet per second ) and will slow the barrcl down from
18.5 [eet per second to 6 [eet per second (a velocity
loss of 12.5 feet per second), the problem now is to
design the accelerator which will produce thesc
changes in velocity. The major consideration in this
design is to arrange the accelerator mechanism so
that the required transfer of energy will be accom-
plished without heavy shock or excessive accelera-
tion forces and the velocities of the barrel and bolt
will vary smoothly.

The basic characteristics of the motions which
occur during the action of the accelerator will de-
pend on whether the accelerator is of the catapult
spring type or of the lever or cam type. Either type



THE MACE

INE GUN

may be analyzed readily, but for purposes of the
present discussion, 1t will be assumed that the
accelerator to be used is of the lever type.

The first point of interest in designing the accelera-
tor is the time which should be allowed for the com-
pletion of the transfer of kinetic energy. From the
standpoint of attaining a high ratc of firc, it would be
desirable to accomplish the transfer rapidly for two
reasons. First, this would quickly bring the bolt to
a high velocity, thus decreasing the time required for
the completion of the bolt movement. Second, the
barrel velocity would be reduced quickly with the
result that the rearward travel of the barrel would
be relatively small. This would be advantageous be-
cause it would reduce the distance thc bolt must
move to produce an opening large enough to permit
feeding.

On the other hand, quick transfer of kinetic
energy requires a high acceleration of the bolt and
rapid deceleration of the barrel and the resulting
inertia rcactions will cause large forces to act on
the accelerator mechanism. Increasing the time
allowed for the transfer of energy will reduce the
acccleration and the forces on the mechanmism but
will also result in decreasing the rate of fire.

Considering the above factors, the time allowed
for energy transfer should be some moderate value;
not so short that excessive forces will be produced
and not so long that the rate of fire will be reduced
seriously. For the gun of the example a value of
0.004 second should be acceptable.

After the selection of the length of time which
will be allowed for the action of the accelerating
device, the next step 1s to decide what motion char-
acteristics are desired for this interval. In order
for the energy transfer to occur with minimum
shock, 1t would be reasonable to arrange the mech-
anism so that the forces on the parts will at first be
zero and then will increase smoothly to the higher
valucs required to praduce rapid acceleration and
deceleration. Such a force variation will result in
a condition in which the displaccments and veloci-
ties, as well as the accelerations, will vary in a
smooth manner.

Except for the relatively small amount of kinetic
energy expended in compressing the bolt driving
spring and barrel return spring during the period
of acceleration, and except for the small gain in
energy due to the remaining blowback action and
the slight incidental losses in the operation of the

108

mechanism, the sum of the kinetic energies con-
tained in the recoiling system consisting ol the bar-
rel and bolt will remain constant. Therefore, the
characteristics of the bolt and barrel movements
will depend mainly on the properties of the accel-
erating mechanism. Since the accelerating mech-
anism can be designed to establish the relationships
between the movements of the recoiling parts, these
movements can be controlled as desired.  Tn other
words it is possible to approach the design of the
accelerator by first specifying the desired variation
in barrel velocitv.  The corresponding velocity vari-
ations for the bolt can then be determined by taking
into consideration the kinetic energy obtained from
the barrel, the energy imparted bv the remaining
blowback action, and the energy lost in opcrating
the gun mechanism. The variations of bolt velocity
and barrel velocity being known, the accelerating
device can be designed so that these velocity varia-
tions will be produced.

The basic procedure by which the accelerator
may be designed is as follows: First, the desired
characteristics of the barrel velocity arc established
by drawing, arbitrarily, a suitable barrel velocity
curve for the interval of acceleration. The shape
of the curve should be similar to that shown n fig.
225 so that the deceleration [and consequently,
the force required to produce the deccleration) will
start at zero and increase smoothly to the maximum
value at the end of the interval. Note that the
barrel velocity curve selected for the example indi-

cates a residual velocity of 6 feet per sccond at the
end of the acceleration interval.

The barrel velocity curve is now used to compute,
for each instant, the decrease in barrel kinetic energy
as indicated by the decrease in barrel velocity. This
computation is made on the basis of the relationship:

A (KE)= (KE),— » My?

which states that the change in kinetic energy up
to any instant is equal to the initial kinetic energy
minus the kinetic energv resulting from the velocity
v which exists at that instant. For the barrel of
the gun of the example:

]_

45
-.: ?Et T
A (KK)=239 EXHE.E

=239— 700 v*

1'?-:#
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Figure 2-26. Energies Affecting Motion of Bolt During Action of Accelerating Lever.

Fig. 2-26 shows the curve obtained by using this
relationship to determine the decrease in the kinetic
energy of the barrel. This curve does not represent
the energy transfcrred to the bolt because the re-
maining blowback action and the incidental losses
still must be considered. The effects of the blow-
back action and of the incidental losses can not be
determined precisely at this time because the bolt
motion has not yet been determincd. Howcver,
both effects are not very great and can be estimated

with a sufficient degree of accuracy to insurc small
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crror in the computations. In an actual design
problem, the result obtained by using these esti-
mates could be considered to be a first approxima-
tion which can be refined if necessary. It was pre-
viously estimated that the effect of blowback up to
0.00826 second (when the residual pressure be-
comes zero) would perform a total work of 11 foot
pounds on the bolt. Fig. 2-26 shows how this
cnergy is assumed to be added to the kinctic cnergy
obtained from the barrel. The incidental losses,
which have been cstimated as 50 foot pounds, are
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mainly due to the retardation offered by the barrel
spring and bolt driving spring. These losses must
be subtracted from the total available energy and
for purposes of this analysis, it will be sufficiently
accurate to assume that the losses occur at a con-
stant ratc over the interval of acceleration.  That
is, for the sample conditions, since there 1s a total
loss of 50 foot pounds of kinetic energv over the
mnterval of 0.004 second, it may be assumed that
energy is lost at the constant rate of 50,/.004—12.500
foot pounds per second during the acceleration
process.  The lowest curve in fig. 2-26 shows the
result of this subtraction and gives the energy trans-
ferred to the bolt at any instant.

The values of the energy translerred o the bolt,
as shown in fig. 2-26, are used to determine the bolt
velocity curve shown in fig. 2-25 as follows: 'The
velocity of the bolt at the start of acceleration is
36.7 feet per second and its kinetic energy at that
time has been computed to be 104.5 foot pounds.
For any instant during acceleration, this value is
added to the amount of cnergy transferred to the
bolt up to that instant (from fig. 2-261. This total
kinetic energy of the bolt is then used to compute
the bolt velocity according to the relationship:

v [22 (KE)
VoW

For the conditions of the example, W—5 pounds
and therefore;

2w 22 2(KEY —
(2482200 0) QTR

Y 5

The next step 1s to integrate under the velocity
curves to obtain curves showing the changes in
barrel travel and bolt travel during the period of
acceleration. These travel curves are also shown
in fig. 2-25.  The valucs given by these curves arc
added to the barrel travel and bolt travel which
exist at the beginning of the acceleration in order to
extend the time-travel curves to 0.009 second.  Tig.
2-27 shows the complete time-travel and time-
velocity curves up to this point.

All of the data of interest in designing the ac-
celerator lever may cither be found in fig. 2-27 or
may be derived directly from this igure. Fig. 2-28
shows data which may be used for the accelerator
design. The barrel deceleration and bolt accelera-
tion curves were obtained by measuring the slopes

vV —
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of the velocity curves. The curves showing the
relative travel and relative velocity between the
barrel and bolt were derived by noting the difference
between the heights of the ordinates of the travel
and velocity curves.  The velocity ratio curve was
obtained by dividing the bolt velocity by the barrel
velocity.,

Having the data shown in figs. 2-27 and 2-28,
the shape of the accelerating lever can be plotted
by the conventional methods employed tor cam lay-
out. In designing the lever, it should be noted that
the lever ratio which cxists at any instant must be
equal to the velocity ratio shown for that instant
in fig. 2-28.  Also, to minimize wear on the contact
surfaces, these surfaces should be designed as far
as possible to have a rolling action, and shiding cun-
tact at the surfaces should be held to a minimum.
Since the details of the layout process will depend
largely on the space requirements of a particular
design and because it is not the intent in this publi-
cation to describe conventional machine design
procedures, no attempt will be made here to ex-
plain the lavout of the lever. The general shape
and action of a lever for one particular design is
shown in fig. 2-15. However, it should be realized
that the shape ot the lever for a different gun may
differ considerably from that shown in fig. 2-15,
depending on the arrangement of the mechanism
and the desired motion characteristics.

Before the analvsis of the accelerating action is
concluded, it is interesting to note the magnitude of
the forces which act on the barrel and bolt during
acceleration.  Fig. 2 28 shows that the maximum
deceleration of the barrel mass is equal to 5600 feet
per second per second (at 0.009 second). Since the
barrcl weighs 45 pounds, the force required to pro-
duce this deceleration is:

Although this force is large, it is not excessive.

The maximum acceleration of the bolt occurs at
0.00705 second and 1s equal to 8000 feet per second
per second. Since the bolt weighs 3 pounds, the
force required to produce this acceleration 1s:

3

F=NMa— 33 9% S000

—1245 (Ibs.)
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Figure 2-27. Time-Travel and Time-Velocity Curves Up to End of Acceleration Period.

6. Barrel recoil motion after acceleration

After the action of the accclerating device has
been completed, the barrel must be stopped and
latched, and the bolt must continue its rearward
travel until the opcning between the barrel and holt
1s sufficient to permit [eeding of a fresh cartridge.

At the end of the acceleration period, the barrel
of the gun uscd as example is moving at the rate of
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6 feet per second. Since the accelerating device 1s
no longer acting, the barrel motion will now be im-
peded only by the barrcl return spning.  As shown in
fig, 2-27, the barrel travel at 0,009 second is 0.135
foot, and at this displacement the force of the barrel
spring 1s:

Ko, + K D=2504-300.135%12=736 (Ib.)
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Figure 2-28. Daia Pertaining to Action of Accelerating Lever.

For purpose of determining the barrel motion from
0.009 second on, this force of 736 pounds can be
considered to be the initial compression of the spring
and the retarding effect of the spring can he com-
puted by the same methods used for developing the
motion curves for the period before acceleration.
The velocity luss due to the imtial compression

will be:

113

S
=5

27

_ 736322

\ el

—

[

That is, the effect of the initial compression causes
the barrel velocity to decrcasc at the rate of 527
feet per second per second. This loss is shown in
fig. 2-29 by the curve designated as step 2. 'The



THE MACHINE GUN

FREE VELOCITY

6 T- e + P ———————)

5 VELOCITY -\STEFI
i =
5 |
Ll STEP 3 —
»w g 04 =
e T
= —
N -
— (T}

BARREL STRIKES

> 3 STOP AND IS 03 a
= LATCHED et
O -
o
D 2
w .02

| /‘//( 0l

TRAVEL
o 7 ( 1 | i 0
009 DIO Ol .012 013  .014 015 0le Relirs .0l8 019 020
TIME (SEC.)
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loss due to the effect of the spring constant is deter-
mined by the method of step 4 of the procedure
previously described and the modified curves are
designated as step 5. Since the performance of
step 6 produces a necgligible change in the curves,
the curves drawn in accordance with step 5 repre-
sent the effect of the barrel spring on the barrel
motion. The curves show that if the barrel spring
alone resists the barrel motion after the accelera-
tion action is completed, the barrel will move an
additional 0.033 foot (0.40 inch) and will come
to a stop at 0.0193 second. Both this distance and
the time are a little too greal since it is desirable
to stop the barrel as soon as possible. Therefore,
a stop will be provided to limit the barrel move-
ment to 0.230 inch (0.0208 foot) atter accelera-
tion is completed. As indicated in fig. 2-29, this
movement occurs at 0.132 second. At this point
the velocity of the barrel is only 3.70 feet per second
and therefore has a kinetic energy of only 9.55 foot
pounds, indicating that the shock of hitting the stop
will be relatively light.  After being halted by the
stop, the barrel s latched in place so that it remains

m its rearmost position. This is shown in fig. 2-29
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by the fact that the barrel travel curve 1s a horizontal
line after 0.132 second. The data from hg. 2-29
are used to extend the barrel motion curves on the
graph (fig. 2-30) showing the motion curves for
the complete cycle.

1. Bolt recoil motion after acceleration

At the end of the acceleration period, the bolt is
moving with a velocity of 60 fect per second and its
motion [rom this point on is resisted only by the bolt
driving spring. As shown on fig. 2 30, the barrel
18 latched at a displacement of 0.156 foot (1.875
inches). Since it has been assumed that the open-
ing between the barrel and bolt must be 10 mches
in order to permit feeding, the bolt must travel a
total of 11.9 inches (0,993 foot) before it is stopped
by the backplate bufter. Fig. 227 shows that the
bolt travel at the end of the acceleration period is
0.280 foot and the bolt must travel an additional
0.173 foot.

The motion of the bolt after acceleration may be
determined by the same methods as used for the
barrel motion. (Cf. fig. 2-31.) The first step is
to draw a horizontal line at 60 feet per second to
show the free bolt velocity. At the end of the
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acceleration penod, the bolt travel is 0.280 foot and
therefore the force on the bolt driving spring must be

F,, K. D=25+ 280 10X 12— 254 33.6
—58.6 (Ib.)
Taking this force as the initial compression of the

spring for the time after acceleration, the velocity
loss due to this force will be

V0 P00
M 5

— 378 1

The effect of this loss is shown in fig. 2 31 by the
curve designated as step 2. The loss due to the

effect of the spring constant is determined by the

method of step 4 and the modified curves are desig-
nated as step 5. The performance of step 6 pro-
duces no significant change in the curves and there-
fore the curves designated as step J represent the
effect of the bolt driving spring on the bolt motion.

The curves show that the bolt reaches the required
additional travel of 0.713 foot at 0.216 second and
it is at this point that the bolt reaches the backplate
buffer. Note that the striking velocity is 51.5 feet
per second. The data from fig. 2—31 are used to
extend the bolt motion curves in fig. 2-30 up to
the time the backplate buffer is struck.

8. Reversing action of backplate buffer

The purpose of the backplate bufter i1s to reverse
the bolt motion at the end of the recoil stroke with
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the minimum possible loss of time and energy. In
the analysis of short recoil it was pointed out that,
although the reversing action is accomplished almost
instantaneously by causing the bolt to rebound from
an cxtremely stiff elastic member, the impact is
accompanied by a loss of energy with the result
that the velocity of the bolt after impact will be at
best approximately 70 per cent of its striking velocity.

Simce the velocity of the bolt before striking the
backplate is 51.5 feet per second, the momentum
of the bolt is:

-

MV =375 531.5=8.00 (Ib. sec.)
Assuming that the coefficient of restitution of the
backplate is .70), the velocity of the bolt after impact

will be:
fr.

V=70x51.5=146.0 (
20¢,

The momentum of the bolt will then be:

O 36.0=5.77 (Ib. sec.)

MV = 395
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Thus, in the reversing action of the backplate, the
change in bolt momentum is equal to 8.004-5.77 =
13.77 (Ib. sec.). 1f the entirc reversing action
occurs in 0.001 second, the average force exerted
on the backplate must be:
15.77 ;

—— =137 1.

00 13,700 ilb)

The striking energy of the bolt 1s:

Kh-—- ‘\1"»2"-—

ﬂqx 51.5° =206 (ft. 1b.
If 1t 15 assumed for purposes of estimation that the
backplate offers a constant resistance of 13,700

pounds, the deflection of the elastic member under
the impact will be:

206

19 .,[m-— 015 (ft.) or approximately

3/16 (inch)

The data derived in the preceding analysis are used
to complete the motion curves of fig. 2-30 for the
0.001 second interval during which the backplatc
buffer acts.

9. Motion of bolt after reversal at back plate

The bolt leaves the backplate with a velocity of
36.0 feet per second, and as it moves in counter-
recoll, its motion is aided by the compressed driving
spring. This action will continue until the bhalt re-
engages with the accelerator lever when the bolt
displacement from the firing position is cqual to 0.28
foot,

The bolt motion under the influence of the driv-
ing spring can be determined by essentially the same
method previously emploved for analyzing the effect
of the springs. (Cf. fig. 2-32.) The first step is to
draw a horizontal line at minus 36 feet per second
to represent the free bolt velocity. In this case, the
subsequent procedure must be slightly modified be-
cause the action of the spring is aiding the motion
of the bolt rather than retarding it. At the start of
the return motion of the bolt, the bolt driving spring
15 compressed 1.008 feet and hence the initial com-
pression of the spring is:

Fo4+KD—254+10% 12X 1.008 =25+ 121
= 146 (pounds}
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'T'he velocity gain due to this force would be:

. F, 146>(32.2
V= =\ =
=940 1

The effect of this gain in velocity 1s shown in fig.
2-32 by the curve designated as step 2. "L'he curve
designated as step 3 shows the change in bolt travel
that would result from this wvelocity. Since the
bolt is now moving forward, the eflect of the spring
constant is to decrease the force on the bolt.  There-
fore, the change in velocity determined by the
method of step 4 must be subtracted from the curve
obtained in step 2. The modified curves are desig-
nated as step 5. Since the change in the travel
curve is so slight, it is not necessary to perform
step 6 and the curves designated as stcp 5 represent
the effect of the bolt driving spring on the bolt
motion.

NOTE: The validity of the foregoing method
may bec seen by examining the equation ex-
pressing the change in velocity of the bolt due
to the effect of the driving spring:

. [tFRdt
"*L BVan

where: D is the total distance the spring is
compressed at the start of the forward
motion

and d is the forward movement of the bolt
from its rearmost position,

"t

F,+K(D—d)

M dt

L]

av—=3 J * (F,—KD) dt—ry f " (Kd) dt

= ‘1 KD Mf (d) dt

This is the equation defining the procedure fol-

lowed in obtaining the curves in fig. 2-32.

Since the bolt leaves the backplate at a displace-
ment of (1.993 foot and the bolt will re-cngage the
accelerating lever at a displacement of 0.280 foot
from the firing position, the bolt must move .993 —
.280=.713 foot up to the time the lever is engaged.
Fig. 2-32 shows that the time at which the lever
is engaged is 0.0396 second and that the velocity
of the bolt at this instant is minus 48.0 feet per sec-
ond. The data from fig. 2-32 are used to extend
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Figure 2-32. Effect of Bolt Driving Spring on Motion of Bolt After Reversal of Motion at Backplate.

the bolt motion curves in fig. 2-30 up to the time
that the bolt strikes the accelerating lever.

10. Motion of barrel before accelerator is reengaged

In order to give the barrel return spring a chance
to start the barrel moving before the bolt reaches
the accelerator lever, the barrel should be unlatched
while the bolt is still some distance from the point
at which the accelerator will be engaged. For
smoothest action, the time the barrcl 18 unlatched
should be set so that the barrel will move ahead to
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the position it occupied at the instant that the origi-
nal acccleration of the bolt was completed.  (This
position is 0.135 foot from the firing position, as
shown in fig. 2-27.) Depending on the configura-
tion of the accelerating lever, it may be necessary
to provide a means to insure that the returning bolt
will pick up the lever, in order to make certain that
the lever will assume its proper position between
the bolt and barrel.

At this point in the analysis, the problem is to

determine the effect of the barrel return spring on
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the barrel motion and to find the time at which the
barrel should be unlatched to satisfy the require-
ments of the preceding paragraph. The analysis
of the barrel return motion is conducted in the same
way as for the bolt return motion. (Cf, fig, 2-33.)

In this case, the mitial velocity of the barrel is
zero and therefore the free-velocity curve coincides
with the zero axis. Since the barrel is latched at
a displacement from the firing position of 0.160
foot, the initial compression of the barrel return
spring is:

F,+ KD=250+300 12X .156=250+ 562
=812 (pounds)

The velocity gain due to this force would be:

. F §-L2% 322
T‘.' — 0 t-"_-_.__.._.:_. %
\SI| 45
=380 |

This gain in velocity is shown in fig. 2-33 by the
curve designated asstep 2. The barrel travel which
would result from this velocity is shown by the curve

designated as step 3. Step 4 is performed by the
same method as [or the bolt return motion and the
modified curves are designated as step 5. The
change 1n the travel curve is so shght that it is not
necessary to perform step 6 and therefore the curves
designated as step 5 represent the effect of the bar-
rel return spring on the barrel motion.

Since the bolt is latched at a displacement of
(.156 foot and is rcquired to move forward to a dis-
placement of 0.135 foot, the required movement
i5.156 — .135=.0208 foot. The curves in fig. 2-33
show that this movement is accomplished in 0.0086
second from the time of unlatching. It has alrcady
been specified that the barrel must reach the dis-
placement of 0.135 foot at the instant the bolt
rcaches a displacement of 0.280 foot, which occurs
at 0.0396 =zecond, and therefore the barrel must
be unlatched 0.0086 second before this time, or
at 0.310 sccond. The data in fig. 2-33 are used
to complete the barrel return motion curves up
to 0.0396 second.
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11. Return motion of barrel and bolt during action
of accelerating lever

During the return motion of the barrel and bolt,
the effect of the action of the accelerating lever is
to transfer kinetic energy from the bolt to the barrel,
thus gradually slowing the motion of the bolt and
accelerating the motion of the barrel. This action
has the beneficial effect of greatly reducing the shock
which would occur if the bolt, which is returning at
high velocity, merely collided with the rear face of
the barrel.

'T'he analysis of the motion of the barrel and balt
during the action of the accelerating lever in
counter-recoil is considerably morc complicated than
for recoil. This is because of the [act that the lever
has already been designed and the velocity of the
barrel or Lolt can no longer be selected as desired
but will be determined by the characteristics of the
lever.

‘The analysis during the action of the accelerating
lever is conducted on the basis of equating the
energies in the system. The energy relationship may
be expressed as:

Initial KE 4+ Work done by springs— Energy
losscs=DBarrel KE-Bolt KE.

This relationship, considered together with the
fact that the lever causes a known relative motion
between the barrel and bolt and also causes a known
ratio between their velocities, is used as follows in
determining the motions:

At the start of the action of the lever, the veloci-
ties of the barrel and bolt are known. That is (from
fig. 2-30) V=4 .8 feet per second and V:=48 feet
per second. Note that the ratio between these
velocities is 10 1 which is the same as the lever ratin
of the accelerator at the instant it is engaged. (Cf.
fig. 2-28.) This is a desirable condition because it
means that the action of the lever will start without
a large shaock. With the stated velocities, the initial
energies in the barrel and bolt will be:

—

: 45
Vvie__ *9 '3
' EXBE.EXiE’

=16.1 (ft. 1b.)

-

For barrel: E=-

il

g

For bolt:

1
— - MVi= i
2 \ 232.2

—178.9 (ft. 1b.)

b

E > 48

120

Therefore, the total initial cnergy is equal to
16.14+178.9=195 foot pounds.

The energy delivered by the springs can not be
determined as a function of time because the re-
lationships between the motions and time have not
vet been established. However, it i1s possible to
express the energy delivered by the springs in terms
of the distances moved from the start of the ac-
celerating lever action. For a movement {rom a
displacement Di to a smaller displacement D-, the
energy dclivered by a spring is equal to the average
spring force times the displacement.

That is:
K b
[1:= I:an { _}?Dl}+‘}{b 1|+KD2; {D]—ng
(2-24)

2

During the action of the accelerator, the bolt
moves from an initial displacement of 0.280 foot to
a final displacement of 0.105 foot and thc barrcl
moves from an initial displacement of 0.135 foot
to a final displacement of 0.080 foot. (These values
are taken from fig. 2-27.)  For the barrel, Fo.=250
pounds and K-—3600 pounds per foot. For the
bolt, Fo=25 pounds and K=120 pounds per foot.

Now the bolt travel may be divided into any
desired number of increments between 0.280 foot
and 0.105 foot and then the correcsponding incre-
ments of the bolt travel may be found from fig.
2-27 and the results can be tabulated. For later
usc, the velocity ratio corresponding to each set of
increments can be obtained from fig, 2-28 and
added to the tabulation. For example, see Table
2-1.

Table 2-1 ‘

Increments of Travel and
Velocity Ratio

Bolt travel (feet) Barrel travel (feet)| Velocity Ratio

. 280 . 135 C10.00

. 245 132 6. 22

.210 124 i 4. 30

175 112 | 2. 90
| . 140 . 100 2. 35
| 105 . 080 2.00
|
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The values shown in Table 2-1 can be used to
determine the values for (D,+4D.) and (Di—D-)]
in equation 2-8 and the equation can be employed
to computc the cnergy dclivercd by cach spring
in moving from the initial displacement to each dis-
placement indicated in Table 2 1. For example,
in moving from a displacement of (.280 foot to
0.245 foot, the bolt spring delivers:

H— 2254120 (.280+ 245)
e

=

(.280— .245)

=1.98 (fi. 1Ib.)

The energy delivered by the barrel spring for the
corresponding displacement is:

2 X 2503600 (.135+.132

bi— 5 132) (.1356—.132)=2.19

‘The procedure is repeated for the other displace-
ments.

The next point is to consider the energy losses in
the action of the lever. To be consistent with the
assumption made for the action during recoil, the
total loss [or the period of action will be taken as 6
foot pounds. This value is so small that it will
have little effect, and therefore it can arbitrarily be
distributed equally over the period, allowing the
loss to increase by 1.2 foot pounds for cach of the
five increments being used for computation. Since
all of the required energy values have now been
determined, the velocities of the barrel and bolt for
each displacement can be computed as follows:

The energy in the moving parts at any point in
their travel is

1 vy 1
E_:j T't"'1-|1"12+§ h‘iz‘\‘rgﬂ

But V.=RV,, where R is the velocity ratio shown
m fig. 2-28.
Therefore:

:% M,V 2+

E—% (M, +M.R?) V2

1 ,
§‘ M, (RV,)?

Solving for V,:

2

e
V= L VMGR,

E

338375 O—H6——10

But the total energy in the barrel and bolt at any
time must be cqual to the initial energy plus the
energy delivered by the springs minus the losses.

Therefore:

2 (Initial KE+ energy from
M,  M,R? springs—losses)

This computation will be illustrated by using the
values for the first increment in Table 2-1.

2 32.2
45+5%6.22°

V,=+/53.5=7.32 (ft./scc.)
But

V2=

."lez (]95_1'].98'1—2-19_12}:1'}::!!5

V=RV, =6.22 7,32
Ve=45.5 (ft./sec.)

'The same procedure is followed for thc other
values shown in Table 2-1, in each case using the
correct velocity ratio, energy from spring, and
losses. The resulting values of barrel velocity and
bolt velocity are then plotted against the corre-
sponding valucs of displacement to give the veloc-
ity curves shown in figs. 2-34 and 2-35. Since the
independent variable in these graphs is travel in-
stead of time, the curves can not be used directly
to extend the time-travel and time-velocity curves
in hg. 2-30. However since:

‘sf_:l_D (where D is travel),

{]L—-@

vV

Thus, values of the time required to produce a dis-
placement from D: to D: can be determined by

the relation
Dy /
— LY 4D
t J (v)¢

The first step in determining the time values is to
plot a reciprocal velocity curve, as shown in figs.
2-34 and 2-35. Since the barrel and bolt arc re-
turning to battery, the displacement is decreasing.
Therefore the valucs of time are determined by in-
tegrating under the 1/V curve from right to left.
Having the time versus travel curves, it is now
possible to find the travel and velocity correspond-
ing to each value of the time and to use this data to
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Figure 2 35. Bolt Velocity and Time Versus Bolt Travel During Action of Accelerator in Counter-Recoil.
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Figure 2-36. Barrel and Bolt Motion Versus Time

During Action of Accelerator During Counter-
Recoil.

plot curves showing the variation of the velocity and
travel with respect to time. These curves are shown
in fig. 2 36, The data from these curves can now
be used to extend the time-travel and timec-veloc-
ity curves of fig. 2-30. Note that the action of the
accelerating lever increases the barrel velocity from
4.8 feet per second to 15.0 feet per second and de-
creases the bolt velocity from 48 feet per second to
30 feet per second and that this result is accom-
plished in 0.0045 second. The total time from the

beginning of the cycle up to this point is 0.0441
second.

12. Barrel and bolt motion after 0.0441 second

At the point reached in the preceding analysis,
the relative displacement between the barrel and
bolt is equal to 0.0208 foot (0.250 inch) and the
parts are located at the same position in which the
acceleration action began during recoil. However,
the action of the accelerator docs not stop at this
point during counter-recoil because the level is
still between the barrel and bolt and will continue
to act until the bolt reaches the barrel and locks
in place. The remaining movement is so small that
1t will be accomplished in a very short time (ap-

proximately 0.0015 second ) and therefore the shape
of the small portion of the lever which acts during
this interval is not critical. On this basis, it is
assumed that after 0.0441 second the barrel and
bolt velocity curves will follow the same trends as
before this time. For the subsequent interval of ap-
proximately 0.0015 second, the average bolt velocity
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as shown in fig. 2-30 will be about 16 feet per second
and the average bolt velocity will be about 30 feet
per second. 'This means that the average relative
velocity between these parts will be approximately
14 feet per second and the time required for the
barrel to strike the bolt will be:

_ D _0.0208

L= v ¥ =().001485 second

Thus, the barrel and bolt will meet at 0.0456 second
at a displaccment from battery of approximately
0.06 foot.

When the bolt and barrel meet, the bolt locks to
the barrel. At the instant of impact, the velocity of
the bolt is 29.5 feet per second and the velocity of
the barrel is 16.5 feet per sccond. Since the bolt
locks to the barrel, the parts will assume some com-
mon velocity. The value of the common velocity
is determined by the fact that the momentum of the
combined mass after impact wil be the same as the
total momentum before impact. That is:

-.‘\I l-"-'r;] = .‘.\J'Il":rl + Mg 1\'?'_,]
For the conditions of the example:

50

'.';";'} 9

B o

— 45 ™, 5 9 20 A
..m;{ 16.&-{—32.{3}(49.-}

V,

As the barrel and bolt move to battery, this velocity
will be increased slightly by the combined force of
the barrel return spring and bolt driving spring.
Since the remaining motion is so short (0.06 foot),
it will be sufficiently accurate to estimate the effect of
this force by assuming that the average force will
be the force which exists at a displacement of 0.03
foot. This force is:

=¥, +F, +.03 (K, | K)
250425403 (3600-+120)

— 387 (pounds)

The increase in velocity produced by this force will
be:

. F
‘i.-—h—{ 8

387 +32.2
50

=250t

t

£
r
—
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This increase in velocity is indicated by sloping the
vclocity curve after locking occurs by an amount
corresponding to a velocity increase of one foot per
second in 0.004 sccond. (See fig. 2-30.) Since
the average velocily of the recoiling parts shortly
after locking is approximately 18 feet per sccond,
the time required to complete the remaining 0.060-
foot movement to battery will be:

06 o
8= 0033 (second)

Therefare, the recoiling parts reach the battery posi-
tion at 0.0490 second. Note that the velocity of the
recoiling parts at the battery position is 18.2 feet
per second.

With a velocity of 18.2 feet per second, the kinetic
cnergy of the recoiling parts will be:

) X18.2t=2

""_I ; i J—
KE "5 MYV JJ_E)-::RE.E

a7 (ft. 1b.)

‘This 1s a relatively large amount of energy and could
cause an extremely severe shock if an attempt were
made to stop the recoiling parts merely by permitting
the barrel to strike the breech casing. One way to
handle this energy would be to provide a heavy
buffer which is designed to dissipate a large per-
centage of the striking energy of the recoiling parts.
An idea of the character of this buffer can be ob-
tained by considering what average force it would be
required to produce if it is to stop the rccoiling parts
within 0.250 inch (0.0208 foot). This force

would be

_KE__ 257

Ka D " .0208

=12,350 pounds

It must be emphasized that the buffer should be of
a type which dissipates practically all of the energy
it absorbs so that the recoiling parts will be braked
to a stop and will not tend to rebound from the
buffer. If the buffer docs not dissipate the striking
encrgy, the residual energy may cause instability of
action and may give rise to oscillations which can
cause serious damagc to the weapon.

As explained in the analysis of the short recoil
system of operation, the problem of handling the
kinctic energy possessed by the recoiling parts as they
return to battery can be greatly simplified by timing
the ignition of the next round so that the round is
fired while the recviling parts are still moving for-
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ward. In this way, the large [orces exerted in the
early part of the propellant explosion can be utilized
to stop the recoiling parts or at least can be used to
aid the buffer.

Although the force of the propellant explosion 1s
capable of stopping and reversing the motion of the
recoiling parts without the assistance of a buffer,
there is an important point to consider. The final
counter-recoil velocity of the gun used as an example
is 18.2 feet per second and therefore the momentum
of the 50-pound mass 1s:

50

MV=—<182=283

39 (lh. sec.)

Early in this analysis, it was pointed out that the
total impulse which can be produced by the sample
cartridge is only 35 pound seconds. Therefore, it
appcars that if the propellant explosion were used
alone to stop the forward motion of the recoiling
parts after firing the first round, the impulse remain-
ing to produce recoil would be only 35.0—28.3=
6.7 (pound seconds). Since the impulse produc-
ing recoil is now reduced so greatly, the next
cycle of aperation would be much slower than the
first. However, if the gun continued to operate, it
would soon scttle down to some intermediate rate
at which a dynamic equilibrium is established. The
exact nature of the process is not important here, but
the significant point to be noted is that the rate of
fire of the gun will be decreased because of the fact
that a considerable portion of the explosive impulse
of the propellant is used to stop the forward motion
of the recoiling parts. Thus the advantage gained
by utilizing the force of the explosion to provide a
buffer action can be obtained only by sacrificing
speed of operation.

To avoid cxcessive loss of firing rate, it is generally
advisable to stop the forward motion of the counter-
recoiling parts by means of the explosive force of the
next round. A buffer should also be used so that the
momentum of counter-recoil will be partly cancelled
before the next round is fired. With this combina-
tion of actions, the forward motion of the recoiling
parts can be stopped smoothly without the necessity
of having an impractically hcavy buffer and without
the excessive loss of the explosive impulse required
for producing a high recoil velocity.

Proper functioning under these conditions will re-
quire high precision in timing the firing. Firing too
soon will mean that the buffer will not contribute its
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full share of braking action and too much of the
explosive impulse will be utilized to stop the counter-
recoil motion. The subsequent recoil will therefore
be weak. If, on the other hand, firing occurs too
late, the buffer may be overtaxed and too much of
the explosive impulse will be available for producing
recoill. Recoil will then be too violent. If the
effects of small variations in the time of firing prove
to be troublesome, these effects can be minimized by
utilizing a buffer which is compressed through a
greater distance, thus allowing a greater amount of
time for the action of the retarding force. For ex-
ample, it has been shown above that a 50-pound
mass moving at 18.2 feet per second will produce a
0.250 inch compression in a buffer exerting an
average force of 12,350 pounds. The time {or this
action can be computed as follows:

MV=F_t

MV 283
T F. 12,350

00229 (second)

If the compression of the buffer wcre 0.500 inch
instead of 0.250 inch, the necessary average force
would be one-half of 12,350 or would be equal to
6,175 pounds. The time of action would then be

_ MV_ 283

b= 6175

= 00458 (sec.)

Thus, by increasing the length of the stroke of the
buffer, the retarding action happens more slowly and
a small error in timing will not have as great an

effect.

In the computations leading to the time-travel
and time-velocity curves shown in fig. 2-30, it was
assumed that the recoiling parts were not moving at

125

the mstant of firmg. Therefore these curves repre-
sent the conditions obtained if the buffer alone acted
to stop the forward motion of the recoiling parts.
On this basis, let it be assumed that the buffer used
exerts an average force of 12,350 pounds and that
therefore 1t is compressed 0.0208 {foot, bringing the
recoiling parts to a stop in 0.00229 second (as previ-
ously computed). The recoiling parts are then re-
turned quickly to battery by elastic action as the
buffer regains its original dimensions. ( As pointed
out previously, most of the striking energy of the
recolling parts is dissipated in the buffcr, so that
there 18 no tendency for the recoiling parts to re-
bound.) 'This action isindicated by the last portions
of the curves in fig. 2-30. Note the small overtravel
of the recoiling parts past the battery position. The
total time to complete the opcrating cycle is 0.0522
second and therefore the theoretical rate of fire for
this particular design is:

60

N= 502

=1150 rounds per minute

If the design were arranged so that a small part of
the explosive force of the next round would be uti-
lized to assist in stopping the forward motion of the
recolling parts, the curves would not be quite the
same as in fig. 2-30 because there would be some
loss in the impulse producing recoil. However ex-
cept for this small difference, the computations and
procedures would be the same as for fig. 2-30. 1In
making the computations for such a design, 1t would
only be necessarv to determine in advance what
amount of momentum is to be cancelled by the
explosion and then to subtract this momentum from
the momentum imparted to the recoiling parts at any
mnstant,



CHAPTER 3

GAS OPERATION

PRINCIPLES OF GAS OPERATION

In all machine guns, the fundamental source of
operating cnergy is the high-pressure gas created by
the explosion of the propellant charge. This is true,
in a general sense, of guns opcrated by the blowback
system, recoil system, or any other system of “true
automatic operation” as the phrase is defined in this
publication. Howcver, in spite of the fact that the
ultimate source of operating energy in all machine
guns is the pressure of the powder gascs, the term
“‘gas operation” is reserved for a particular type of
operating systemn in which the pressure of the powder
gases 1s employed in a specific way.

In a typical gun which uses the system of gas
operation, an opening (or ““port” ) is provided in the

When the

side of the barrel as shown in fig. 3-1.

RECEIVER

projectile has passed this opening, some of the high-
pressure powder gases behind the projectile are
tapped off through the hole and pass through an
orifice to act upon a piston or some similar device for
converting the pressure of the powder gases to a
thrust. This thrust is then utilized through a suit-
able mechanism to provide the energy necessary for
performing the automatic functions required for
sustained fire.  These functions include unlocking
the bolt, retracting the bolt, and opcrating the other
portions of the gun mechanism.

The gas operating mechanism can take very many
forms. The most commonly used device consists of
a simple gas cylinder and a piston which is driven
rearward to transfer its energy to the bolt by direct
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impact. In some cases, the piston may be driven
forward instead of rearward, but this does not in-
volve any significant change in the principle of oper-
ation. Ewven the nature of the member which is
acted upon by the gas pressure is subject to great
variation. Instead of being a conventional piston,
this member can be in the form of a sleeve, slide, or
other device arranged to receive an impulse from the
gas pressure. In fact, it is interesting to note that
the floating chamber (such as 1s used in the caliber
.22 modification of the Browning machinc gun) is
in reality a special form of gas piston.

The methods used for transferring energy from
the piston to the gun operating mechanism are also
extremely diverse in form and function. Instead
of transferring energy directly to the bolt, the piston
itself sometimes moves through a very short stroke
and transfers its energy by impinging on an inter-
mediate sliding member or lever. A large number
of devices have been designed to minimize the shock
involved in the energy transfer through the use of
levels, links, or cams. In certain instances, the
shock of transfer is reduced by causing the piston to
load intermediate springs which subsequently trans-
fer their stored encrgy to the mechanism.

The basic principles involved in gas operation can
be outlined by considering the general character of
the pressures and forces which result from the firing
of the cartridge i an elementary gun provided with
a gas port and a piston. Fig. 3—2A shows the con-
dition which exists immediately after the cartridge
is fired. The bolt is rigidly locked to the barrel in
order to support the base of the cartridge casc against
the thrust produced by the explosion of the propel-
lant charge. This thrust, acting on the base of the
projectile, drives the projectile forward., As the
projectile moves through the bore of the gun, the
gases expanding behind the projectile also move so
that the center of mass of the products of combus-
tion travels forward at a speed nearly equal to one-
half the projectile velocity. The same force which
moves the projectile and powder gases forward pro-
duces an equal and opposite reaction which tends
to drive the entire gun to the rear,
known as the recoil force,

‘T'he nature of the recoil force and the manner in
which it varies with time are described in consider-
able detail in Chapter 2. These principles, as stated,
are applicable to any gun (including gas-operated
weapons) in which the bolt remains locked to the

This reaction 18
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barrel for all or a portion of the time the powder gas
pressures act. Therefore, the principles of recoil
will not be repeated here.

As soon as the projectile has passed the gas port,
as shown in figure 3-2B, the high-pressure gases
behind the projectile start to flow into the gas cyl-
mder and to build up a pressure against the piston.
For anv given barrel and cartridge, the rate at
which this pressure builds up depends on a number
of factors. If the orifice is relatively large, the gases
will flow through it freely and easily but if it is small
in diameter, it will produce a marked throttling
effect and restrict the flow of gas so that the pressure
will build up more slowly. The shape of the onfice,
as well as its size, will affect the gas flow through it.
The rate of pressure increase will also be affected by
many other things, such as the pressure difference
between the barrel and cylinder, the volume of the
cvlinder space into which the gases flow, and the
rate of change of this volume as it is influenced by
the motion of the piston. The force exerted on the
piston will be equal ta the gas pressure in the cyl-
inder multiplied by the area of the piston. It should
be pointed out that ordinarily the amount of gas
which flows into the cylinder is relatively very small
and will have no significant effect on the muazzle
velocity of the projectile,

After the projectile has passed the gas port, and
as it moves through the bore and leaves the gun,
the pressure within the barrel decreases. The, man-:
ner in which the pressure decreases for a given pro-
pellant charge will be influenced by the length of
the barrel. For example fig. 3-3 shows the varia-
tions of pressure with time for a typical 20-mm gun
with a barrel length of slightly less than five feet and
fiz. 3—4 shows how the bore travel of the projectile
varies with time in the same gun.

Assuming that the gas port in the gun of the ex-
ample is located 2.5 feet from the point uscd as the
reference for measuring the bore travel of the pro-
jectile, the points marked on the curves show the
time at which the projectile passes the gas port
(0.0016 sccond after ignition of the propellant
charge). Note that the pressure in the barrel at
this instant is 11,000 pounds per square inch. At
the time the projectile leaves the muzzle at 0.00234
second, the barrel pressure has decreased to 5000
pounds per square inch and the residual pressure

continues to act as shown until it falls to zero at
about 0.0080 second.
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THE MACHINE GUN

‘The barrel pressure curve is reproduced in fig.
3-3. The other curve shown in this figure is the
pressure in the gas cylinder. This curve was drawn
under the assumption that the amount of gas which
flows into the cvlinder is too small to have any ap-
preciable effect on the pressure in the barrel and
also that the orifice is fairly large so that the pres-
sure m the cylinder builds up rapidly to a value
which is practically equal to the barrel pressure.
Since the barrel pressure decreases smoothly, the
pressure in the cylinder will remain very close to
the barrel pressure. If the gas port remains open
after the projectile has passed, the pressure in the
gas cylinder will become zero at essentially the same
time the residual barrel pressure becomes zero.  (Or-
dinarily, however, the orifice is relatively small and

=

produces a throttling effect which causes the pres-
sure in the cylinder to remain considerably lower
than the barrel pressure for most of the time of
actiomn, )

Examination of fig. 3-5 will show that the gas
piston is subjected to a driving force for only a very
short interval of time. The pressure starts to act on
the piston when the projectile passes the port at
0.00166 second and ceases to act at about 0.008
second when the residual barrel pressure has
reached zero. Therefore the total time of action 1s
0.00800—0.00166=0.00654 second. For the as-
sumed conditions, it is during this brief interval
that the piston absorbs the impulse imparted to 1t by
the powder gases. Since the powder gas pressure
exists for such a short time, it is not practical to at-
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GAS OPERATION

tempt to use the force on the piston directly for ac-
tuating the gun mechanism. This is particularly
true because the bolt must remain locked for a con-
siderable portion of the time during which the
powder gas pressures are acting. Therefore, the
impulse of the pressure is utilized to impart a veloc-
ity to the piston mass and then, by virtue of the
kinctic energy thus stored in the piston, the piston
can perform the necessary automatic functions even
after the powder gas pressure is gone,

Since the force produced on the piston by the
gas pressure in the cylinder depends on the area
of the piston, the magnitude of the impulse ab-
sorbed by the piston will also depend on the piston
area; the larger the piston, the greater will be the
impulse. The magnitude of the impulse will also
depend on the amount of the pressure and the du-
ration of the pressure and therefore will be greatly
influenced by the size and location of the orifice.
- Moving the gas port closer to the chamber and in-
creasing the size of the onfice will cause the impulse
to be greater because the pressures applied to the
piston will then be higher and these pressures will
act for a longer time.

The amount of cnergy stored in the piston as the
result of the applied impulse will be determined by

the mass of the piston. The lighter the piston, the
greater will be the energy produced by a given im-
pulse. Thus it appears that the conditions of pres-
sure, the location of the gas port, the size and shape
of the orifice, the piston area, and the piston mass
all have an influence on the amount of energy
which can be obtained from the action of the piston.
By praper selection and control of these factors, the
piston energy can be regulated as desired so that
low values or very high values of energy can be
achieved. In fact, it is comparatively easy under
practical conditions to achieve extremely high values
of piston energy in a gas-operated gun. Unless the
gas opcration is carefully controlled, the action of
the piston may be so violent that it can literally
smash the breech mechanism.

In the following paragraphs, the gas system of
operation is described and analyzed by considering
the sequence of cvents which occur in the auto-
matic cycle of operation. As with the other sys-
tems treated in this publication, this analysis is con-
cerned only with the general factors affecting design.
(Detailed descriptions of the mechanisms used 1n
actual guns employing the gas system will be refer-
enced where applicable. )

GAS SYSTEM OF OPERATION

As previously mentioned, the gas system of oper-
ation can employ many types of gas actuating de-
vices. Although the functional characteristics of a
weapon will depend to some extent on the particu-
lar type of actuating device employed, all gas-oper-
ated guns are basically similar in their operation.
Since the gas piston is the most common form of
actuating device, 1t will be used here for purposes
of illustration,

Fig. 3- 6A shows schematically the cssential ele-
ments of a gun which operates by the gas system.
These elements consist of the bolt, an arrangement
for locking the bolt to the barrcl and unlocking it, a
backplate buffer, a driving spring for returning the
bolt to battery, the gas cylinder and piston, a cradle
which permits the entire gun mechanism to move in
recoll, and a barrel spring which returns the gun to
battery. Associated with the barrel spring are buf-
fers which stop thc recoil and counter-recoil mo-
tions of the gun. The other portions of fig. 3-6
show different stages during the cycle of operation.
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Cycle of Operation

The operating cycle of a typical gas-operated gun
occurs as follows:

The cycle of operation starts with a cartridge m
the chamber and with the bolt locked to the barrel
(Gg. 3—6A). When the cartridge is fired, the pres-
sure of the powder gases drives the projectile and
rases forward through the bore and at the same time
drives the entire gun mechanism to the rear in
recoil. During the action of the powder gas pres-
sure, the retardation offered by the barrel spring is
relatively small so that the only really sigmficant
factor in limiting the recoil acceleration is the mass
of the recoiling parts.

NOTE: Although this is a gas-operated gun,
it 18 necessary tD-ptI'I‘niL the barrel and locked
bolt to move in recoil in order to reduce the
force on the gun mounting. In a 20-mm gun
with a maximum chamber pressure of 45,000
pounds per square inch, the maximum recoil
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force driving the gun to the rcar while the bolt
1s locked 1s near 22,000 pounds. This force is
so large that 1t would be impractical to attempt
to hold the barrel in a rigid mounting.

The time at which the projectile passes the gas
port in the harrel will depend on the location of the
port. Ordinarily, this will occur from 0.001 to
0.002 sccond after ignition of the propellant. As
soon as the projectile passes the port, the powder
gases will start to flow into the cylinder and start to
apply a pressure to the piston, thus driving the piston
to the rear. The action of the piston is controlled
in the design so that the bolt is not unlocked imme-
diatcly but unlocking is delaved until the pressure
in the barrel has dropped to a safe operating limit,
0.001 or 0.002 second after the projectile leaves the
muzzle (fig. 3—6B).

After unlocking occurs, the residual pressure
(which has still not reached zero) continues to exert
a force on the piston and also creates a blowback
action on the cartridge case. Shortly after the in-
stant of unlocking, the piston strikes the bolt, so that
the kinetic energy stored in the piston is transferred,
thus imparting a high acceleration to the bolt {fig.
3—6C). After the piston has acted, the barrel and
barrel extension assembly strikes a buffer stop which
absorbs whatever recoil cnergy was not previously
absorbed by the barrel return spring. When the
barrel and barrel extension assembly has becen
stopped, it 1s immecdiately driven forward by the
compressed barrel return spring, and is brought to

rest at the battery position by the counter-recoil
buffer.

At the instant of unlocking, the bolt already has a
considerable rearward velocity because of the recoil
movemcent which occurred before unlocking. This
*inherited” bolt velocity is increased by the com-
bined action of blowback and of the gas piston so
that a high final bolt velocity is produced. The bolt
then continucs to move to the rear by its own mo-
mentum until the opening between the barrel and
bolt is sufficient to permit feeding. As the bolt
moves back, the spent cartridge case is extracted
from the chamber and ejected and the bolt driving
spring is compressed. This spring is relatively light
and its only function is to assist the return movement
of the bolt. Therefore, the driving spring does not
absorb any great portion of the kinetic energy of the
recoiling bolt and the bolt moves through its entire
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recoil distance at high velocity. The bolt then
strikes the backplate buffer and rebounds (fig. 3—
6D). The forward velocity of the bolt immediately
after leaving the backplate buffer is somewhat lower
than the velocity at which it strikes the backplate
because the impact is not purely elastic and some
energy is lost as heat in the exchange.

NOTE: It is important to realize that the
velocity with which the bolt strikes the back-
plate buffer will depend on the condition of
motion of the gun at the instant of impact.
If the gun happens to be moving forward at
this instant, the impact velocity will be higher
than if the gun were stationary or moving
rcarward. It can be seen that il the gun
motion 1s not controlled to insure uniform
velocity at the mstant of contact, the bolt 1m-
pact will be entirely unpredictable and will vary
widely from shot to shot. This could give very
crratic performance and may result in a high
incidence of parts breakage.

As the bolt moves forward after rebounding {from
the backplatc buffer, its motion is aided by the driv-
ing spring. The bolt picks up a fresh cartridge from
the feed mechanism and loads this cartridge into
the chamber. ‘T'he bolt then lacks into the barrel.
Usually it is desirable to time the operation of the
weapon <o that the bolt returns and locks to the
barrel before the gun has reached the battery posi-
tion. 'Then, shortly before the recoiling parts reach
their most forward position, the firing mechanism
is actuated and a new cycle begins.  Since the car-
tridge is fired before the counter-recoil motion is
completed, the forward velocity of the recoiling parts
is first checked by the initial part of the rearward
thrust exerted by the exploding propellant charge
and the recoiling parts are then driven to the rear.
(Timing the firing in this way eliminates the need
for a heavv counter-recoil buffer to absorb and
dissipate the forward kinetic energy of the recoiling
parts.)

Analysis of Gas Operation

From thc theoretical point of view, the gas system
of uperation has many [eatures which make it adapt-
able to a wide variety of weapon designs. This
flexibility of application is due primarily to the fact
that by proper selection of design values, the func-
tioning of the gas actuating device can be controlled
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Figure 3-7. Force Exerted on Piston.

to produce small or very large operating forces and
the timing of these forces can be regulated as desired.
However, there are also certain disadvantages in-
herent in the gas system of operation and any suc-
cessful design must take these disadvantages into
account and make suitable allowances for them. In
the following paragraphs, gas operation is analyzed
to evaluate both the advantages and disadvantages
of the system.

One of the principal featurcs of the gas system
of operation is the large amount of operating energy
which can be obtained from the gas actuating de-
vice. This energy is available because the gas system
makes it possible to tap into the high gas pressure
which exists during the propellant explosion and to
apply this pressure to a relatively light operating
member while the bolt still remains locked. Thus,
energy can be accumulated for later use without
the nccessity for sacrificing rigid support behind the
cartridge case during the carly phases of the pro-
pellant explosion.
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NOTE: By way of companson, it should be
pointed out here that energy is also accumu-
lated in the recoiling parts of a gun employing
the recoil system of operation. Although this
energy is also accumulated during the early
phases of the propellant explosion while the bolt
is locked, the parts which absorb the explosive
impulse in this case are fairly heavy. Therefore,
the amount of energy accumulated for a given
impulse will be relatively small when compared
with the energy imparted by the same impulse
to a very hight gas piston,

An idea of the magnitude of the energies and
velocities which can be achieved by gas operation
may be obtained by considcring a specific example,
In the preceding explanation of the principles of gas
operation, a curve (fig. 3-5) was developed to show
the variation of pressure with time in the gas cylinder
of a sample 20-mm gas-operated gun. (This gun
has a barrel length of slightly less than five feet and
the gas port is located 2.5 feet from the chamber.
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The projectile passes the gas port 0.00166 second
after ignition of the propellant charge. The orifice
i1s assumed to be quite large so that the cylinder pres-
sure quickly becomes practically cqual to the barrel
pressure. )

In order to determine the impulse applied to the
gas piston, let it be assumed that the diameter of the
piston in the example gun 1s equal to the bore diam-
cter, or approximately 0.79 inch.  (This is the rule
of thumb often used in the design of gas-operated
weapons.) The area of the piston will then be ap-
proximately 0.5 square inch. The force exerted on
the piston at any instant can now be determined by
multiplying this area by the pressure {for that instant
shown in fig. 3-5. The force-time curve which re-
sults from plotting these values is shown in fig. 3-7.

If it is considered that the only significant force
initially acting on the piston is the pressure of the
powder gases, the total inpulse applied to the piston
up to any instant can be found by measuring the
area under the curve of fig. 3-7 up to that instant.
The resulting values of impulse can then be used to
plot the impulse curve shown in fig. 3-8. Note that
the total impulse applied to the piston for the sample
conditions is cqual to 5.13 pound seconds.

The amount of energy imparted to the piston by
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this impulse will depend on the mass of the piston.
The lighter the piston, the greater will be the energy
produced by a given impulse.

NOTE: This can be seen by considening the
basic t‘.xl‘:rr:'ﬂsirjns for kinetic energy and im-
pulse:

(3-1)  KE=j MV*

—

(32 I=MY (where I 1s the impulse)

Sulving equation 3-2 for V and substituting the
result in equation 3—1 gives:
1 I

KE—1 M (I— SE
2 M/ 2M

which shows that the kinetic energy produced

by a given impulse 1s inversely proportional to

the mass of the object ta which the impulse is
applied.

If it is assumed that the piston of the sample gun
weighs 1.5 pounds, the final velocity imparted to the
piston at 0.008 second is determined by dividing the
total impulse of 5.13 pound-seconds by the piston
mass: L'hat is:

130322
1.5

=110 {ft./sec.)
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The kinetic energy corresponding to this velocity is:

KE=] MVi=_X:

755 D 1102=282 (it b

These valucs show that with the assumed conditions
of pressure, gas port location, orifice size, piston
area, and piston mass, the piston velocity and piston
energy obtained are relatively high values. It can
also be seen that changing any of these factors
can have a marked effcct on the values of energy
and velocity.  For example, these values could be
increased tremendously by moving the gas port
closer to the chamber, increasing the piston area, and
decreasing the piston mass. Conversely, the piston
velocity and energy could be drastically reduced by
moving the gas port closer to the muzzle, decreas-
ing the size ol the orifice to produce a throttling
effect, increasing the mass of the piston, and decreas-
ing the piston diameter. Thus it is evident that,
theoretically, the design of a gas-operated gun can
be set up readilv to achieve almost any desired magni-
tude of piston energy.

It is of interest from the practical standpoint to
note that the gas port must be located in the center
of one of the rifling grooves. This is important
because of the fact that when the rotating band of
the projectile is engraved by the rifling lands, fairly
large burrs or flashes of copper are formed at the
rear of the rotating band. There is a rclief recess
behind the band to accommaodate these burrs while
the projectile passes through the bore.  (This recess
is sometimes erroneously thought to be provided for
crimping the case to the projectile.) If the port
were in the land of the rifling, the burr formed by
that Jand would be blown into the gas port by the
high-pressure gases behind the projectile as the pro-
Jectile passes the port.  After one or several shots,
this could cause the gas orifice to become clogged or
could interfere with the operation of the piston.

Since the port must be located in a groove of the
rifling, it is necessary in the design of the gun to be
surc that the angular position of the barrel will be
correctly related to the gun mechanism. For this
reason, 1t 18 practically 1mp0551hlﬁ, without redesign,
to change the location of a gas port in a gun which
has already been built. This same consideration
also precludes the possibility of simply rotating the
barrel in its threaded mounting in order to adjust
the gun for correct headspace.

In gas-operated guns, the headspace can be con-
trolled only by selective assembly, using parts 1n
which the dimensional vanations perrmitted under
the manufacturing tolerances will combine in such
a way as to produce the required headspacing. Be-
cause of the difficulty of producing and maintaining
correct headspacing in a gas-operated gun, it is nec-
essary to use lubricated ammunition in order to avoid
cartridge case separations which otherwise wouid
inevitably result. Thisisa very serious disadvantage
which is inherent in the pas system of operation and
its importance can not be overemphasized.

Another real difficulty in most gas-operated guns
is that the throttling effect produced by the orifice is
extremely critical in determining the operating char-
acteristics. The size and shape of the orifice must
therefore be selected with great care and must be
controlled precisely in manufacture. In order to
reducc the maintenance problem, 1t 1s also important
to take steps in the design to protect the ori-
fice from enlargement by erosion and from clogging
as the result of fouling. To simplify maintenance,
many guns are provided with orifice plates which can
be removed readily for cleaning or replacement.  In
some instances, the gun is equipped with a built-in
arrangement for substituting orifices of slightly dif-
ferent sizc so that the gun can be adjusted readily to
compensate for changes in performance due to bore
wear and other causes. In regard to orifice erosion,
it should be noted that the problem of ernsion in-
creases tremendously as the gas port is placed closer
to the chamber.  Although the use of orifice inserts
of stellite, molybdenum, ar similar materials is of
some help in reducing erosion, the severe washing
effect of the high-temperature, high-velocity gas en-
countered in the initial part of the propellant explo-
sion still places definite limit on how close the gas
port can be to the chamber.

The preceding points are primarily concerned
with the amount of energy available from gas opera-
tion and with the design factors related to the posi-
tion of the gas port.  Another important considera-
tion in gas operation is concerned with how the ac-
tion of the piston can be timed so that unlocking and
the subsequent transfer of energy to the bolt will
occur in the correct time relation to the variation of
the chamber pressure. Before entering into the
methods whereby this timing is accomplished, it is
appropriate to consider first what conditions of tim-
ing will produce the greatest functional efficiency.
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First, the mechanism should be arranged so that
the bolt will be unlocked as soon as the chamber
pressure has reached a safe operating limit. This
will aid in obtaining a high rate of fire by eliminat-
ing any unnecessary delay and will also make it pos-
sible to derive uscful bolt energy by utilizing the
blowback effect available from the residual powder
gas pressure. In order to facilitate extraction and
to makc the best use of blowback, it is important to
avold binding or excessive friction between the car-
tridge case and chamber wall after unlocking occurs.
With lubricated ammunition, friction and binding
do not present a problem, but with unlubricated
ammunition, the cartridge casc will always tend to
seize in the chamber. This binding occurs because
the peak chamber pressures and the heat of the explo-
sion expand the case tightly against the chamber, and
since unlocking takes place while there is still an
appreciable residual pressure, the case does not have
a chance to contract sufficiently to permit it to move
freely under blowback., This difficulty can be
avoided by employing an operational feature known
as "mmtial extraction”. When this feature is in-
corporated in the unlocking mechanism, the bolt is
unlocked in two stages. In the first stage, the bolt
18 not unlocked completely but is cammed powerfully
back through just a sufficient distance to cause the
taper of the cartridge case to break free of the
chamber wall. Immediately thereafter, the bolt is
unlocked completely and blowback can occur with-
out difficulty.

The utilization of blowback is limited by the fact
that the cartridge case can not be permitted to
move too far out of the chamber while the residual
powder gas pressure is still high enough to cause
rupture of the casc near the base. The actual limit
on the amount by which the cartridge case can be
permitted to move as it is related to the chamber
pressufe will of course depend on the specific car-
tridge case under consideration. A goad way to es-
timate the limit for a given cartridge case is to con-
sider what pressure could be withstood by the case
when the case has moved just far enough to the
rear to exposc the thin walls near the base. (See
fig. 3-9.) For an ordinary 20-mm cartridge case,
this occurs when the case has moved approximately
0.250 inch to the rear. When the case has reached
this position, it is reasonable to assume that the in-
ternal pressure should not be in excess of 750 pounds
per square inch, in order to be sure that the case

S0E3TH O-——H——-11
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F1 ure 3-9. Limit of Cartridge Case Movement
Hemwu:rd Before Hesidual Pressure Reaches
safe Distance.

will not be ruptured. Fig. 3-10, which is a graph
showing the residual pressure variation with time
for the assumed gun and cartridge, indicates that
the pressure does not fall to 750 pounds per square
inch until 0.005 second after ignition of the pro-
pellant charge. (Of course, in any practical appli-
cation, the actual limiting values for a cartridge casc
should be determined by experiment. )

Having a bolt with a given weight, the bolt move-
ment can be limited as required only by selecting
the proper instant for unlocking. If the bolt is un-
locked too soon, it will receive too great an impulse
from blowback and its average velocity will be so
great that the allowable movement will be exceeded
before the pressure drops to the safe limit. If un-
locking is delayed too long, the impulse imparted to
the bolt will be unnecessarily small and the full
benefit of hlowback will nat be realized. The ideal
unlocking time for a given bolt weight is that which
will permit the bolt to move the full allowable dis-
tance and no more by the time that the pressure has
dropped to the desired level. After the pressure
becomes less than this value, there is no further
danger of case rupture and the movement of the
case need not be limited. In fact, from this point
on, there is no reason for limiting the bolt velocity
except to avoid excessive violence of action and
exorbitant breakage of parts which would occur



THE MACHINE GUN

PROJECTILE
LEAVES 1

5000

MUZZLE

2
°

e
=]
o
o

2000

ASSUMED SAFE
LIMIT IS REACHED

RESIDUAL PRESSURE (LB./SQ.IN)

o
o
o

_....._.I_....._._.._J__.|_

(750 LB./IN.B)

o | |

__-1-_'—-&_

002 .003 004

005 006 007

TIME(SEC )
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during the reversal of the bolt motion at the end of
the recoll stroke.

Since the object of utilizing blowback is to impart
velocity to the bolt, it is of interest to determine what
conditions lead to the attainment of high blowback
velocities. The problem involved in determining
these conditions 13 how to obtain the high velocity
and yet not exceed the allowable bolt movement
(0.250 inch for the assumed conditions). If the
time in which this movement is accomplished is
long, the average velocity of the movement will
necessarily be low. However, if the time for the
movement 1s made very short, the average velocity
may be very large.  For example, suppose the bolt is
unlocked 0.002 second bcforc the safe pressure is
rcached. The bolt can now travel the 0.250 inch
in 0.002 second. That is to say, its average velocity
for this interval must be limited to:

D 250 1 ft.
Vo= Lo12 Zpoe O (sw-,)

Now, assume that the bolt is unlocked only 0.001
sccond before the safe pressure is reached. It can
then travel the 0.250 inch at an average velocity of :
. D250, 1 ft. )
F R e e e — -
Vi t 12 7 .002 20.8 (F-m:'-.,

The preceding examples indicate that, by shorten-
ing the time for which blowback operates hefore

the safe pressure is reached, increased bolt velocity
can be achieved without exceeding the allowance
bolt movement.

Of course, it should be realized that shortening
the time of blowback action reduces the blowback
mmpulse available for producing the velocity.
Therefore, in order to gain an increase in allowable
average velocity by reducing the timc of action, 1t 13
necessary to reduce the bolt weight to make up for
the reduction in the impulse. To illustrate this
point, if the velocity of 10.4 fect per sccond cited in
the first of the preceding examples was obtained with
an 8-pound bolt, it would be necessary (with the
same cartridge and gun) to reduce the bolt weight
by a factor of at least 4 1o obtain the velocity of the
second example, even if it is assumed that the aver-
age blowback pressure is the same for both exam-
ples.  Actually, since the residual pressure decreases
with time, the average pressure for the second exam-
ple would be considerably less than for the first and
therefore a further reduction in bolt weight would
be required. The actual weight reduction factor
would be more nearly in the neighborhood of 6,
giving a bolt weight of only 1.3 pounds. (This
would probably be much too light for a practical
20-mm gun. ]

Thus it appears that a substantial gain in average
bolt velocity can be achieved by reducing the time
af the blowback action, but this can be done only if
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the bolt weight is reduced. Although it is not prac-
tical to attempt to reduce balt weight by an excessive
amournt, it 18 important to realize that efficient utili-
zation of blowback in a gas-operated gun can be of
grcat advantage in attaining the high bolt velocity
necessary for a high rate of fire. However, this ad-
vantage can be gaincd only through precise timing
of unlocking in combination with careful attention
to minimizing bolt weight.

Having analyzed the factors to be taken into
account in determining the time for unlocking, the
next point to consider is the timing of the transfer of
energv from the gas piston to the bolt. In estab-
lishing the timing for this transfer, it is desirable to
keep in mind the requirements for cffective utiliza-
tion of the available blowback action. As previ-
ously pointed out, it is possible to choose the time
of unlocking so that the maximum obtainable im-
pulsc 18 imparted by the residual pressure, this im-
pulse being limited only by the requirement that the
bolt movement must not excced a definite distance
(0.250 inch mn the example) before the residual
pressure has reached a safe limit (750 pounds per
square inch at 0.005 second for the assumed condi-
tions}. Now, assuming that the time of unlocking
is selected 50 as to take full advantage of this max-
Imum impulse, it can be seen that permitting the
piston to act on the bolt before the safe pressure is
reached will impart an additional bolt velocity
which will cause the allowable movement to be ex-
ceeded while the pressure is still dangerously high.
The only way to correct this difficulty would be to
delay further the time of unlocking in order to
reduce the blowback impulse. However, this would
mean that full advantage is not being taken of the
available blowback impulse and the cnergy thus lost
must be obtained from the piston. From the stand-
point of energy alone, this is perhaps not of critical
importance becausc the gas actuating device can
be designed to produce almost any desired amount
of energy. Nevertheless, it is important to realize
that blowback impulse is, in a2 manner of speaking,
“free of charge”, while obtaining additional en-
ergy from the piston can be accomplished only by
paying the full price in terms of increased difficulty
in the design of the entire gas mechanism.

From the forcgoing, it is apparent that the timing
ol the piston action should be arranged so that un-
locking and initial extraction occur at the correct
instant to permit the maximum use of the available
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blowback action. Then, after a suflicient delay to
allow the chamber pressure to fall to the safe operat-
ing limit, the piston should start to transfer energy
to the bolt. Timing the piston action in this man-
ner will result in the most efficient use of available
cnergy and in the least strain on the operating parts
of the gas actuating device. The actual timing of
the piston action is controlled by the distance the
piston travels in performing its functions. Fig. 3—11
tlustrates schematically the basic principles involved
in this timing. As soon as the projectile passes the
gas port, pressure builds up rapidly in the gas cvyl-
inder and drives the piston to the rear. The free
piston travel from point A to point B is propor-
tioned so as to allow sufficient time for the projectile
to leave the muzzle and for the residual pressure to
decrease to the point at which blowback should
start. As indicated schematically in the figure,
when the piston strikes the locking lever at point
B, the bolt is first cammed powerfully back to pro-
vide initial cxtraction and then it is completely
unlocked.  After unlocking occurs, the free piston
travel from point B to point C allows cnough time
for the blowback action to progress until the resid-
ual pressure reaches the safe limit. At this point,
the piston strikes the bolt and the resulting impact
causes the bolt to be driven rapidly to the rear.

Since the timing of the entire piston action related
to unlocking is based on piston travel, it is evident
that any factor that affects the manner in which
the piston velocity varies with respect to time will
have a direct effect on the timing. As has been
explained previously, the piston velocity is influ-
enced by various factors such as the conditions of
barrel pressure, gas port location, orifice size, piston
area, piston mass, and others. To obtain correct
timing, it is essential for all of these factors to be
controlled closely in the design and to be kept con-
stant during the life of the gun by careful mainte-
nance.

As a matter of practical interest, it should be
noted that the problem of obtaining satisfactory tim-
ing in a gas-operated gun is often greatly compli-
cated by the fact that the timing is critically depend-
ent on such a large number of factors. Also, since
the piston encrgy is controlled by the same factors
which affect the timing, considerable difficulty can
be encountered in attempts to improve the perform-
ance of a gas-operated weapon merely by making
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minor experimental changes to the gas orifice or
other individual parts. It will usually be found that
to accomplish any real improvement, a fairly exten-
sive redesign of the entire gun will be required.
The analysis up to this point has been concerned
with the basic factors affecting the amount of piston
energy obtainable and the timing of the piston travel.
‘The next subject for consideration is related to the
conditions under which the piston transfers recoil
energy to the bolt in order to speed the bolt rcarward.
There are a number of things which affect bolt
velocity. First, since the entire gun is permitted to
recoil for the purpose of reducing the forces on the
gun mounting, the bolt is unlocked while all of the
recoiling parts are in motion. Although it is some-
times desirable to think of the subsequent bolt ve-
locity and piston velocity as being measured relative
to the barrel parts, it is always well to remembecr that

the absolute velocity of the barrel parts changes with
time.

The recoil velocity attained hefore unlocking 1s
dependent on the total mass of the recoiling parts
and on the magnitude of the impulsc imparted to
these parts by the propellant explosion up to the
time of unlocking. (The retardation of the barrel
spring will have such a small effect up to the time
of unlocking that the action of this spring can be
ignored for the present.) The magnitude of the im-

140

PISTON
o

—

BOLT

BOLT
LOCK

Principle of Timing Piston Action.

pulse imparted by the propellant explosion is de-
termined by the interior ballistics properties of the
particular cartridge-and-barrel combination em-
ployed. Generally speaking, the more powerful the
cartridge and the longer the barrel, the greater will
be the impulse. The recoil velocity produced by
the impulse is inverscly proportional to the weight
of the recoiling parts; that is, the lighter the recoiling
parts, the higher will be their velocity. Thus, with
a powerful cartridge, long barrel, and light recoihing
parts, the recoil velocity and recoil energy will be
correspondingly high.

In this connection, it is important to realize that
the velocity and energy of the recoiling parts play
an important part in the design of a gas-operated
gun. The tendency in the design of modern auto-
matic cannon is toward higher powered cartridges,
greater rates of fire, and reduced weight. All of
these factors result in greater recoil cnergies and
aggravatce the problems involved in controlling the
gun motions. In a gas-operated gun, the recolil
energy imparted to the gun itself is not used and
especially heavy buffers must be provided to dis-
sipate and control this excess energy. Although 1t is
true that by proper timing of the cycle of operation
it is possible to make some advantageous use of the
recoil velocity inherited by the bolt, this advantage
is morc than offsct by the difficulties resulting from
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the excess cnergy in the other recoiling parts. Ideally,
it would be desirable for a gas-operated gun not to
recoil at all or at least to recoil with a low velocity
in order to minimize the problem of energy dis-
sipation.  In such a case, entire dependence for the
production of bolt velocity could be placed on the
piston and blowback. Unfortunately, the require-
ments of modern gun design as stated above, make
a high recoil cnergy unavoidable, and the designer
of the gas-operated gun is required to make the best
of the situation. (From the standpoint of efficient
design, 1t is somewhat paradoxical that, when the
gas system is emploved, a considerable amount of
energy is accumulated, this encrgy is then discarded
without being used, and finally energy for operating
the gun mechanism is obtained from another
source. )

After unlocking occurs and just before the piston
strikes the bolt, the gun itself, the gas piston, and the
bolt are all moving to the rear. The piston is mov-
ing at much higher velocity than the gun because
of the action of the gas pressure on the relatively
light piston mass. The bolt is also moving at a
higher velocity than the gun because of the effect
of blowback. When the piston strikes the bolt, the
impact causes the piston velocity to decrcasc. The
factors involved in this action can be seen clearly by
considering the fundamental mathematical relation-
ships affecting the conditions of impact. These re-
lationships are expressed as follows:

(3-3)
(3—4)

}i-’[ lvl + 1’1’ ?‘?’2 — }'I IT",'-"'! 1 —I— Pi'Igvfz
— V' = e(V,—Vy)

Equation 3-3 is based on the assumption that the
spring forces, {riction, or other forces acting during
the impact are negligible when compared to the
impact forces. Therefore the net impulse received
during the period of impact is zero and the total
momentum of the system remains the same. M,
and M. are the masses of the piston and bolt, V, and
V. their velocities before impact, and V/; and V’,
their velocitics after impact. FEquation 34 states
that the relative velocity of separation of two bodies
after impact is directly proportional to their rela-
tive velocity of approach before impact. The con-
stant of proportionality is the coeflicient of restitu-
tion, e, and the valuc of this constant depends on
the materials (approximately 0.55 for steel).
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Solving equation 3—4 for V’; gives:
Vi =Vi—e(V,—V))
Substituting the result in equation 3-3 gives:
M, V,4+MVa=M,[V/y—e(V,—V,) ]+ M,V’,
Solving for V’,:

T'\"'T 1V[ + P‘-’Ig"ﬁ‘rg _I_ e B‘J.[l l::“rl - .UI}]

V= M, +M,

(3-5)

This equation may be rewritten in the [ollowing
form:

1+e) V. eV,

V l( + —

(3-6) M, TOOM, T M,
1+ Y ALY MR ¥ 8

Now if V. is zero or is very small when compared
with V1, this equation reduces to:

Vi(l - e)

(3-7) 1"”"‘"‘"_"M

" ,

T,

Examination of equation 3—7 alone might lead to the
erronecus conclusion that the piston mass M1 should
be heavier than the bolt mass M in order to produce
a high bolt velocity Vs, or even to the conclusion
that the final bolt velocity depends only on the ratio
between the masses. However, it must be remem-
bered that the piston velocity V, imparted by the gas
pressure will be inversely proportional to the piston
mass. This factor can be taken into account by
setting V, equal to /M, where I is the impulse of
the powder gases on the piston. It is best to make
this substitution in the complete equation 3 -6 giv-

ing:

__T(1+e)
MM,

f‘*i'z
I ""M1

2
+1 M
M,

v F
(3-8)

Now it can be seen that to obtain a high bolt velocity
starting with a given impulse on the piston, both the
piston mass and the bolt mass should be held to a
minimum and furthermore the last two terms of the
equation show that it is actually better from the
overall viewpoint to have the bolt heavier than the
piston. This is the reverse of the conclusion which

might have been drawn from equation 3-7 alone.
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In order to illustrate the conditions involved in the
transfer of energy, the following example is given:

Let W,=1.5 (Ib.) V,=80 (ft./sec.)
W,=5.0 (Ib.) V,=20 (ft./sec.)
e=0.55 {(for steel)
— V' =e(V,—V,)=_55 (80-20)=33.0
Therefore Vi =V',—33.0
Now, MV, +M,V,=M, V', +M,V’,
or WV, + WV =W, V' +W,V",

1.5%804+5X20=1.5V'+5V,=1.5(V",—-33)+5V’,
6.5V/;=269.5
V', =414 (ft./sec.)
V', =8.4 (ft./sec.)

Thus, it appears that for the sample condition, the
impact between the piston and the bolt causes the
bolt velocity to increase from 33.0 feet per second to
41.4 feet per second and causes the piston velocity to
decrease from 80 to 8.4 feet per second.

It is also desirable to consider the energy effects of

the impact. The kinetic energy lost by the piston is
equal to:
1 -
= 72 f =" - 2 2
E=g M,(V/*—V'/f)= XSZ 5 (80% - 8.4%)

=147.4 (ft. 1b.)

The kinetic energy gained by the bolt is equal to:

M,-; (V'2—V *1——— z 5 (41.47—20%)

“i
=102.0 ({t. 1b.)

It should be noted that the loss in piston energy is
greater than the gain in bolt energy by 45.4 foot-
pounds. This amount of energy is the impact loss
and 1s dissipated in the form of heat. The final
piston energy is equal to:

1.5
32.2

s

F=— M,V E——}{ 8.47

=1.64 {t. b,

This remaining energy is also lost because it is not
uscd for accomplishing any useful work. The ini-
tial kinetic energy of the piston is equal to:

h—— M,V =, >< -—‘x’EﬂL—HQ 1

2322
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Since 122.4 foot-pounds are transferred to the bolt,
the efficiency of the piston action is:

102.0
149.1

The preceding analysis is primarily concerned with
demonstrating the relationships among the various
factors affecting the transfer of energy [rom the
piston to the bolt. For the purpose of this demon-
stration it was assumed that the initial velocities and
masses of the piston and bolt were known values.
However, an actual design problem usually must be
approached from a different point of view. Ordi-
narily the weight of the bolt will be known from a
preliminary design layout, its initial velocity will be
known from a motion study, and its velocity after
impact will be selected on the basis of the rate of
fire requirements, The problem is then to deter-
mine what piston weight and velacity are required
to produce the desired final bolt velocity. These
values can then be used to arrive at the design of the
gas actuating mechanism. The procedure to be
followed in this case is illustrated by the following
example:
Let the following data be known:

Bolt weight, W._____________ - 5 (Ib.)

Initial bolt velocity, V- 30 {{it./sec.)

Desired final bolt velocity, V/.__ 60 {ft./sec.)

Cocfficient of restitution, e 0.55

=05 100=08.4 per cent

—————— -

(3-9) Vi—V' i=e(V,—V,;)
60—V’ =.55V;—.556X30

(3—10) V', =76.5—.55V,

(3-11) W, V,+W,V,=W, V', +W,V’,

W.V,+5X30=W,(76.5—.55V,)+5X60
Solving for V:

(3-12) V=T +49.3
Thus, by substituting the known values and solving
equations 3-9 and 3-11 simultancously, an cqua-
tion is obtained which expresses the necessary rela-
tionship between the initial piston velocity Vi and
the piston wcight Wi, This equation can be satis-
fied by an infinite number of pairs of values for W,
and V; and the problem is to select the particular
pair of values which best suits the practical require- .
ments of the gas mechanism design. To aid In

making the selection it is advisable to tabulate the
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corresponding values of W, and V, along with other
rclated values which influence the design.  This has
been done in Table 3—1 and the results are shown
graphically in figs. 3 12 and 3-13. The other
values In the table and graph were found using the
following formulas:

Velocity of piston after impact:
VI =76.5—.55V,; (f1./sec.)
Energy lost by piston in impact:

W,

Ev=1,

(Vi2—V' 3 (dt/lb.)

Impact loss to heat:
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Initial piston energy:

Final piston energy:

Required gas impulse:
|=M,V, (Ib, scc.)

g V' 2 (ft. 1h))

Wiy
o8 V72 ift. 1b))

Egx=E,—E; (Eg is energy gained by bolt)
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‘The energy gained by the bolt is thc same for all
entries and 1s computed as follows:

%”E (V' —Vyt) —

)

E
H4 .4

(602—302) =194 (ft. 1b.)

The three items of major interest in Table 3-1
and figs. 3—12 and 3-13 are the energy Ei lost by
the piston in the impact, the energy E’, remaining
in the piston after impact, and the impulse I which
must be obtained from the powder gases. The value
of Ev is of prime importance because it is this value
which indicates the severity of the impact. For the
sample conditions, the impact must necessarily be
heavy because 194 foot-pounds of energy must he
imparted to the bolt, but the total energy involved
in the impact must be greater than this value to
allow for the impact loss to heat. Notc from fig.
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3-9 that the value of Er, which is the sum of the
energy transferred to the bolt E¢ and the impact
loss Eu, incrcases rather slowly as the bolt weight
decreases, but finally begins to increase rapidly when
Wi is less than approximately 1.5 pounds. This
would seem to indicate that the piston should be
made quite heavy, However, note that, as the pis-
ton weight incrcascs, the energy E’; remaining in
the piston alter impact becomes quite large. It is
also important to note that the required gas im-
pulse increases rapidly with increase in piston weight.
Both of these factors tend to indicate the desira-
bility of choosing a light piston. To make the
best of the conflicting requirements, it seems reason-
able to choose a piston weight of approximately 2.5
pounds. With this choice, Ev is 270 foot-pounds,
only 20 foot-pounds more than for the 3-pound pis-
The required gas impulse is only 6.8 pound.

tfon.
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Table 3-1. Values Related to Selection of Piston Weight

———amm — e ———— ———— ——

seconds instecad of 10.7 pound-seconds as would be
required for the 5-pound piston. This valuc of 6.8
pound-seconds should be possible of attainment
with relative ease, while a value as high as 10.7
pound-seconds might present difficulties.  Also note
that the piston velacity V’1 and piston energy E’y re-
maining after impact are reasonable valucs, as are
the heat loss Ex and initial piston velocity V..
Having analyzed the factors which are involved in
imparting velocity to the bolt, it remains only to con-
sider the motions of the gnn mechanism during the
completion of the automatic cycle of operation.
After the piston has acted on the bolt, the bolt moves
to the rear at high velocity, travelling of its own
momentum. There is a slight blowback which still
acts on the bolt after the piston impact, and this
action produces a small increase in the velocity of
the bolt motion. The bolt must continuc its rear-
ward motion until the opening between it and the
barrel 1s great enough to permit feeding a fresh car-
tridge. The motion of the bolt must then be re-
versed to load the fresh cartridge into the chamber
and lock the breech. This action of the bolt in a
gas-operated gun is similar in some ways to the cor-
responding action in guns employing other systems
of operation and, although the action has been ex-
plained previously in this publication, the explana-
tion will be repeated here to avoid the inconvenience
of cross-referencing. In some guns, the reversal of
the bolt motion 1s accomplished entirely through the
usc of a relatively powerful driving spring which is
compressed as the bolt moves in recoil. The buffer
and spring absorb the kinetic energy of the bolt over
the full recoil travel, finally stopping the rearward
motion of the bolt when all of the kinetic energy has
becn absorbed. The spring is designed so that this

occurs when the opening is sufficient to permit feed-

|
Wi Vi Vi By
.0 146.0 —3.7 332
1.5 113. 8 14.0 297
2.0 97. 6 22. 8 280 |
3.0 81. 6 31. 6 264
4.0 73.5 36. 1
5.0 68. 7 39.0 249 |

S e ——— —

E, Ey Ex [

332 —0.2 138 4.53

302 4.6 105 | 5.29

296 | 16.15 86 6. 06

310 ‘ 46. 5 70 7. 60

335 81. 0 60 9.13

367 118.1 ‘ 35 10.68 |
| |
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ing. The compressed spring then drives the bolt
forward to complete the operating cycle. This type
of design has a serious drawback from the standpoint
of speed of opcration. Since the bolt is gradually
slowed down by the spring, its velocity varies from
maximum at the beginning of recoil to zero at the
end of rccoil.  (See fig. 3-14, a graph showing how
the bolt velocity varies with time under these condi-
tions.) The fact that the bolt velocity varies from
maximum to zero in the manner illustrated means
that its average velocity will only be slightly greater
than one-half its maximum velocity. In other
words, if this type of action were used in a gas-
operated gun, in spite of all the pains taken to achieve
a high initial bolt velocity, the overall travel of the
bolt would be accomplished at a much lower average
velocity.

To overcome this disadvantage, the bolt driving
spring can be made relatively very light so that 1t
offers a low rectardation and will permit the bolt to
move its entire recoil distance with little loss 1n
velocity. In this case, the function of the driving
spring is merely to provide a positive force which is
just sufficient to insure that the bolt will close.  Stop-
ping the bolt at the end of its travel and reversing its
motion can bhe accomplished by causing the bolt to
rebound from a so-called “backplate buffer”. This
device is in effect an extremely stiff spring which ab-
sorbs all of the kinetic energy of the bolt over a very
short distance and then delivers energy back to the
bolt to propel it forward. The reversing action
produced by the backplate is so abrupt that the effect
may be classified as an elastic impact.

In order to obtain a high rate of fire, it is also
important for the bolt return to be accomplished at
high velocity. If there were no energy losses in-
volved in the reversing action, the forward velocity
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of the bolt after leaving the backplate would be
equal to the velocity at which it strikes the backplate.
This would be the i1deal condition. However, in
actual practice the coefficient of restitution for the
bolt and backplate 15 usually considerably less than
unity and the best that can be expected is a co-
cflicient in the neighborhood of 0.60 or 0.70; that
15, the velocity after impact will be 60 or 70 per
cent of the velocity before impact.  This represents
satisfactory performance, but if the coefficient of
restitution 1s too low as the result of poor backplate
design, the return of the bolt will be sluggish and
the rate of fire will be affected adversely. In this
connection, it should be emphasized that the purpose
of the backplate buffer is to reverse the motion of
the bolt with as little loss of energy as possible.  In
many instances, the term “buffer” is used to refer
to a device which has the primary purpose of dis-
sipating impact energy rather than of conserving
energy to produce an efficient rebound action. For
this reason it might be better to refer to the back-
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plate buffer as a “‘bolt deflector” or “rechound plate”.

The conditions under which the bolt rebounds
from the backplate in a gas-operated gun are ex-
tremely important and must be considered carefully
in the design.  In dealing with these conditions, it is
essential to make proper allowances for the fact that
the entire gun moves in recoil and to time correctly
the motions of the various parts, The necessity for
careful timing arises principally from the fact that
the backplate buller is mounted on the gun and
accordingly moves with the gun in recoil. Since the
position of the backplate is not fixed, it is possible
to have several different conditions of relative motion
and impact, depending on the particular timing used
in the design.

The timing involved in this instance is primarily
dependent on the motion of the gun in its cradle
and is therefore mainly controlled by the action of
the barrel return spring and the recoil buffer. If
the spring and buffer stop the recoil motion of the

gun and start to return the gun to battery before the
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bolt sirikes the backplate, the velocity with which
the bolt strikes will be the sum of the bolt velocity
measurcd with respect to the cradle and the forward
velocity possessed by the gun at the instant of im-
pact. It also should be realized that motion of the
gun in the cradle affects the distance through which
the bolt must move with respect to the cradle in
order to establish the bolt opening required to
permit feeding,

The opposite situation is encountered when the
barrel spring and buffer do not stop the recoil mation
of the gun until after the bolt strikes the backplate.
In this case, the gun is still moving back at the in-
stant of contact and the impact velocity is the dif-
lerence between the wvelocity of the bolt measured
with respect to the cradle and the recarward velocity
possessed by the gun at the instant of impact. Here
again, proper allowance must be made for the fact
that the motion of the gun in the cradle affects
the distance through which the bolt must move with
respect to the cradle.

‘The velocities and movements involved in the
preceding timing arrangements would not cause any
particular difficulty if the conditions of motion re-
mained the same [rom shot to shot. However,
under practical conditions, some variation in the
recoil motion is unavoidable and therefore the rela-
tive velocity with which the bolt strikes the back-
plate will not remain constant and the position of
the parts at the instant of impact will also vary. In
a high-rate-of-fire gun, each cycle of operation has
some effect on the following cycle and under the
conditions of timing described above there is a
strong tendency for any variation to produce even
greater variations. This will cause the gun to
quickly “fall out of step”, with the associated symp-
toms of stuttering and extremely erratic action.
With the gun operating in this manner, the parts
can be subjected to abnormally heavy shocks and
excessive parts breakage is certain to result.

A way to avoid malfunctions resulting from
variations in the gun recoil movement would be to
set up the timing so that the bolt strikes the hack-
plate just at the same instant the recoil motion of
the gun is reversed. If this could be arranged, the
impact would occur while the gun is not moving
and 18 at a definite position, with the result that the
variations described in the preceding paragraph
could have no effect. Unfortunately, when an
ordinary ring spring buffer is used, it happens that
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this timing arrangement causes an even more criti-
cal condition to exist. With a ring spring type
buffer, the velocity of the gun is reduced rapidly to
zero and then the action of the compressed buffer
immediately drives the gun forward, although with
reduced velocity because of the fact that the buffer
absorbs a considerable portion of the recoil kinetic
energy. Fig. 3-15 is a graphical representation of
how the gun velocity varies with respect (o time
during the action of the buffer. Note that on either
side of the instant at which the velocity 1s zero, the
velocity is changing quite rapidly. From this curve,
it 15 evident that even a very slight variation in the
instant that the bolt strikes the backplate can have
a very great effect on the relative velocity of impact.
It appcars, then, that if the timing is such that the
bolt strikes the backplate during the action of a ring
spring buffer, the tendency toward erratic per-
formances is especially pronounced.

The difficulty described above can be avoided by
modifying the characteristics of the buffer. The
major cause of the trouble is that the ring spring
buffer has the steep time-velocity characteristic
shown by fig. 3—15. Tf the buffer is designed to
act over a greater interval of time, some 1mprove-
ment will be gained because the change in velocity
with respect to time will then not be so abrupt.
However, the best results will be obtained if the
time-velocity characteristic of the buffer is as shown
in fig. 3-16. One way to obtain this type of action
1s with a hydraulic buffer designed so that its resist-
ance 1s proportional to the gun velocity, thus pro-
ducing a viscous damping effect. The slight step
in the curve of fig. 3—10 immediately adjacent to
the pomnt of zero velocity, is due to the {act that the
buffer action terminates in such a manner as to
provide the effect of a fixed positive stop. Note
that for a considerable interval on either side of the
istant of zerp velocity, the velocity 1s nearly zero
and changes very slowly. Hence, even if the in-
stant of bolt impact varies slightly over this interval,
therc will still be very little change in the relative
impact velocity. The effect of using this type of
buffer is to cause a hesitation which stops the gun
and backplate at the same place for each shot and
which maintains the gun velocity very close to zero
for an adequate time interval. This effect is
equivalent to providing the gun with a fixed re-
ceiver, thus permitting the conditions of the bolt
impact to be kept under precise control.



THE MACHINE GUN
r ‘ T
GUN ENGAGES
—TRING SPRINGS
T . ' il
| l | =
_ LARGE CHANGE IN GUN
VELQCITY OVER VERY |
SHORT TIME INTERVAL
}.. i - > o J =
-
Q .
o | 1
. |
w
>

TIME

Figure 3-15. Time-Velocity Characteristic of Ring Spring Buffer.

GUN LEAVES

RING SPRINGS

— GUN ENGAGES

BUFFER

GUN VELOGITY
CLOSE TO ZERO

VELOGITY

[ - FOR CONSIDERABLE - |
TIME INTERVAL | l
. |
GUN STRIKES l
STOP |
TIME

BEGINNING OF
COUNTER RECOIL

1 ' '

Figure 3-16. Desirable Time-Velocity Characteristic for Recoil Buffer.

148




GAS OPERATION

The last point to consider in analyzing the action
of a gas-operated gun is the forward motion of the
gun parts. After the bolt rebounds from the back-
plate, both the gun itself and the bolt move toward
the battery position, the gun being driven by the
barrel spring and the bolt travchng of its own
momentum assisted by the action of the bolt driving
spring. During the return motion, both the gun and
the bolt reach rather high wvelocities and conse-
quently acquire a large amount of kinetic energy.
Unless this energy 1s properlv handled and dissi-
pated, the return of the gun and bolt can result in
very damaging shocks and can produce extremely
violent oscillations which will interfere with smooth
operation at high rates of fire.

To minimize the shock produced when the bolt
strikes the barrel, it 1s desirable to arrange the design
so that the bolt will lock to the barrel before the gun
has completed its forward movement. With this
arrangement, the relative velocity of impact 1s lower
than it would be if the gun were stationary and also
the gun is free to yield to the impact.

Now, with the bolt locked to the barrel and with
the entire gun still moving forward, the remaining
problem 1s haw to handle the kinetic energy con-
tained in the gun as it reaches the battery position.
Since the gun will possess a very large amount of
kinetic energy, it would not be feasible to stop the
forward motion by means of a metal-to-metal im-
pact against a part of the cradle. T'o avoid severe
shock and a violent rebound, it is necessary to pro-
vide a buffer action to absorb and dispose of the
cxcess energy in the counter-recoiling gun. This
action can be obtained through the use of a heavy-
duty buffer which is designed to dissipate practi-
cally all of the energy it ahsorbs.

A very effective method of stopping the forward
motion of the gun is to fire the chambered round Jjust
before the gun completes its counter-recoil travel.
When this is done, the recoil forces generated by the
explosion of the propellant charge first stop the gun
and then propel it to the rear in recoil. The action
of the explosion produccs a rapid but very smooth
reversal of motion and provides an excellent means
of disposing of the excess counter-recoil energy with-
out applying any shock to the gun mounting. An-
other important advantage of utilizing the propellant
explosion in this manner in a gas-opcrated gun is that
it greatly decreases the intensity ol recoil. This is
true because a fairly large portion of the explosive
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impulsc is expended in stopping the forward motion
of the gun and therefore the amount of impulse re-
maining to cause recoil is reduced. Of course, even
if the explosion is cmployed to provide the counter-
recoil buffer action, it is still necessary in guns of
large caliber to include a physical buffer to prevent
damage to the gun in the cvent a round fails to fire.
Since the presence of the physical buffer is necessary,
it may be desirable to time the firing so that this buf-
fer assists in the reversing action,

Mathematical Analysis of Gas Operation

Most of the problems encountered in the design of
gas-operated automatic gun can be handled in a
straightforward manner by the same general analy-
tical methods used for the other systems of operation
described in this publication. These methods lend
themselves readily to the analysis of the recoil forces,
blowback effect, energy transfers, and spring data
and can also be applied directly in developing the
theoretical time-travel and time-vclocity diagrams.
However, there is one problem for which no satis-
factory method of analysis is available. This prob-
lem concerns the design considerations related to the
flow of gases and to the build-up of pressure against
the piston or other actuating member. If it were
puossible, it would be highly desirable to be able to
compute exactly what size and shape of orifice should
be used, or to know 1n advance how iae configura-
tion of the passage leading from the barrel to the gas
cylinder will affect the variation of the cylinder
pressure with respect to time. Unfortunately,
accurate solutions to these problems and to prob-
lems of a similar nature can not be obtained analyti-
cally because of the complexities involved in
predicting the low of the turbulent and high velocity
gases produced by the propellant explosion.

Although the fact that the problems described
in the preceding paragraph can not be solved by
mathematical analysis canses a real difficulty for
the designer of a gas-operated gun, this difficulty
is by no means insurmountable. By making the
necessary allowances in the analysis and by the
judicious use of available empirical data, it 1s pos-
sible ta produce a preliminary design which is safe
and vet is arranged to permit convenient modilica-
tion on the basis of experimental firing, It must be
emphasized that this process, when properly carried
out, does not amount to “fumbling in the dark™ or

to making haphazard changes. In the design



THE MACHINE GUN

analysis, the impulse required of the gas actuating
device and the required timing for this impulse are
carefully determined so as to produce the desired
operating characteristics. The object of the cx-
perimental firing is then to adjust the factors which
affcct the impulse and the timing of the impulse so
that the required values will be obtained.

The following pages describe a systematic ap-
proach to the design analysis of a gas-operated gun.
The characteristics chosen for the gun to be used as
an example do not represent any existing design,
but have been selected to illustrate the principles
described in the analysis of gas operation. It is as-
sumed that the gun will be cradle-mounted and will
employ a conventional gas piston which transfers
energy to thc bolt by direct impact. The desired
rate of fire will be taken as approximately 1200
rounds per minute. To illustrate the design pro-
cedures involved when the propellant explosion is
utilized to provide a counter-recoil buffer action,
it will be assumed that the gun will be fired just
before reaching the battery position. The assump-
tion of these characteristics and of other specific
properties of the gun will of course have some in-
fluence on the details of the analysis and as a result,
the particular methods employed may not be di-
rectly applicable in their entirety to other gas-oper-
ated gun mechanisms having a diffcrent arrange-
ment. Nevertheless, gas-operated guns all function
according to the same basic principles and the gun
selected as an example should scrve to illustrate the
approach to a typical design.

The methods which will be used in the analysis
follow the same general lines employed throughout
this publication with the necessary modifications to
adapt the procedure to the gas system of operation.
Primary attention will be given only to the factors
controlling the motions of the principal operating
parts and to the major forces effecting these parts.
Here, as in the other parts of this publication, no
attempt will be made to cover the conventional
methods of machine design by means of which the
results of the analysis are applied in arriving at the
particular physical form of the mechanisms. Also,
no detailed computations are made to cover the
effects of such factors as friction or the incidental
forces imposed on the actuating device by the auxil-
1ary mechanisms such as the feeder, firing device or
locking device. These effects will have only a rela-
tively slight influence on the motions of the main

opcrating parts and, in any case, they can be prop-
erly taken into account in the advanced stages of
a design when the form of the gun mechanism be-
comes fairly well established. At this point, the
results of the preliminary analysis can easily be
modified as desired.

In the design of a gas-operated gun, the weights
of the recoiling parts will have a considerable in-
fluence on performance characteristics and there-
fore it is necessary to have certain weight data before
the analysis can be started. The weights of the
barrcl and its associated parts and the weight of the
bolt are determined largely by the particular con-
figuration selected by the designer and by the re-
quirements for strength, rigidity, and durability.
For this reason, the first step in the design process
should be to design the barrel to withstand the forces
produced by the selected cartridge and then make a
preliminary layout of the entire mechanism. In
making this layout, experience and good judgment
will aid in arriving at a mechanism of practical pro-
portions and will permit the design to be brought
to the point where it is feasible to obtain a fair esti-
mate of what weights will be involved and of what
distance the parts will be required to travel. On
the basis of these data, it will be passible to perform
a preliminary design analysis from which a good
approximation of the operating forces can be ob-
tained. Then, if necessary, these forces can be
taken into consideration in making adjustments to
the design to insure that all parts will have ade-
quate strength. A knowledge of the operating force
will also assist in refining the design to eliminate ex-
cess weight, particularly in such parts as the bolt and
piston where weight has a great influence on the
performance of the gun.

The following analysis is based on the assumption
that a particular cartridge with known character-
istics is to be used and that the desired muzzle
velocity and barrel length have been predetermined.
[t is also assumned that all necessarv interior ballis-
tics data are known and that graphs showing thc
time variation of chamber pressure, projectile
velocity, and projectile bore travel are available

(figs. 3-17,3-18,and 3-19).
NOTE: For some design problems, all or part

of this information may not be available.
Analytical methods by which to approximate
the required data and graphs for use in pre-
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Figure 3-17. Graph of Chamber Pressure Versus Time (20 mm Gun).

liminary studies may be determined by con-
ventional interior ballistics computations.

As the analysis progresszs, its applications will
be illustrated by means of sample calculations. Al-
though these calculations and the related graphs
are for a specific 20-mm cartridge and barrel and
are based on certain assumed wcights and other
characteristics, the general approach described is
applicable to gas operated guns of any caliber. The
calculations cover the following important points:
l. Determination of the conditions of free recoil.

2. Determination of the correct time for unlocking.

3. Computation of data required for design of the
gas actuating device.

4. Determination of data required for timing the
operation of the piston.

J. Selection of characteristics of barrel springs and
bolt driving spring and determination of data for
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backplate buffer and buffers associated with

barrel spring.

6. Development of graphs show how the velocity
and travel of the gun, piston, and bolt vary with
respect to time.

In the course of describing these calculations, the
following [undamental formulas will be developed
and explained.

a. Momentum and velocity relations for time

projectile 1s in bore

b. Formula for determining velocity of free

recoil

c. Expression for duration of residual pressure

d. Formulas for determining spring retardations.

{ Before proceeding, it should be mentioned that
the action of a gas-operated gun up to the time the
piston strikes the bolt is very similar from the
analytical point of view to the opcration of a short-
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Figure 3-18. Graph of Projectile Velocity Versus Time (20 mm Gun).

recoil gun up to the time the accelerator begins its
action. There are certain differences, however,
which result from the influence of the gas actuating
device.  Since these differences make its impracti-
cal to refer simply to the applicable portion of the
short-recoil analysis, a complete analysis of the
entire operating cycle for gas operation will be given
here. Because of the close sitmilanty of the two
systems at some points in the cycle, a certain amount
of repetition of the material covered under short
recoil 1s unavoidable. }

1. Conditions of free recoil

Before considering the actual motions of the re-
coiling parts under the restraint of the barrel spring
and bolt drniving spring, and before analyzing the
effect of firing while the gun is still moving forward,
1t 1s necessary in the following method to determine
first how the recoiling parts would move under the
conditions of free recoil. (For determining the free
recoill motion, it is assumed that the gun is fired
while stationary and is mounted so that it can move
to the rear without friction or any other restraint.)
Under these conditions, the impulse of the recoil
force will impart to the gun a rearward momentum
equal to the forward momentum of the projectile
and powder gases. Until the instant the projectile
passes the gas port, this momentum relation is
expressed by the equation:
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(3-13) MV, =MV, 4+ M.V,

Since the powder gases will be thoroughly mixed
by the turbulence created in the propellant explo-
sion, it is reasonable to assume that the center of mass
of the gases moves forward at one-half the velocity
of the projectile. Actually, this is not quite accurate
because the presence of the enlargement at the cham-
ber and the fact that the rifling does not extend the
full length of the space occupied by the gases creates
a condition in which the volumc of the space is not
uniformly distributed along its length. Neverthe-
less, the assumption is close enough for present pur-
poses. Therefore, equation 3—13 may be rewritten
as:

(3-14) M,v, =Mv,+M, %=(!\-f[,,—l.—}g“) Vi

NOTE: It should be pointed out here that
the momentum equality expressed by equa-
tion 3-14 is not affected by the internal fric-
tional forces opposing the motion of the pro-
jectile and powder gascs or by the force
incident to engraving the rifling band and to
imparting the rotational velocity to the projec-
tile. Although all of these forces retard the
forward motion of the projectile and powder
gases, they produce equal and oppositc reac-
tions on the barrel which result in a corre-
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Figure 3-19. Graph of Projectile Bore Travel Versus Time (20 mm Gun).

sponding retardation of the rearward move-
ment of the gun. In other words, the internal
resistances merely decrease the effective im-
pulse producing motion but they do not cause
any inequality in the forward and rearward
momcntums.

Solving equation 3-14 for v. gives the velocity
of frce recoil for the time before the projectile passes
the port as:

M,
M+,

(3-15) =N

Ve V= —

Equation 3-15 can be used to plot a curve showing
the free recoil velocity versus time for the period
before the projectile passes the gas port. The
weights of the projectile and powder charge are
both known and it is assumcd that the weight of the

rccolling parts has been estimated from a prelimi-

JOB3TH O—06—12
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nary design layout. Also, the velocity ol the pro-
jectile is known from the available ballistic data
(fig. 3-18). Therefore, the ordinate of the free
recoil velocity curve, t, can be found by multiplying
the corresponding ordinate of the projectile velocity
curve by the factor:

W, +-"'-; :

e e

r

Assuming that in the 20-mm gun to be used as an
cxample the estimated weight of the recoiling parts
is 60 pounds and the weights of the projectile and
powder charge are as shown in fig. 3-13, the value
of the multiplying factor is:

'W'U_I_FE‘.‘

070

2

294
- ——=,00542

60
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Therefore, before the projectile passes the gas port,
the free velocity of the recoiling parts is:

It

(3-16) v, =.00542 v, (r

e,

If it were not for the presence of the gas port,
this same equation would apply until the instant
that the projectile leaves the muzzle. However,
after the projectile passes the gas port, the pressure
in the gas cylinder rapidly rises and starts to drive
the piston to the rear. This pressure acts both rear-
ward on the piston and forward on the front pro-
jection of the cylinder bore. Since the piston at this
time does not exert any [orce on the gun (except
perhaps through a relatively weak piston return
spring ), the recarward pressure on the piston does
nol have any effect on the recoiling gun mass. On
the other hand, forward pressure on the front cylin-
der face is transmitted directly to the gun and acts
to oppose the recoil motion. In other words, after
the projectile passes the gas port, the pressure in the
gas cylinder produces a retarding impulse on the
gun which is equal to the impulse imparted to the
gas piston.

The actual magnitude of the retarding impulse
and the manner in which it develops with respcct
to time will depend on the operational character-
istics of the gas cylinder and on the location of the
gas port. At this point in the design, these char-
acteristics are not vet established, so it will be nec-
essary to make a reasonable estimate which can be
corrected later if necessary.,  Experience with

wecapons of this caliber indicates that the impulse
which must be applied to the piston will vary with
time approximately as shown in fig. 3-8. Assum-
ing for the present that this curve is applicable to
the gun of the example, the free recoil curve for the
interval before the projectile leaves the muzzle can
be drawn as follows:

Using equation 3—16, a curve is plotted for the in-
terval from t=0 to t=.00234 sccond as shown in
fig. 3-20. This curve 1s shown dotted alter
t=.0016 second, at which time the assumed curve
of fig. 3-8 indicates that the projectile passes the gas
port. For the interval from t=—.0016 to t—=.00234
second, the changes in recoil velocity produced by
the piston impulse are now computed, dividing the
ordinates of the curve in fig. 3-8 by the mass of the
recolling parts (assuming that the weight of the pis-
ton is negligible when compared to the entire weight
of the recoiling parts}). Thatis:

I U PR R |
M, W, 60
This calculation is performed for selected ordinates
in the interval and the values obtained are subtracted
from the corresponding ordinates of the curve
plotted from equation 3—16. The resulting curve is
shown in fig. 3-20 and is also shown in fig. 3-21.
(In fig. 3-21, the time axis is compressed to show
how the velocity varies after the projectile leaves the
muzzle. )

The manner in which the free recoil velocity varies
after the projectile leaves the muzzle can not be de-
termined from equation 3-16 because the projectile
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Figure 3 20. Free Recoil Velocity While Projectile Is in Bore.
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Figure 3-21. Free Recoil Velocity Before Unlocking.

and a portion of the powdecr gases then are no longer
part of the recoiling system. Since the effect of the
residual pressure can not be expressed in simple
terms, a special method is used to extend the curve
obtained by using equation 3-16 and fig. 3-8. This
method is based on the fact that the results of experi-
mental firings of various guns show that the maxi-

mum velacity ol free recoil may be closely approxi-
mated as:

o 1m . W, V,+4700 W,
(3-17) V, = A
This relationship is equivalent to saying that the
maximum momentum impartcd to the recoiling
parts 1s cqual to the sum of the muzzle momentum
of the projectile and the momentum of the powder
gases, assuming that the powder gases leave the gun
at an avcrage velocity of 4700 feet per second.
Although equation 3-17 gives a good approxima-
tion of the maximum free recoil velocity for most
ordinary guns, it does not take into consideration
the retarding effect of the total impulse produced by
the particular gas mechanism assumed for this de-
sign. It is therefore necessary to subtract the velocity
change produced by this impulsc from the right side
of the equation as follows: |

W,V,+4700 W, I

{3‘"1 3]‘ Vrf —*iir H
W, V, 44700 W,—1,
= WeXyh4700 We—l,

where it is assumed that the piston mass is negli-
gible when compared with the total weight of the

recoiling parts. The assumed curve of fig. 3-8 shows
that the total piston impulse is equal to 3.13 pound
seconds. Evaluating equation 3-18 for the gun of
the example gives:

.
V=2

—16.00 (q{"’é-)

A line representing this value of the maximum
velocity of free recoil is drawn on the velocity graph
(fig. 3-21) and the curve previously drawn from
equation 3-16 and fig. 3-8 is extrapolated until it
becomes tangent to the line. The point at which
the curve becomes tangent rcpresents the time at
which the residual pressure becomes zero and there-
fore imparts no further velocity to the recoiling
parts. Although an error in locating the exact
point of tangency will not have any serious effect on
the accuracy of the results, it may be of some assist-
ance in drawing the curve to determine this point by
using Vallier’s formula for approximating the
duration of the residual pressurc:

1_1

f]ﬂ

(3-19) Tooe= 0 (9400-V,)

For the sample cartridge and barrel :

070

32.2% 4( HD)EXaﬂﬂﬂ

I"EE

(9400 — 2750)= 00592 (sec.)
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To obtain the total ume of action of the [J{J“-’{_ll'_‘l'
gases, this value 1s added to the time at which the
projectile leaves the muzzle:

T reu=.00234 4 00592 = 00826 (scc.)

Extending the original curve untl it is tangent to
the maximum free recoil velocity line at this point
gives the complete frec recoil velocity curve shown
in fig. 3-21.  Actually only a portion of the curve
shown in the figure applies to the recoil conditions
in a gas-opcrated gun because unlocking occurs
before the residual pressure has become zero. It
also must be remembered that the curve obtained
by the preceding method must be checked after the
actual piston impulse curve is obtained.

2. Effect of blowback before piston strikes bolt and
compulation of unlocking time

The next point for consideration is the effect on
the bolt velocity of the blowback action which occurs
between the time that the bolt is unlocked and the
time that the piston strikes the bolt to speed it rear-
ward. As pointed out in the analysis of gas opera-
tion, the i1dcal condition for this portion of the blow-
back action is that the bolt should move 0.250 inch
with respect to the barrel by the time that the re-
sidual pressure has dropped to the safe limit of 750
pounds per square inch. (These figures are based
on assumed safe values for a typical 20-mm car-
tridge and should be checked experimentally for
any specific cartridge.)

For purposes of determining the blowback cffcct,

- o

it 15 only necessary to consider the velocity of the
bolt with respect to the gun. For this dctermina-
tion, 1t 1s necessary to know the bolt weight. It will
be assumed here that the bolt weight, as estimated
from the preliminary design layout, is equal to 5
pounds. After the bolt is unlocked, the residual
pressure continues to act on the bolt, but since the
bolt 1= now free of the gun, the recoil force exerted
on the gun by the residual pressure is reduced to
a neghgible value. (The gases expanding at the
muzzle do exert some force on the muzzle face of
the barrel, but in the absence of a gas trap, such as
exists when a muzzle booster is uscd, the impulse
applied to the muzzle face represents a very small
portion of the total impulse resulting from the
residual pressure. )

Fig. 3-10, which is a graph of the residual pres-
sure versus time for the sample gun, shows that the
residual pressure reaches 750 pounds per square
inch at 0.005 second. The problem is to decide
how long before this point the bolt should be un-
locked so that its motion with respect to the barrel
will be 0.250 inch at 0.005 second. This problem
can be solved using the data in fig. 3-22. This
curve is plotted by the same method used for the
curve in fig. 3 21 except that the effect of the
piston impulse is not included. In other words,
this curve represents the free recoil velocity that
would be imparted if there were no gas cylinder.
If the ordinates of the velocity curve in fig. 3-22
are multiplied by the mass of the recoiling parts,
the resulting curve (fig. 3-23) will show the im-
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Figure 3-22. Free Recoil Velocity (With No Gas Cylinder).
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pulse imparted up to any instant by the action of
the chamber pressure. (That this is true may be
seen by recalling the basic relation, I==MV.) Thec
reason for using the special curve of fig. 3-19 to
determine the impulse is that only the chamber
pressure acts on the bolt. Since the piston impulse
is applied only to the gun, it should not enter into
the calculations for the blowback action.

Now, after unlocking occurs, the impulse shown
by fig. 3-23 will be applied almost entirely in chang-
ing the velocity of the bolt. Therefore it is possible
to divide cach ordinate of the impulse curve by the
bolt mass to obtain the new curve shown in fig. 3-
24, (Only a portion of the vertical scale is shown
in order to produce the significant portion of the
curve in a large size.) The actual velocity valucs
shown by this curve are meaningless but between
any two values of time the curve does show what
change in bolt velocity would be produced by the
impulse.

Having the curve of fig. 3-24, it is only necessary
to determine where to place the zero velocity axis so
that the arca between this axis and the curve up to

006

157

007 008 009 TIME (SEC.)

Impulse of Chamber Pressure.

0.003 second is equal to 0.250 inch or 0.0208 [oot.
(Since this is a velocity-time graph, areas under the
curve represent displacement.)  The zero axis can
be located quite simply by drawing a line along the
0.005-second ordinate and measuring the area be-
tween the line and the curve, taking the elements of
area as shown in the figure and working downward
until the area is 0.0208 foot. The abscissa of the
point where the line bounding the lower limit of
this curve intersects the curve is the required time
of unlocking (0.00307 second]. Ordinates meas-
ured above this line are equal to the free recoil
velocity with respect to the barrel imparted to the
bolt by blowback. The curve shows that the gain
in free bolt velocity between the time of unlocking
and 0.005 second is 18.2 feet per second.

It should be noted that although this computation
neglects the effect of the bolt driving spring on the
0.250-inch travel, the resulting error is extremely
small and entirely insignificant.

The data shown in fig. 3-24 are used later in the
computations for completing the bolt motion curves
up to 0.003 sccond. The manner in which the data
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Figure 3-24. Changes in Bolt Velocity Imparted by Blowback and Determination of Time for Unlocking.

are used 1s explained later in connection with plot-
ting the theoretical time-travel and time-velocity
curves for the interval before the piston strikes the

bolt.

3. Selection of barrel spring characteristics and
determination of counter-recoil velocity

Having determined the free recoil condition, the
effect of blowback, and the unlocking time, the next
step in the analvsis is to select the characteristics of
the barrel spring and to determine the counter-
recail velocity possessed by the gun at the instant it
is fired just before reaching the battery position
(advanced primer ignition).

In order to make use of advanced primer ignition
it is necessary to sclect the barrel spring character-
1stics carefully to insure proper timing of the counter-
recoll motion of the gun. If the spring is too
strong, the gun will reach the firing position too
carly and will be stopped by the mechanical buffer
before the bolt can return, with the result that the

advanced primer ignition effect will be lost,  1f the
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spring is too weak, the barrel will return too slowly,
thus reducing the rate of fire. Within reasonable
limits, however, the choice of the spring character-
istics is not absolutely critical because the timing
can be modified slightly by adjusting the length of
the recoil movement.

The required spring characteristics are deter-
mined as follows: A reasonable recoil travel for the
gun is approximatcly 1.5 inches or 0.125 foot.
Allowing for the fact that the gun is fired a short
distance before it reaches battery, the counter-recoil
travel before firing will be taken as 0.100 foot. At
a rate of fire of 1200 rounds per minute, the time
available for the gun to move through this distance
in counter-recoil is somewhat more than half the
cycle time or approximately 0.030 second. There-
fore the average velocity of counter-recoil must be:

_D_ )
Under the action of the spring, the counter-recoll
velocity will not change at exactly a constant rate

100
030

Sec.

Vo =4.34

t
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and hence the avecrage velocity of counter-recoil
will be slightly greater than half the maximum ve-
locity (say 60 per cent) :

1’?5'4"
.60

ft.

)

L ad

3.33

! max- -ﬁﬂ

=3.04

This means that the final kinetic cnergy of the gun
is:

] 1_,! |}

— 2
5 322}’(&1}4 =26.2 (ft. Ib.)

Practically all of this energy must be supplied by
the expansion of the barrel spring. To producc this
amount of energy by expanding over a distance of
0.100 foot, the spring must exert an average
force of:

KE
d

_26.2
100

Fo—= —262 (Ib.)

Actually, if the spring losses werc taken into account,
the average force required to compress the spring
would be slightly higher than this value. For pur-
poses of this analysis, the cffect of the losses will be
taken into account by adding 30 pounds (approxi-
mately 10 per cent) and it will be assumed that 292
pounds is the average force for compression of the
spring. To produce this average force, the initial
compression may be taken as 200 pounds and the
force at a 0.125-foot deflection as 384 pounds. This
requires a spring constant of :

_]4”2( )nr - —]225(
12 m

In the preceding calculations used for arriving at
the spring characteristics, it was determined that the
velocity with which the gun reaches the firing posi-
tion is 5.54 feet per second. However, when the bolt
strikes the barrel and locks to it the resulting impact
will cause this velocity to increase. Since no infor-
mation is yet available concerning the actual veloci-
ties of the gun and bolt at the instant of impact, it
will be estimated for the present that the velocity
increase is one foot per second and therefore that the
gun will reach the firing paosition with a velocity of
6.54 feet per second. When the cartridge in the
chamber is fired, the impulse exerted by the pro-
pellant explosion must first cancel this velocity be-

fore the gun will start to move to the rear in recoil.

a84—200

K=""125
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4. Effect of using advanced primer tgnition on free
recoil before unlocking occurs

The free recoil velocity curve given in fig. 3-21
shows the velocity which would be produced in the
recoiling parts if the gun were not moving at the
instant of firing. Another way of looking at this
curve 1s that, starting with zero velocity, 1t shows the
change in velocity produced by the impulse of the
propellant explosion. This same change in velocity
would be produced, regardless of what velocity the
gun possesses at the instant of firing. Since it has
been determined that the gun is moving at a forward
(ncgative ) velocity of 6.54 feet per second when it is
fired, its velocity at any instant after firing can be
determined by simply drawing the same curve,
starting at a velocity of —6.54 {eet per second in-
stead of from zero velocity. This has been done to
produce the curve shown in fig, 3-25. Note that the
negative velocity of the gun decreases to zero at
0.00058 second indicating that at this instant the
forward motion of the gun is halted. The gun 1s
then driven to the rear (velocity positive).

It i1s important to point out that the final free re-
coil velocity attained at the instant of unlocking is
now much less than the final velocity that would
have been attained if the gun were not moving when
fired. This effect of using advanced primer ignition
is highly advantageous because the reduction in re-
coil velocity results in a greatly reduced energy in the
recoiling parts, thus simplifying the design of the re-
coil mechanism and permitting a lower trunnion
reaction.

5. Theoretical time-travel and time-velocity curves
before unlocking occurs

Because of the complexities resulting from the
multiplicity of actions during the recoil and counter-
recoil movements in a gas-operated gun, it is not
practical to attempt to derive analytically, expres-
sions for the time to recoil and time to counter-recoil.
Also, such derivations would be extremely compli-
cated unless it is assumed that the initial kinetic en-
ergy is transferred instantancously to the recoiling
parts, ignoring the detailed effects which occur dur-
ing the action of the powder gas pressures. How-
ever, in high-rate-of-fire guns employing the gas sys-
tem of opcration, the time of action of the powdecr
gas pressures is extremely significant and must be
given due consideration in plotting the bolt motion



THE MACHINE GUN

20
15
PROJEGTILE UNLOCKING

o LEAVES OCCURS - - -
ud MUZZLE {81 FT./SEC)
4y}
210
[
I
-
=
S 5
|
w o

0

001 002 003 004 005 TIME (SEG.)
00058 SEC.
-5 FORWARD MOTION
OF GUN HALTED
—6.54 FT/SEC

Figure 3-25. Free Reccil Velocity Before Unlocking (With Advanced Primer Ignition).

curves. A detailed analysis of this type is particu-
larly important because most of the critical actions
and high accelerations occur during the progress of
the propellant explosion and it is thereforc highly
desirable to determine what motion characteristics
may be expected in the initial portion of the operat-
ing cycle.

Since the effects ol the powder gases can not be
expressed by simple equations, a special method is
employed to account for these effects in plotting the
balt motion curves. The method consists essentially
of first plotting a curve of free recoil velocity against
time and then subtracting from each ordinate of
this curve the velocity loss resulting from the retard-
ing effects of the springs.

Thc curve showing the velacity of free recoil versus
time for the time interval before unlocking was de-
veloped previously and is shown in fig. 3-25. This
curve will be used to illustrate the following descrip-
tion of the method.

To determince the retarding effects of the springs,

use 1s made of the law expressed by the equation:
(3—20) Fdt=Mdv

This law states that the change in the momentum
of a mass is equal to the applied impulse (the prod-
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uct of the force and the time for which it 1s applied).
Solving for dv gives:
__Fidt

W=

To obtain the vanation of the change in velocity
with respect to time, this expression is integrated.

_[tRat_1
1—J; M—Mfubdt

In accordance with equation 3-21, the retarding
effect of a force on a given mass can be determined

as follows:
1. Plot a curve showing the variation of the force
with respect to time.

(3-21)

2. Measure the area under the curve between t—>0
and some time t;.
3. Divide the measured area by the mass. This

gives the ordinate of the retardation curve for

the time t,.

. Repeat steps 2 and 3 for other values of t and
plot the retardation curve.

Applying this procedure using the mass of the
recoiling parts and the resistance of the barrel spring
produces a curve showing the loss in recoil velocity
resulting from the action of the spring up to the
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time of unlocking. Since the free recoil velocity
curve shows the gain in velocity resulting from the
thrust of thc powder gases, the difference between
the curves will be the net recoil velocity, or in other
words the velocity of retarded recoil.

The foregoing method would be verv simple if
the retarding force were constant or if the variation
of this force with respect to time were known.
However, when the {force varies with recoil travel
as it does with the type of spring assumed for pur-
poses of this analysis, a difficulty is encountered.
In order to plot a graph showing the variation of the
retarding force with respect to time, it is necessary
to have a curve showing the vanation of the recoil
travel wtih respect to time, and the latter curve is
one of those which yet remain to be determined.

This difficulty can be overcome by employing a
process of successive approximation. While the
powder gas pressures arc acting, the loss in velocity
resulting from the retarding effect of the spring will
be relatively small and will be almost entirely duc
to the constant effect of the imtial compression.
The varying force due to the spring constant during
this interval of time will almost certainly be neg-
ligible but, if necessary, it can be approximated very
closely.

The procedurc for plotting the velocity and travel
curves for the time before unlocking occurs is as
follows:

1. Plot the curve of free recoil velocity versus time
(fig. 3-26).

2. 'The loss in velocity due to the initial compres-
sion of the barrel spring is cqual to:

Fo t
M,

Determine the velocity loss for various values of t,
subtract each from the corresponding ordinate of
the free recoil velocity curve and draw a curve
through the resulting points. If the eflect of the
spring constant proves to be negligible, this curve
is the retarded velocity curve,

3. Integrate under the curve drawn in step 2 to
obtain the displacement curve.

4. Assume that the curve drawn in step 3 represents
the actual time-travel curve and use this curve to
determine the retardation due to the spring con-
stant. Ordinarily, it will be found that this
retardation is so small that it will not have any
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effect worthy of consideration for the interval
before unlocking.

. In the event that the retardation determined in
step 4 1s sufficient to affcct the velocity, use it to
madify the curve drawn in step 2 and then inte-
grate under the new curve to obtain a corrected
displacement curve.

. Steps 4 and 5 can be repeated as often as is neces-
sary until no significant change occurs in the dis-
placement curve. Actually, this process of suc-
cessive approximation should never be necessary
and satisfactory result should bc obtained in the
first three steps or at least in the first five steps.

Fig. 3-26 shows the curves obtained for the gun
of the example for the interval before unlocking.
The total loss in velocity due to the initial compres-
sion of the barrel spring during this interval

(0.00058 to 0.00307 second ) is:
Fult 200 nn24q>< 22.9

_ uf,g( )
SO0

The loss due to the effect of the spring constant as
determined by the method of step 4 is only about
0.013 foot per sccond. ‘The final curves shown in
fig. 3—26 are the result of performing step 3. Since
the velocity loss due to the effect of the spring con-
stant is so small, step 5 need not be taken. The
curves show that the velocity at the instant of un-
locking is 7.9 feet per second and that at this in-
stant the gun has travelled 0.01492 foot in recoil
(0.179 inch).

6. Theoretical time-travel and time-velocity curves
after unlocking and selection of bolt dnving
spring characteristics

After unlocking occurs, the gun and bolt are
essentially independent of each other, except for the
relatively small interaction between them through
the bolt driving spring. Since the bolt is unlocked,
the gun itsell is no longer affected appreciably by
the pressure of the powder gases and therefore its
frec recoil characteristic is to continue moving at
the same velocity it had at the instant of unlocking.
This is indicated in fig. 3 27 by the fact that the free
gun velocity curve after unlocking is a horizontal
line. The free bolt velocity curve of fig. 3-27 is ob-
tained from the data shown in fig. 3-24 by adding
to the ordinates of the free gun velocity curve, the
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Figure 3-26. Development of Time-Travel and Time-Velocity Curves for Period Before Unlocking.

corresponding ordinates of the curve in fig. 3-24,
measuring these ordinates above the zero axis.

Before procceding, it is neccessary to select the
characteristics of the bolt driving spring. Since the
only purpose of the bolt driving spring is to assist
the rcturn of the bolt to the battery position, and
since this spring is not required to absorb all of the
bolt recoil energy, the magnitude of the force exerted
by the driving spring 1s not critical in the design.
For this reason, the characteristics of the spring may
be selected more or less arbitrarily. In order to
permit a high rate of fire, the spring should be made
relatively light so that it will not offer a high re-
tardation to the recoil movement of the five-pound
bolt, but on the other hand, the spring should be
heavy enough to provide adequate force for assist-
ing the closing of the bolt. Taking both of these
requirements into consideration, it appears reason-
able that an initial compression of 25 pounds and
a spring constant of 10 pounds per inch should pro-
duce the desired action. If it is assumed that the
bolt must open 10 inches to permit feeding, the
maximum force exerted by the spring will be 125
pounds. This is a reasonable value and is not high

enough to cause excessive difficulty in charging the
weapon.
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In the analysis of the motions after unlocking.
two factors must be taken into consideration.  First
at the instant of unlocking, the barrel spring has
been compressed 0.01492 foot (fig. 3-26). This
means that from the time of unlocking on, the initial
compression of the spring must be increased by the
effect of 1ts spring constant for this deflection.
That 1s:

F,,=2004.01492122.5X12=2004-22=222(1b.)

Second, it should be realized that after the bolt is
unlocked, the force of the bolt driving spring exerts
a rearward thrust on the gun. Although this force
1s relatively small at first, it should be taken into

account by subtracting the initial compression of
the driving spring from that of the barrel spring and
subtracting the effect of the spring constant of the
driving spring from that of the barrel spring. It
should also be remembered that the movement which
must be considered in determining the force pro-
duced by the bolt driving spring is the relative travel
between the bolt and gun.

Except for the differences noted in the preceding
paragraph, the retarding effects of the barrel spring
and bolt driving spring are determined by the same

FT)

TRAVEL
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general method as used before unlocking. The total
loss in gun velocity due to the corrected initial com-
pression of the barrel spring during the interval be-
tween unlocking at 0.00307 second and the impact
of the piston on the bolt at 0.005 second (an inter-
val of .0050—.00307=0.00193 second) is:

=223 (

‘The loss due to the combined cflects of the spring
constants as determined by the methods of step 4
modified to account for the difference described in
the preceding paragraph is only about 0.0446 foot
per second. The final gun motion curves shown in
fig. 3-27 are the result of performing steps 2 and 3.
Since the velocity loss due to the effect of the spring
constants is so small, it is not necessary to take step 5.

The retarding cfiect of the bolt driving spring is
found as follows: Step 2 is performed to determine
the bolt velocity loss due to the effect of the initial

compression. The total loss between the instant of

F,

_te_ (222—25)X32.2X.00193
M,

—

ft.
sec.

v t

40
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unlocking and the instant the piston strikes the

bolt 1s:
ft.
(i)

Next step 3 is performed and then the relative move-
ment between the gun and bolt 1s determined by
subtracting the gun travel curve from the bolt travel
curve, The relative movement curve can now be
uscd to perform step 4.  The loss found 1n this way
is only about 0.012 foot per second. Since the
velocity loss due to the effect of the spring constant
is so small, it is not necessary to take step 3.

The final curves shown in fig. 3-27 indicate that
at the instant the piston strikes the bolt, the bolt
velacity is 25.8 feet per second and the velocity of
the gun is 7.7 feet per second. The bolt has moved
0.0507 foot to the rear and the gun has moved
0.0302 foot. The relative movement is 0.0207 foot,
or very close to the allowable movement of 0.0208

foot (0.250 inch).

F,
2

Vo b

25X 32,2;{ 00193 __ 210
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7. Impact of piston on boll

When the cycle of operation has progressed for
0.0005 second, as described up to this point, the
residual pressure has decreased to the assumed safe
operating limit of 750 pounds per square inch and
it is now possible to increase the velocity of the bolt
without danger of rupture of the cartridge case. It
should be noted that, at 0.005 second, the residual
powder gas pressure has not vet reached zero and
therefore some blowback action will occur during
and after the impact of the piston.

The first point to consider is what bolt velocity
is desired aftcr impact in order to obtain the re-
quired rate of fire. For the specified rate of fire of
1200 rounds per minute, the time available for the
bolt to complete its rearward travel is about 0.022
second (slightly less than half the cycle time). The
required bolt travel with respect to the gun to pro-
vide an opening sufficient for [eeding will be taken
as 10 inches (0.833 foot). Since the gun recoils
1.5 inches or 0.125 foot, the total halt travel is
B334-.125=.958 [oot. At 0.005 second the bolt
has already moved 0.0507 foot and therefore the
remaining travel of 0.907 foot must be accomplished
in 0.017 second. This means that the bolt must
move this distance at an average vclocity of :

)

The effect of the bolt driving spring on the bolt ve-
locity can be estimated as follows: The initial com-
pression of the spring at the instant of piston impact
is equal to:

53.3 (1t
sec,

D .907

.7

-
¥am==

F/,=F,,+ DK, =25+ 0207 %X 10X 12

—251-2.48=27.5 (Ib.)

The force exerted by the spring at a 10-inch deflec-
tion is

F=25+10X10=125 (Ib.)

Therefore, the average force of the spring (taken
with respect to time ) over the 0.018 second required
for completion of the holt travel may be estimated
roughly as:
125+ 27.5
=

§1.2 (1b.)

(This estimate is not exact because the velocity of
the movement will not be constant over the interval,
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but 1t is close enough for present purposes.) The
velocity loss caused by the action of the driving spring
can now be estimated by using the formula:

—s.80 (1
sec.

It will be recalled that there will still be some
blowback action after the bolt impact. As shown
in hg. 3-24, the action of blowback after (.005
second will increase the bolt velocity by approxi-
mately 7.5 feet per second. Therefore, the net loss
of bolt velocity after impact will be the difference
between the loss produced by thé spring and the
gain produced by the remaining blowback action
or 8.89—7.5=1.4 feet persecond. Since the loss 1s
approximately 1.4 feet per second and the desired
average velocity 15 33.3 feet per second, the velocity
after the piston impact should be 53.341.4/2=054
feet per second. To allow for the time of action of
the backplate, this velocity will be taken as 55 feet
per second.

The following data are now available for deter-
mining the conditions of piston impact:

Bolt weight, W.=5 (1b.)

Initial bolt velocity, V,-=25.8 {ft./sec.)

Desired final bolt velocity V/,=55 (ft./sec.)
Since the parts will be of steel, the coefficient of
restitution, e, will be taken as 0.35. Using these
data, computations are made by the same methods
described in the analysis of gas operation. 'The
equation expressing the relationship between the
piston velocity V. and the piston weight W, is found
as follows:

_ Fuxt_ 81.2X.0170<32.2

V=" = 5

V=V i=e(V,—Vy)
55—V’ = _55(V,—25.8)
V' =69.2— 55V,
lel + ":"Tﬂ Ve - “‘rlv 11 + WaV’,
W, V,+5X25.8=W,(69.2— .55V} 5> 55

942

V= W,

+44.6

Various values of V1 and W1 which satisty this equa-
tion are listed in Table 3-2 and are also shown
graphically in figs. 3-28 and 3-29. The other values
shown in the table and graphs were found using the
following formulas:

Velocity of piston after impact:

V', =69.2- 55V, (ft./sec.)
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Energy lost by piston in impact:

W,

L = ;:'L_r
~ o

K

Initial piston energy:

(V2—V"% (ft. 1b.)

L Wiy
Ei= ) Vit (fi. 1b)

Final piston energy:

W,
B=_
I gg

(ft. Ib}

Impact loss (to heat ) :

W, . |
E[I — I'J[‘_ I"I...G

Required impulsc:

1=M,V,

(ft. Ib.)

(Ib./sec.)

o

- @
REQUIRED IMPULSE OF POWER GASES (LB.SEC.)

o

o

b

]

The energy gained by the bolt is the same for all

entries and is computed as follows:

I | .
Eq— 2 {1‘ 12_1'1'33""*
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5
4.4

- (55°—25.21=182 (ft. 1b.)



THE MACHINE GUN

——— ———— — s — S — e —————— — e —

Table 3-2. Values Related to Selection of Piston Weight
_ — S _ R

= e

_,,..
3 ‘
e

ENERGY(FT. LB.)

'1\;!': EL i E‘[ EJI . _F‘H : I. !
o | ) S - |
1.0 138. 8 —7.1 208 . 299 ‘ 0. 76 116 4. 31
1.5 107.4 10. 1 267 269 | 2,37 85 5,00 |
2.0 1. 7 18. 2 251 261 | 10, 3 69 5,70
2.5 82.3 23,49 241 203 , 22.1 59 6. 38
3.0 76. 0 27. 4 254 . 269 : 35.0 - 52 ! 7.07
4.0 68. 1 31.7 226 289 62, 4 44 8. 45
5.0 63. 4 34,3 221 | 312 91. 3 39 9. 85 |
| ] | - o i B
|
[ SELECTED ! l
VYALUE :
280 } L
| .
E|
240 '
200 1 EH
| . |
160
E|
120 T . 3 }
Ec
80 |-
40 I
i * ok ] i
0 i 2 3 4 5 PISTON WEIGH™
(LB.)

Figure 3-29. Distribution of Piston Energy for Various Piston Weights in Gun of Example.

166



Consideration of the values in Table 3-2 and of
the graphs of figs. 3-28 and 3-29 indicate that a
piston weight of 2.0 pounds is a reasanable choice.
This choice is based on the same factors explained
previously in the analysis of gas operation.

8. Design of gas mechanism and analysis of piston
motion

Having dctermined the desired piston weight
(2.0 pounds) and velocity (91.7 feet per second),
the gas mechanism must be designed to produce
this velocity. "The design process consists essentially
of determining the location of the gas port, selecting
the orifice size, and establishing the piston area so
that the impulse applied to the piston by the gas
pressure will be of the correct value te produce the
desired wvclocity. In the design, due allowance
should be made for friction losses and for losses in
piston energy resulting from operation of the un-
locking device, but these losses will he neglected for
purposes of this analysis.

As pointed out at the beginning of this mathemat-
ical analysis, the factors controlling the flow of the
powder gases through the gas port and orifice 1nto
the gas cylinder can not be handled in a simple man-
ner by direct computation. However, it is possible
to analyze the piston motion and determine the
necessary impulse on the basis of a conservative as-
sumption of how the pressure will rise in the gas
cylinder in the presence of an orifice with a reason-
able throttling action. When the gun is actually
dcveloped, the actual orifice size required to pro-
duce the necessary impulse can be determined by
experimental firings; starting first with a very small
orifice and gradually increasing its size until the
desired action is obtained.

As a starting point for the theoretical design, let
the distance of the gas port be set so that the pro-
Jectile will pass the port after a bore travel of 2.5
feet. As shown in fig. 3-19, this will occur at
0.00166 second. At this instant, the gun has ac-
quired a recoil velocity of 6.4 fect per second | fig.
3-26). Since the piston moves in recoil with the
gun, the piston has this initial velocity at the time
the powder gas pressure starts to act on it.  Fig, 3-30
shows a portion of the variation of the barrel pres-
sure with respect to time and also shows a reasonable
assumption of how the throttling effect of the orifice
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e

will affect the rise of pressure in the cylinder. The
design must be arranged so that the pressure, acting
between (1L.00166 second and 0.005 sccond, will
increase the piston velocity from its initial value of
6.4 feet per second to a final value of 91.7 feet per
second.

The impulse of the gas cylinder pressure on a
piston of unit area (one square inch) can be found
by integrating under the pressure curve between
limits of 0.00166 second and 0.005 second. 'This
impulsc is approximately 6.0 pound seconds. Now
to increase the velocity of the piston (weight 2
pounds) from 6.4 to 91.7 feet per second requires
an impulse of:

2

(91.7—6.4)=5.3 (Ib./scc.)

‘This will require a piston area of:
—— | =884 (eq. 1.
The pston diameter to produce this area 1s:

X882 106 (in.)

A
=V
This piston diameter is of reasonable size [only
slightly larger than the gun bore diameter of 0.79
inch). It should also be noted that the impulse
produced by the gas cylinder (5.3 pound-seconds) is
sufficiently close to the impulse assumed tentatively
in paragraph 1 {5.13 pound-seconds) that it will not
be necessary to revise fig. 3-21.,

On the basis of the pressure curve of fig. 5-310), it
is now possible to determine the piston motion.
Since the gun velocity changes during the interval
between the start of the piston movement and the
impact of the piston on the bolt, it is advisable to
consider the absolute movement of the piston (with
respect to the cradle).
of the gas cylinder pressure curve by the area of the
piston {0.884 square inch) would give the force on
the piston at any instant. Dividing bv the piston
mass and integrating under the curve will give the

Multiplving each ordinate

change in piston velocity produced by the pressure.

That 1s5;

s PA
M

AY dt
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Figure 3-30. Assumed Pressure Rise in Gas Cylinder.

The velocity curve shown in fig. 3-31 is the result
of performing this operation and adding the velocity
changes so obtained to the initial velocity of 6.4 feet
per second. The piston travel curve was obtained
by. integrating under the velocity curve. For con-
venient reference, the piston travel and bolt travel
curves |obtaincd from fig. 3-27) are both drawn
on the field ol fig. 3-31. Comparing the relative
movements shows that the free travel of the piston
before actuating the unlocking device must be 0.036
foot or 0.432 inch (distance AB in fig. 3-11). The
piston must then have an additional free travel of
0.132 foot or 1.504 inches before it strikes the bolt
(distance BCin fig. 3—-11). This free travel permits
sufficient time for blowback to occur while the re-
sidual pressure is decreasing to a safe operating
limit.

9. Theoretical time-travel and time-velocity curves
after piston impact

In order to determine the theoretical time-travel
and time-velocity curves after the impact of the
piston, it is necessarv to consider the gun motion
and bolt motion simultaneously. As shown in fig.
3-27, the velocity of the gun at 0.005 second 1s 7.7
feet per second and from this instant on the free
recoll velocity may be represented as a horizontal
line. {See line designated as step | in fig. 3-32.)
At 0.005 second the travel of the gun is 0.0302 foot
and at this displacement the force of the barrel
Spring is:

Fo, 4+ K, D =200+ 122.5X12.0302—244.5 (Ib.)
For purposes of determining the gun motion from
0.005 second on, this force of 244.5 pounds can be
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Figure 3-31. Time-Travel and Time-Velocity Curves for Piston Before Impact With Bolt.

considered to be the initial compression of the spring.
However, since the bolt is free of the gun, the force
of the bolt spring acts rearward on the gun and
must be subtracted from the barrel spring force.
At the instant of impact the bolt opening is 0.0208

foot. At this deflection, the force of the driving
Spring Is:

Fo,4- KD =25+ 10120208 — 27.5

Subtracting this force from the corrected initial
compression of the barrel spring gives an cffective
initial compression of 217 pounds. The retarding
effect of this force on the gun can be computed by
the same methods used for developing the motion

2a8a7hH O—HG———-13
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curves before piston impact. The velocity loss due
to the initial compression will be:

V= 5 t=127 t

That 1s, the effect of the initial compression causes
the gun recoil velocity to decrease at the rate of 127
fcet per second. This loss is shown in fig. 3-32
by the curve designated as step 2 for the gun,
When the piston strikes the bolt, the bolt velocity
will be increased from 25.8 feet per second to 33
feet per second. This action will occur practically
instantancously as shown in fig. 3-32 by the vertical
line at 0.005 second. After the impact occurs, the
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residual pressure still continues to act untl 0.00826
second and mmparts an additional free bolt velocity

of 7.5 feet per second.

(Cf. fig. 3-24.)

This in-

crease 18 shown by the curve designated as step 1
in fig. 3-33. Note that after the residual pressure
has decreased to zero, the free recoil curve is a hori-
zontal linc, indicating that the bolt tends to continuc
moving of its own momentum at the maximum

velocity of 62.5 feet per second.

At the instant of impact, the bolt has moved
0.0208 foot with respect to the gun and at this dis-
placement, the force of the holt driving spring 1s:

I+ KoD=25-+10%12<.0208 -27.5 (Ib.

)

For developing the bolt motion curves alter the
impact, this force of 27.5 pounds can be considered
to be the initial compression of the spring and the
retarding effect af the spring can be determined by
methods similar to those used before the impact.
The velocity loss due to the initial compression will

That 1s, the effect of the initial compression causes
the bolt velocity to decrease at the rate of 177 feet
per second. This loss is shown in fig. 3-32 by the
curve designated as step 2 for the bolt.

To determine the effect of the spring constants,
allowance must be made for the time that the bolt is
moving. The force exerted on the bolt and gun by
the driving spring will therefore depend on the rela-
tive movement between the bolt and gun. The first
step is to use the curves designated as step 2 to obtain
a first approximation of the gun and bolt travels
(curves designated as step 3 in fig. 3-32). The first
approximation of the relative motion between the
gun and bolt is obtained by subtracting the gun travel
curve of step 3 from the bolt travel curve of step 3.

The efTect of the springs on the gun is obtained by
performing step 4 in a special way. First, the method
of step 4 is applied using the spring constant for the
barrel spring, the gun mass, and the barrcl travel
curve of step 3. This gives the loss in gun velocity
due to the barrel spring.  Second, the procedure 1s

be: emploved again using the spring constant for the bolt
F, 27.5%32.09 driving spring, the gun mass, and the relative travel
V—'IL-I e curve. This gives the gain in gun velocity due to the
BOLT STRIKES
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Figure 3-33. Time-Travel and Time-Velocity Curves for Gun and Bolt Up to Instant Bolt Strikes Backplate.,
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force of the bolt driving spring. The actual loss in
gun velocity is obtained by subtracting the gain due
to the bolt driving spring from the loss due to the
barrel spring. This loss is subtracted from the gun
velocity curve designated as step 3 to give the final
velocity curve designated asstep 5. Since the change
in the velocity curve is so slight, it is not necessary to
modify the gun travel curve and the curve designated
as step 3 can be used as the final gun travel curve.

The efTect of the spring constant of the bolt driving
spring is obtained by using the relative travel curve in
performing step 4 to obtain the bolt velocity curve
indicated as step 5 in fig. 3-32. The final travel
curve (also designated as step 5) is found by inte-
grating under the velocity curve. Since the perform-
ance of step 6 produces a negligible change in the
curves, the curves drawn in accordance with step 3
represent the effect of the driving spring on the bolt
motion.

Fig. 3-33 shows the velocity curves for the bolt
and gun and shows the travel curves obtained by
adding the travels shown in fig. 3-32 to the bolt
travel and gun travel at the instant of bolt impact
(0.0509 for the bolt and 0.0305 for the gun). Hav-
ing the final travel curves it is now possible to deter-
mine at what instant the bolt will reach the back-
plate. To strike the backplate, the bolt must move a
distance of 10 inches (0.833 foot) with respect to
the gun. Fig. 3 23 shows that this relative move-
ment occurs at 0.021 second {which is close enough
to the value of 0.022 sccond previously estimated ).
At the instant of contact, the recoil travel of the gun
as shown in the figure is equal to 0.125 foot {which
is equal to the 0.125-foot displacement cstimated
near the beginning of the analysis). Because of the
good agrcement obtained between the estimated and
computed values, it will not be necessary to adjust
any of the computations made up to this point in
order to obtain the desired rate of fire and the re-
quired timing of the movements. Note that the ve-
locity with which thc bolt strikes the backplate is
54.5 feet per second and that the velocity of the gun
at full rccoil is 5.2 feet persecond.

10. Analysis of events at end of recoil

The purpose of the backplate buffer is to reverse
the bolt mation at the end of the recoil stroke with
the minimum possible loss of time and energy. In

the analysis of gas opcration, it was pointed out
that although the reversing action is accomplished
almost instantaneously by causing the bolt to re-
bound from an extremely stifl elastic member, the
impact is accompanied by a loss of encrgy with the
result that the velocity of the bolt after impact will
be at best approximately 6() per cent of its striking
velocity.

Since the velocity of the bolt before striking the
backplate is 54.5 feet per sccond, the momentum
of the bolt is:

M v=3§+—ﬁ>< 54.5=8.45 (Ib. sec.)

Assuming that the coefficient of restitution of the
backplate is 0.60, the velocity of the bolt after im-

pact will be:
ft. )
sec.

The momentum of the bolt will then be:

V=.60<54.5=32.7

MV — 25 X32.7=5.00 (Ib. sec)
Thus, in the reversing action of the backplate, the
change in bolt momentum is equal to 8.454-5.09=
13.54 (Ib. sec.). [f the entire reversing action
occurs in 0.001 second, the average force exerted
on the backplate must be:

13.54

—=13.540 (Ib.
001 13,540 (1b.)

The striking energy of the bolt is:

5

"'_] g 2_}‘ o [, A — l
T{"ihmg MY _EXHE.EX‘ 4.5°=230 (ft. 1b.)
If it is assumed for purposes of estimation that the
backplate offers a constant resistance of 13,540
pounds, the deflection of the elastic member under

the impact will be:

%%20—'.01?0 {(ft.) or approximately ¥s (inch)
The data derived above are used to complete the
bolt motion curves for the 0.001-second interval

assumed for the action of the backplate. The curves
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Figure 3-34. Complete Time-Travel and Time-Velocity Curves for Gus-Operated Gun.

arc shown in fig. 3-34 which gives the theoretical
time-travel and tume-velocity curves {or the com-
plete cycle,

As explained in the analysis of gas operation, the
gun motion must be controlled so that the gun
recoill movement is halted just as the bolt strikes
the backplate and proper buffer action must be
provided so that the gun velocity will be kept low
for a reasonable amount of time before and after
the bolt impact. This arrangement is necessary in
order to insure that slight variation in the instant
at which impact occurs will not cause crratic re-
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bound action. No attempt will be made here to
design an actual buffer but it will be assumed that
a hydraulic buffer is used to produce the velocity
characteristic shown in fig. 3 34. Instead of per-
mitting the gun to recoil the entire distance opposed
only by the barrel spring as shown in fig. 3--33, the
hydraulic buffer starts to act at 0.18 second and
reduces the gun recoil velocity from 5.8 feet per
second to zero at 0.0210 second. At this point a
positive stop is engaged and therefore the impact
of the bolt on the backplate does not impart any
rearward velocity to the gun mass. (Note that for
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a considerable time interval on either side of the
instant of bolt impact, the gun velocity is in the
order of only one or two feet per second, which is
very close to zero when compared to the bolt strik-
ing velocity of 54.5 feet per second.)

11. Counter-recoil motions of bolt and gun

While the bolt and gun are moving forward, the
bolt motion i1s influenced by the force of the bolt
driving spring, but thc gun motion is influenced by
both the force of the barrel spring and the force of
the bolt driving spring. (Since the bolt is [ree, the
force of its spring opposes the gun motion.) The
counter-recoil motions are determined by essentially
the same methed previously employed for analyzing
the effects of the springs.

The first step 1s to draw the free bolt velocity
curve which is a horizontal line at minus 32.7 feet
per secand and the free gun velocity curve which
is a horizontal line at zero fcet per second (fig.
3-35). The subsequent procedure must be modi-
ficd slightly because the springs are aiding the mo-
tions rather than retarding them. At the start of
the counter-recoll movement the barrel spring is
compressed 0.125 foot and hence, if the spring losses
were ignored, the initial compression of the spring
for purpose of computing the counter-recoil motion
would be:

Fo 4+ KD =200+ 122.5 12X .125 =383 (Ib.)

However, if 10 per cent is allowed to account for
the spring losses, the force exerted by the barrel
spring at the start of counter-recoill will be 345

pounds. The bolt driving spring is compressed
(1.833 feet and, ignoring spring losses, its force
would be:

Fo.,+K,D=254(1012.833)=125 (Ib.)

Again allowing 10 per cent for the losses, the force
exerted by the bolt driving spring at the start of
counter-recoil will be 112.5 pounds.

Since the bolt 18 free of the gun, the force of
the bolt spring must be subtracted from the barrel
spring force to give the effective force acting on the
gun as 345 -112.5=232.5 pounds. The velocity
gain due to this force would be:

V=i§ g =232:5X32.2 ¢ a5y

Do

The cffect of this gain in velocity is shown in fig.
3-35 by the line designated as step 2 for the gun.
The gain in bolt velocity due to the initial force of
the bolt driving spring would be:

S O 112,5X32.2

Ve=gp b= =00 o
The effect of this gain in velocity is shown in fig.
3-35 by the line designated as step 2 for the balt.

The effect of the spring constants is determined

by using the curves designated as step 2 to obtain a
first approximation of the gun and bolt travels
(curves designated as steps 3 in fig. 3-32). The
first approximation of the relative motion between
the gun and bolt is obtained by subtracting the gun
travel curve of step 3 from the bolt travel curve of
step 3. This relative motion curve is used during
recoil to determine the effect on the gun of the spring
constant for the bolt driving spring. Combining this
effect with the effect of the barrel spring on the gun
rives the gun velocity curve designated as step 5 in
fig. 3-35. Since the change in the vclocity curve
is so slight, it is not necessary to modify the gun
travel curve obtained in step 3.

NOTE: Since the gun is moving forward, the
effects of the spring constants must be apphed
opposite to the way they were applied during
recoil. (Here, the effect of the spring constant
for the barrel spring must be subtracted from
the curve obtained in step 2 and the effect of the
bolt spring constant must be added.) The
validity of this procedure can be demonstrated
by examining the equation expressing the
change in gun velocity due to the effect of the
barrel spring alone.

Ve J‘ I‘t_ig J" F,+K (D-ﬂi) T

where: D is thf: total dlStEll’lEE the spring is
compressed at the start of the torward
maotion;

and, d is the forward movement of the gun
from its rearmost position.

av=.:1 [ (F,4+KD) mu—— f (Kd) dt
_F,+Kd R

= M M
which is the equation defining the procedure

described above for handling the effect of the
barrel spring.

@ at
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The effect on the bolt of the spring constant for
the bolt driving spring is determined by using the
relative motion curve and following the procedure
described in the preceding note. The resulting
velocity curve is designated as step 5 in fig. 3-35.
Integrating under this curve gives the bolt travel
curve designated as step 5.

Fig. 3-36 shows the travel and velocity curves
obtained by using the data in fig. 3-35 to. extend
the curves previously constructed. Note that the
bolt travel values obtained from fig. 3-35 are sub-
tracted from 0.96 foot, which is the displacement
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at which the bolt leaves the backplate. Similarly,
the gun travel values are subtracted from 0.125
foot. 'The travel curves show that the bolt meets
the barrel at (.448 sccond. At this instant the bolt
1s moving at 42 feet per second and the gun velocity
is 3.5 feet per second. The displacement from the
firing position at which the impact occurs is (0.085
foot.

12. Gun motion after bolt locks to barrel

When the bolt locks to the barrel, the gun velocity
15 5.5 feet per second and the bolt velocity is 42 feet
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per second. Since the gun and bolt are locked,
the parts will assume some common velocity which
is determined by the fact that the momentum of the
combined mass after impact will be the same as the
total momentum before impact. That is:

M V.=M,V,+ M.V,
For the condttions of the example:

_.ﬁ[!_ V== 354 T':-‘__><42
32.2 " 3229777 1322

V.=6.7 (ft./sec.)

4]

L

[1.;'! ] |

In the construction of the curves showing the
motions up to the time of unlocking (fig. 3-27) 1t
was shown that the gun is fired during counter-recoil
when 1t 18 still 0.0207 foot from its most forward
position. As shown in fig. 3-34, the gun is 0,0805
foot from the firing position when the bolt locks to
the barrel. Therefore the remaining travel to the
firing position is .085—.0207=.0643 foot. Since
the velocity of the gun is 6.7 feet per second at this
instant, the time required for the gun to travel
0.0643 foot would be approximately 0.009 second.
This time is actually too long for efficient operation,
since the locking action can be completed and thc
effects of the shock of locking can settle out easily
within 0.002 or 0.003 sccond. For this reason, the
gun should be fired at least by 0.050 second as shown
in fig. 3-34. However, at 0.050 second the gun will
not have reached thc 0.0207-foot displacement
shown in fig. 3-27.

This situation arises because it was necessary at
the outset of this analysis to estimate the required
barrel spring characteristics before sufficient data
were available to determine the timing accurately
or to take into account such detailed factors as the
effect of the impact of the returning bolt. The dis-
crecpancy resulting from the fact that the estimate
was not exact 1s slight and for present purposes, the
curves shown in fig. 3-34 show good enough agree-
ment to be used for preliminary design purposcs.
In an actual design problem, better agreement could
be attained by recomputing the curves for a slightly
stronger barrel spring. Having the data shown in
fig. 3-34, a better estimate can be made of the
factors controlling the required strength of the
spring.

The effect of the barrel spring after the locking
occurs 1s determined as follows for completing the
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curves of fig. 3-34. The gun velocity at this instant
has bcen shown to be 6.7 feet per second. As the
gun moves forward, this velocity will be increased
slightly by the force of the barrel spring. Since the
time remaining until the gun is fired is so short, it
will be sufficiently accurate to estimate the cffect of
the barrel spring force by assuming that the average
force will be that which exists at a displacement of
0.04 foot. Thisforceis:

Fo. | K\D=2004122,6X 12 .,04=259 (lb.)

The increase In vclocity produced by this force
will be:

—_— Ir
M
—130

259} 32.2

v 60

t= t

This increase in velocity is indicated by sloping the
velocity curve after locking occurs by an amount
corresponding to a velocity increase of 139 fect per
second. This curve shows that the average velocity
for a considerable interval after locking can be taken
as approximately 7.0 feet per second. Using this
avcrage velocity, the distance traveled by the gun
from the instant of locking at 0.0448 second to the
desired instant of firing at 0.050 second will be:

D=V, t=7.0 (.050—.0448)
=7.0%.0052=.0364 (ft.)

Thus, the position reached by the gun when it is
fired at 0.050 second is 0.8050—.0364=.0441 foot
from its most forward position. The velocity with
which it reaches this position is approximately 7.3
feet per second. As previously explained, these
values differ slightly from the original estimates but
are close enough for present purposes. With the
cycle time of 0.050 second, the rate of fire is 1200
rounds per minute as required.

In conclusion, it should be noted that the curves
shown in fig. 3—-34 represent the motions which oc-
cur after a burst is in progress. The conditions for
the first shot in a weapon which uses advance
primer ignition require special consideration.  Since
the action in this case is based on a forward velocity
of the gun at the instant of firing, the charging
mechanism must be arranged so that the effect of
advanced primer ignition is obtained for the first
shot. TIf this is not done, the first recoil will be
excessively violent.



Chapter 4

ROTARY CHAMBER MECHANISMS

The preceding chapters of this publication are
concerned with the operating and design principles
of automatic weapons which employ a reciprocating
bolt and derive the energy required for full auto-
matic operation from blowback, long recoil, short re-
coil, or gas sources. There is another class of weap-
on, known as the revolver cannon, which 1s sufh-
ciently different from the weapons described up to
this point to merit individual and careful considera-
tion. The principal difference between the revolver
cannen and the reciprocating cannon does not lie
in the source of operating encrgy hecause all ma-
chine guns of the full automatic type described in this
publication use a portion of the energy released by
the explosion of the propellant charge of each round
to clear the weapon and to load and fire the next
round in such a manner as to producc sustained or
repetitive fire. Furthermore, the difference does not
occur in the system whereby the energy is derived
and applied since revolver cannons of the full auto-
matic type obtain the power for their operation from
recoil, gas, or even residual pressure in accordance
with the same principles which are applicable to
guns having a reciprocating bolt type of action. The
real difference between the reciprocating cannon and
the revolver cannon lies in the arrangement of the
mechanical functions constituting the automatic

cycle of operation and in the mechanisms associated
with these functions.

Thus it appcars that the classification of machine
guns into the two groups, reciprocating weapons and
rotary action weapons, represents a different type of
classification than has been used in the preceding
chapters of this publication. In these chapters, pri-
mary attention is given to the systems by means of
which energy is derived from the explosive pressures
developed in the combustion of the propellant charge
and is applied to produce the mechanical motions
necessary for sustained automatic fire. In treating
cach of these systems {blowback, long recoil, short
recoil, and gas), the basic mechanical functions used
to illustrate the application of the operating energy
are the functions associated with reciprocating type
actions. Actually, since these same systems are ap-
plicd in a very similar manner to the actuation of
rotary action weapons, it would have been entirely
possible to cover the application of the recoil, gas,
and blowback systems to rotary action mechanisms
at the same time that their application to reciprocat-
ing mechanisms was described. However, the
problems arising in the design of rotary action
weapons are so special that it is practically manda-
tory to consider them separately.

HISTORICAL BACKGROUND OF THE REVOLVER

In order to provide a background for the de-
scription and analysis of the revolver cannon, a
brief review of the history of this type of weapon
will be given to clarify the factors which led to its
adoption and which affect its relationship with the
reciprocating type of machine gun.

I'ver since the [irst recorded use of firearms early
in the fourteenth century, there has been a need and
a demand for multiple firing weapons. It 1s in-
teresting to observe that many attempts to create
such weapons were made almost immediately after
the application of gun powder to the propelling of
missiles and that multiple fire was originally
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achieved by the simple and rather obvious method
of stacking a number of barrels side by side with an
arrangement for firing the barrels simultaneously or
in rapid succession. Although they were remark-
able weapons in their day, the “orgues des bom-
bardes”, or battery guns, of the fourtcenth century
were extremely heavy and clumsily mounted and
were only moderately successful because of the dif-
ficulties encountered in loading the barrels and 1n
igniting the charges as desired.

During the fiftcenth and sixteenth centuries, little
progress was made in the field of multiple firing
but during this time, attempts were made to place
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a number of barrels in a circular mounting rather
than in the flat mounting previously used. This
expedient made for a more compact and manage-
able weapon but still left much to be desired.
Although the first guns employing circular mount-
ing were in effect merely several independently func-
tioning guns assembled as one unit, arrangements
were soon developed to rotate the barrels about a
common longitudinal axis so that each barrel could

lock era in which the barrels are revolved by hand.
The second gun shown in fig. 4-1 is a seven-barrel
rifle employing flintlock ignition. Each barrel was
fired as it revolved into alignment with a fixed
fimtlock firing system.

At various times throughout the period described
above, many inventors proposed a type of arrange-
ment that was representative of a very important
principle in weapon construction. In order to

Figure 4-1. Matchlock Revolving Gun and Revolving Flintlock Rifle.

be brought successively into position to be fired by
a single ignition device. During the sixteenth,
seventeenth, and eightecenth centuries, many such
arrangements were attempted using the match lock,
wheel lock, and flintlock methods of ignition.
Although none of these arrangements were success-
ful enough to enjoy any wide acceptance, they did
establish the basic 1dea of the revolver-type weapon.
The upper drawing in fig. 4-1 shows the general
appearance of a three-barrel weapon of the match
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avoid the heavy and clumsy assembly that resulted
from placing a number of complete gun barrels in
a single circular mounting, it appears to be natural
and convenient to use but one barrel and to provide
the rear end of the weapon with a cylinder into
which several chambers were bored. These cham-
bers could be loaded separately and then the
cylinder could be rotated so that each charge could
be brought successively into alignment with the
barrel and fired. This principle is the same as that
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used In modern rotary action weapons. Its im-
portance lies in the fact that it provides a rapid and
convenient means for achieving repetitive firing and
at the same time permits the construction of a
weapon which need only be slightly more bulky than
an ordinarv single-shot arm.

In the course of the eighteenth century, there
were a number of notable advances in the develop-
ment of revolver weapons, particularly the intro-
duction of mechanical mcans for rotating the cylin-
der and of a method for providing a gas-tight joint
between the cylinder and barrel. An American
inventor, Elisha Collier, was particularly active in
promoting the rotating cylinder weapon and was
responsible for many of the design improvements
made in this field. One of his guns gained con-
siderable favor and was even used in India by the
English army. However the flintlack methad of
ignition then in use was not at all suited for use In
repeating weapons. It was not until the carly part
of the nincteenth century, with the advent of per-
cussion ignition, that any real progress was made
toward achieving the development of practical and
cflective multifiring arms. The use of the percus-
sion cap at last freed inventors of the limitations
and almost hopeless complications imposed by the
older methods of ignition. In 1830, Samuel Colt
invented one of the first practical revolver mech-
anisms employing percussion ignition in conjunc-
tion with automatic revolution and locking of the
cylinder by the act of cocking thc hammer. This
invention not only led to a long line of very popular
and efficient firearms but it also initiated a veritable
flood of inventions rclating to the improvement of
the revolver-type weapon. Indeed, the four or five
decades following Colt’s invention may be said to
represent the “Golden Age” of the revolver. Soon
after the beginning of this relatively brief period,
in spite of the inconveniences attendant upon the
usc of the percussion cap and muuzle loading, the
magnificent gun craftsmen and inventors of these
times had produced almost cvery conceivable form
of revolver mechanism. Each patent granted on a
revolver mechanism or on an improvement in exist-
ing weapons was apparently the signal for a new
flurry of inventions directed toward circumventing
that patent or toward accomplishing still greater
improvement. A study of the patents of this period
forcibly demonstrates the ingenuity and vision which
seemed to be so prevalent in the field of gun develop-
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ment. Even with percussion cap ignition, the re-
volver hand gun was developed and refined until it
reached a high stage of compactness, ruggedness,
and reliability. In addition to this steady process
of refinement, many more radical ideas were ad-
vanced such as methods for sealing the gap between
the cylinder and the barrel, arrangements for em-
ploying two or more cylinders in tandem so as to
increase the number of shots which could be fired
before reloading, and a host of other ideas for min-
imizing the disadvantages of the revolver weapon
and overcoming its limitations.

Until the 1860’s, the application of revolver
principles was confined almost exclusively to hand
guns, except for a short-lived adoption by the
United States Army of the Colt Revolving Rifle,
Model 1855, which did not prove successful under
service conditions. However, during the Civil War,
both the Union and Confederate forces became in-
terested in multifiring weapons and particularly n
adequate machine gun mechanisms capable of pro-
ducing sustained fire. Beginning in 1861, various
machine guns of several types were made available
to the armies of both the South and the North but
the full advantages of the machine gun in battle
were not realized by the military experts of the day
and the guns received only limited use, largely for
fixed defensive installations.

Of the multifiring guns produced as a result of
the stimulus of the Civil War, some were battery
guns, some used the reciprocating principle, and
some were based on the rotating mechanism prin-
ciplee. However, by far the most remarkable
weapon to be conceived during this period was the
machine gun invented by Richard Gatling. This
was a hand-cranked multi-barreled rotary action
weapon which was basically so sound in principle
and so amenable to further improvement that it
enjoved world-wide fame and employment for the
remainder of the nineteenth century. In fact, this
gun was not declared obsolete by the United States
Army until 1911.

The advent of the Gatling gun and the develop-
ment of cartridge ammunition ushered in a new
period in gun development. The machine gun had
at last come into its own and inventors all over the
world began a new wave of development to create
competition for the Gatling gun. Many of the
weapons produced at this time were of the rotary
action type and many had reciprocating mecha-



ROTARY CHAMBER MECHANISMS

nisms, but in all the power for operation was sup-
plied through a hand crank or lever turned by the
operator. Although these guns were considered at
the time to have reached a stage where no further
improvement was possible, the era of the hand-
operated machine gun came to an end with the in-
vention of the first full automatic machine gun
mechanism by Hiram Maxim in 1883. Of course,
the full automatic gun did not immediately sweep
the world market and instantly eliminated the hand-
operated machine gun. Nevertheless, by 1888 most
of the major powers of the world had ordered some
of Maxim’s guns for trial and long beforc the out-
break of World War I, the Maxim-type gun had
been adopted as a first line weapon. The hand-
operated machine gun was a thing of the past.

After Maxim’s invention and successful develop-
ment of his full automatic weapon, every significant
new invention in the field of machine gun develop-
ment was directed toward exploiting the principles
of full automatic operation. The Maxim gun de-
rived the energy for its operation from the recoil
forces produced by the explosion of the propellant
charge. The so-called Skoda machine gun patented
in 1888 operated by the retarded blowback system
and 1in 1890, John M. Browning produced a suc-
cessful design for the first automatic gas-operated
machine gun. These basic svstems (recoil, blow-
back, and gas operation), all invented before the
last ten vears of the nineteenth century, have been
used ever since to provide the power required for
producing sustained fire.

It is particularly important to note that the first
full automatic machine guns, whatever system was
used to obtain operating energy, were all of the re-
ciprocating type. The reciprocating mechanism was
apparently well-adapted to the systems used for ob-
taining operating energy and, for the most part, the
weapons produced cven in the carly days of full
automatic operation were amazingly simple and effi-
cient. According to reliable records of very ex-
haustive and demanding tests, the reciprocating ma-
chine gun could easily produce a rate of fire which
was far in excess of that imposed by the military
requirements of the years preceding World War 11.
At the same time, it was clear that the reciprocating
principle could be applied to produce weapons which
were reliable in performance, easy to maintain, and
simple to manufacture. During the years following
Maxim’s invention, the gun industries of the world
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produced hundreds of new machine guns and thou-
sands of patents related to the advancement of ma-
chine gun mechanisms. However, all of the suc-
cessful designs adopted for military service were
based on the reciprocating principle of operation and
the rotary action-type mechanisms, so popular in the
day of the manually-operated machine gun, were
practically abandoned. The entire inventive effort
in the field of machine guns was directed toward
refining every detail, exploring every possible type of
mechanism, and finding cvery conceivable combina-
tion and permutation of the principles relating to
reciprocating actions.

Out of this maze of new weapons, new inventions,
and re-invention of old inventions, there finally
evolved a relatively small number of basic actions
which had been proved by experience, both in test
and in battle, to be sound enough and reliable
cnough to warrant their continued use.  Once these
actions were settled on, their development and re-
finement continued in an effort to eliminate “bugs”
and to improve performance. Indeed, many of
the weapons resulting from this intensive effort left
little to be desired. They were powerful, efficient,
relatively simple to maintain, and capable of mass
production when needed. In a word, they were
thoroughly practical and satisfactory weapons for
the needs of their time, but again, as has happened
so many times in the history of warfar., a new need
devcloped.

From the latter days of World War T and par-
ticularly in the early stages of World War II, the
rapid strides being made in thc improvement of
military aircraft confronted the gun industries of
the world with an urgent and difficult problem.
The new conditions of air combat made 1t impera-
tive to have guns with greater muzzle velocity,
larger caliber, and higher rates of fire. In response
to this demand, the machine gun was advanced in
tremendous strides until it reached calibers that
formerly were considered in the domain of artillery
and achieved rates of fire that were comparable
with those formerly obtained with rifle caliber guns.
In spite of these successes, the cver-increasing de-
mands for even greater power and higher rates of
firc continued and it became apparent at last that
each succeeding improvement was accomplished
with much greater difficulty than the last. In fact,
it is generally conceded by many prominent gun

designers and ordnance cxperts that, considering
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the state of modern metallurgy and technology, the
conventional reciprocating gun mav have either
already reached or may be very close to the limit
of its development potentialities. This does not
mcan that there is no room for further improve-
ments affecting reliability, ease of maintenance, or
simplicity in manufacture but merely that the basic
physical and dynamic characteristics of the recipro-
cating mechanism probably do not lend themselves
to pecrmitting rates of fire to be increased very far
beyond present-day values.

The design problems associated with the recipro-
cating mechanism were fully appreciated early in
World War Il and the German Luftwafle had
urgent need, late in 1942, {or a high-rate-of-fire,
high-muzzle-velocity 20-mm aircraft machine gun.
In an attempt to avoid the difficulties experienced
with .the development of high-performance recipro-
cating-type guns, the Germans resorted to the rotary
chamber mechanism principle and undertook the
development of a 20-mm gas-operated rotary-
action-type weapon. Under the pressurc of the
emergency Germany was facing, the development
proceeded rapidly and by 1943 the first successful
pilot model of the rotary action weapon was con-
structed. This was the first automatic rotary action
cannon in which the cylinder is reloaded during
firing. By the time Germany was overrun by the
Allied forces, only a few prototypes of the weapon
had been constructed. Onc of these guns was cap-
tured at the end of the war and was shipped to the
United States. This captured weapon has since
formed the basis for an extensive rotary chamber
mechanism development program in this country.
As a result of the renewed interest in the rotary
action principle, this type of weapon once again
enjoys equal footing with the reciprocating gun and
many ordnance designers {eel it holds great promise
for future improvement.

It is interesting to note that the German program
started in 1942 for the development of a rotary ac-
tion machine cannon revived the use of principles
which had been applicd originally many years before
but which had been neglected for a long time prior to
World War II. One of the first recorded applica-
tions of the rotary chamber principle occurred as
carly as the year 1718 in a patent issued to James
Puckle of England. Again, in the era of the Ameri-
can Civil War, a hand-operated machine cannon
was developed which was similar in many striking
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ways to recently developed full automatic rotary ac-
tion cannon. This was the DeBrame gun patented
in 1862, One of the most amazing predecessors of
the rotary action machine gun developed by the
Germans is a weapon patented in the United States
by an inventor named C. M. Clarke in 1905. This
gun is a gas-operated, full automatic rotary chamber
mechanism in which the mechanism is powered by
an opcrating slide driven by a gas piston. It em-
ploys belt [eeding, power ramming, and almost
every other basic feature that distinguishes the mod-
ern family of rotary action weapons inspired by the
German design. In fact, this gun is so representative
of the rotating mechanism class that 1t 1s used later
in this chapter to illustrate the basic functiomng of
these weapons. As to why this very advanced design
lay dormant for almost 40 ycars before being re-
discovered, it is probable that its inventor could not
have chosen any worse time than 1905 for being
inspired to conceive of this particular kind of ma-
chine gun. [t was just at this time that the Maxim
gun, Browning gun, and other reciprocating
weapons were nearing the peak of a tremendous
wave of popularity. The entire gun world was so
preoccupied with the success of these new weapons
that the Clarke gun simply failed to be noticed.
From the foregoing brief history of the place of
the rotary action weapon in the development of
guns, it is evident that there has been a defimte
pattern underlying the manner in which the rotary
action principle has been utilized. The very first
rudimentary attempts at achieving a multiple firing
weapon quickly led to the basic and obvious device
of grouping a number of individual barrels but this
idea could not be advanced very far because of the
lack of a suitable method for igniting the propcllant
charges in the barrels and because of the great bulk
of the assemblies. As soon as an even slightly
better method of ignition evolved, great improve-
ments in the construction of multiple firing weapons
occurred almost immediately as 1s witnessed by the
fairly advanced revolving arms ol the matchlock,
wheel lock, and flintlock eras. However, these
weapons, too, were not sufficiently effective and
convenient to compensate for their relatively great
unwieldiness -and complexity and therefore never
were extensively used to replace the simpler and
more reliable single-shot weapons of the times.
Again, in the carly part of the nincteenth century,

the invention of the percussion cap led quickly to
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a truly remarkable period of revolver development.
The introduction of cartridge ammunition in the
latter part of the same century produced cven
greater improvements in revolver mechanisms, and
finally brought the sustained-fire weapon into the
realm of practicality in the form of the Gatling gun.
Although this weapon and other sustained-fire
revolver arms of the period were very effective, they
still were rather cumbersome and inconvenient and
were soon abandoned after the full automatic
reciprocating mechanism came into being. Now,
with the new problems facing the gun designers of
today, the rotary chamber mechanism principle is
again being exploited.

Thus, it seems from the evidence of history that
the rotary action principle has several times alter-
nately risen to popularity because of its advantages
and then fallen into disuse because of its short-

comings. The basic advantages of the rotary
chamber mechanism are many. The very sim-
plicity of the fundamental operating concept is 1n
itself one of the rotary chamber mechanism’s most
important advantages. The mechanism 1s essen-
tially rugged and durable and provides for very
positive control in the handling of the ammunition.,
Unfortunately, these and the other advantages of the
rotary chamber mechanism are accompanied by an
almost equal number of disadvantages, some ot
which are relatively minor and some which are more
serious.  'The following analysis will consider the
rotary action principle from the general standpoint
and then willi cover the individual physical and
operational characteristics of thc mechanisms em-
ploving this principle in an attempt to throw some
light on the basic problems encountered in the design
of full automatic rotary chamber cannon.

PRINCIPLES OF MULTIPLE CHAMBER WEAPONS

The term “revolver™ as applied with reference to
firearms usually first calls to mind a type of mecha-
nism which i1s best represented by the modern
revolver hand gun. The fundamental elements of
the mechanism are a single barrel and a cylinder
which 1s bored with chambers for a number of
cartridges. 'The cylinder is mounted so that it can
be rotated to bring cach chamber successively into
alignment with the barrel.  The revolver mecha-
nism, of course, receives its name from the fact that
the cylinder is rotated in order to achicve repetitive
fire. However, in a larger sense, the true principles
of the rotary action mechanism can be best under-
stood and the properties of the mechanism can be
more fully appreciated by reducing the concept to
an cven more clementary level.  When all the non-
essential factors are eliminated, the one remaining
characteristic is that in the operation of the mecha-
nism, each chamber is moved laterally with respect
to the position at which it is fired. It is this lateral
movement which holds the key to all of the char-
acteristics peculiar to weapons of the multiple
chamber type and also the key to the characteristics
of rotary action guns which rcpresent but one form
of multiple chamber weapons.

Because the concept of the multiple chamber
weapon forms the basis of all rotary action weapons,
it is appropriate here to examine briefly the general
naturc of mechanisms which fall into the multiple
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chamber class., The most elementary form of the
multple chamber weapon is the battery gun or
“orgue des bombarde” mentioned previously in this
chapter. 'This gun, which consists merely of an as-
sembly containing a number of individual completc
barrels can hardly be considered as a mechanism
since the only function required in its usc is to obtain
simultaneocus or nearly simultancous ignition of the
propellant charges in all the barrels. A slightly
more advanced type of weapon is exemplified by the
conventional double-barrel shotgun, drillings, and
other fircarms which amount to nothing but two or
more separate guns compactly assembled into a sin-
gle stock. Although the elementary battery gun
and firearms similar to the double-barrel shotgun
are so simple in principle that no further discussion
aof them is called for here, consideration of the other
forms of multiple chamber weapons brings to light
a number of interesting and significant points.
One form of multiple chamber weapon, which
was conceived verv carly in the history of fircarms
and has since rcappeared at intervals with varying
degrees of success, is the type of repeating weapon
which employs a group of complete barrels. The
salient feature of these weapons is that repetitive
fire is achieved with the use of only one operating
mechanism which serves a number of barrels.  This
means that for all intents and purposcs, additional
capacity can be built into the weapon merely by
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adding to the number of barrcls without the neces-
sity for greatly increasing the complexity of the op-
erating mechanism or the bulk of the supporting
structures. The particular form of a weapon in this
class depends entirely on the manner in which the
various parts are arranged in order to permit the
barrcls to be served by the operating mechanism.
The fundamental arrangement may be such that the
barrels remain fixed while the operating mechanism
1s moved from one barrel to the next, but the more
commonly used method is for the barrels to move
with respect to a fixed position of the operating
mechanism. In some weapons, the barrels are
placed parallel to each other in the samc plane and
the assembly slides laterally to move the barrels
successively into the firing position. These so-called
“harmonica” guns havc not been used extensively
because of the rather obvious disadvantages of such
a mechanism for most applications. A much more
suitable and practical arrangement is obtained by
placing the barrels in a circular group so that the
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entire group can be rotated about an axis parallel
to the bores. This type of mounting was employed
in the revolving weapons of the matchlock and flint-
lock eras, in the popular “pepperbox™ pocket pistols
of the last century, and in the Gatling gun and other
guns of similar construction. Even in recent years,
this same principle of construction has been applicd
in the development of high-rate-of-fire machine
guns. Although the multiple barrel principle is
sound and its use eliminates many of the difhiculties
encountcred with other forms of revolver cannon,
weapons constructed on this principle suffer a severe
handicap from the viewpoint of weight and bulk as
well as other disadvantages which must be accounted
for.

The remaining type of multiple chamber weapon
is the important type in which the chambers are
separate from the forward portion of the barrel.
Wcapons in this class usually have one fixed barrel
(although there may be more than one barrel) and
the chambers are moved successively into alignment
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Figure 4-2. Principle of the “Coffee Mill"” Type Gun.
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with the barrel, Thus, each time a chamber s
brought into position behind the barrel, the gun
tube 1s completed and the weapon is In readiness
for firing. This arrangement has the advantage
of permitting repetitive fire without the necessity
for having the weight and bulk of a large number
of complete barrels. As mentioned previously in
this chapter, this idea was conceived at a very early
date in the history of firearms and, in fact, one of
the first patented manually operated revolving type
machine guns employed the multiple chamber prin-
ciple. This remarkable weapon, invented in 1718
by James Puckle of England, had a number of sep-
arate explosion chambers which could be preloaded
and were mounted 1n a circular array so that they
could be successively revolved into alignment with
a single barrel. The rotation was accomplished by
means of a hand crank and the propellant charges
were ignited by the slow-match method.

Over the years, the same general idea of having
a single barrel with a number of explosion chambers
appeared in a multitude of forms. In many cases,
the individual explosion chambers were all bored mnto
a single cylinder in a mannersimilar to that employed
in the typical modern revolver hand gun. This ar-
rangement, which is simple, easily mechanized, and
effective, has been so prevalently used that in the
popular mind it has become practically synonymous
with the idea of the multiple chamber weapon.
However, it should be realized that the revolving
cylinder mechanism represents but one of the many
possible devices which can be used to make use of
many chambers. It may be said that the archetype
of the multiple chamber weapon is found in a ma-
chine gun developed in the United States near the
middle of the nineteenth century. This highly in-
teresting weapon, the Ager *'Coffee Mill” gun, which
was used by the Union forces during the Civil War,
was designed so that each charge of powder and ball
was loaded into a separate steel container. The steel
container forms the explosion chamber for the round
and a percussion cap is placed on a nipple screwed
into the rear end of the container. In the operation
of the gun, a number of loaded containers (explo-
sion chambers) arc placed in a hopper at the top of
the gun and when the operating hand crank is
turned, one explosion chamber at a time rolls down
mlo a recess at the rear of the gun barrel. The gun
shown in fig. 4-2 is a simplified version of this type
of weapon. A system of cogged rollers operated by
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the hand crank guides the explosion chamber into
place and allows the chamber to be shoved forward
to form a prolongation of the barrel and to be locked
from behind by a wedge. As the hand crank s
turned, the round is fired and the rotation of the
cogged rollers causes the empty chamber to be
cjccted from the weapon at the side. As the fired
chamber 1s ejected, a loaded chamber is brought into
place to start a new cycle of operation.

Another unique arrangement for handling explo-
sion chambers which are separate from the barrel
is found in a hand gun developed later in the nine-
teenth century. Although the mechanism happened
to be applied in a small caliber, the same device
could have been used just as easily in a larger
weapon, This gun, which has the surpnsingly large
capacity of 20 shots, fires cartridge ammunition and
has an individual chamber for each cartridge. The
separate chambers are linked together with metal
plates so as to form an endless loop similar in ap-
pcarance to an ordinary bicycle chain as shown m
fig. 4-3. As the gun is fired, a ratchet-type cylinder
within the frame pulls the chain of chambers through
the frame laterally in such a way as to bring the
chambers successively into alignment with the barrel.
Before each cartridge is fired, the gun mechanism
securely locks the chamber in place.  Of course, one
of the prime requirements for a hand gun is that it
be compact and easy to handle. It is relatively
easy to imagine what embarrassment might be ex-
perienced by a man who, in defense of his person,
is required to cxtract from his pocket a gun with
a foot or so of loose chain attached. Nevertheless,
although the gun no doubt does not represent the
most convenient hand arm, thec basic idea 18 sound
from the mechanical viewpoint and might even have
proved to be useful in a machine gun. At any rate,
it serves to demonstrate that very few stoncs were
left unturned in the search for the ideal form of
the multiple chamber mechanism.

From the preceding discussion of the type of
multiple chamber weapon in which the explosion
chambers are separate from the barrel, it is apparent
that the basic consideration is that the chambers
must be preloaded and then successively moved into
place behind the barrel in order to complete the
gun tube. For the present, the particular mecha-
nism used to position the chamber, whether this
be a rotary action cylinder or some other device,

need not be considered and primary attention will
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be directed to the fundamental problems which
arise from the very fact that thc chambers are sep-
arate from the remainder of the barrel. In the
following paragraphs, these problems are discussed
in some length from the general point of view, first
to outline the broad principles involved in weapons
having the chambers separate from the barrel and
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types of ammunition are not included in the scope
of this publication.)

The essential elements of a gun having the ex-
plosion chambers separate from the barrel are shown
schematically in fig. 4-4. 'The explosion chamber
has its bore shaped to receive and fit the cartridge
and 1s of sufhcient strength to withstand the dis-
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Figure 4-3. Mechanism of “Bicycle Chain” Gun.

sccond to prepare the way for a detailed analysis
ol the factors to be considered in the design of
rotary chamber mechanisms in particular. (All
of this discussion will be concerned primarily with
guns of the full automatic type which employ
conventional cartridge-tvpe ammunition, Power-
driven machine guns and guns which employ other

ruptive forces produced by the explosion of the pro-
pellant charge. The barrel of the gun is fixed to a
supporting frame which is fashioned to permit the
explosion chamber to be held behind the harrel so
as to form a prolongation of the bore. Of course,
in an actual gun, a suitable mechanism must be pro-
vided to move the explosion chambers successively
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into place behind the barrel and some form of fir-
ing device is necessary to ignite the propellant charge
of the cartridge. It is important to note that since
the explosion chambers must move with respect to
the barrel, some operating clearance, or chamber
gap, between the rear of the barrel and the front
of the chamber is unavoidablc.

From a careful consideration of the basic elements
shown in fig. 4-4, all of the fundamental problems
which arise in the design of machme guns employ-
ing separate chambers and barrel will be apparent.
Iirst, there is the problem of positioning the explo-
sion chambers. In order for the weapon to be safe
and to function properly, the explosion chamber
must be placed directly in line with the bore of the
barrel and must be held rigidly in this position when
the gun is fired, It can be seen that if the chamber

its position behind the barrel and thus may result
in jamming the action of the gun, If the clearance
between the base of the cartridge and the rear face
of the frame is too great, another difliculty occurs.
When the propellant charge is ignited, the forces
produced by the explosion act in all directions on
the interior of cartridge case and these forces cause
the cartridge case both to be cxpanded and driven
to the rear. The progress of the explosion is so
rapid that the expanding walls of the cartridge case
are pressed tightly against the supporting walls of
the chamber before the case has moved very far to
the rear. The pressure of the contact between the
thin metal walls of the cartridge case and the walls
of the chamber is so tremendous that the resulting
frictional forces cause the forward portion of the
case to seize firmly to the chamber. If at this point,
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Figure 4-4. Elementary Form of Gun Having Chamber Separate From Barrel.

opening and the barrel bore are not in good align-
ment at the instant the projectile passes from the
chamber into the barrel, the projectile will encounter
an interference in its movement which could cause
serious damage to the gun or projectile or at least
cause shocks which would upset the accuracy of firc.
(This type of defect is what causes the ‘“‘shaving of
lead” so commonly experienced in old or badly
constructed revolver hand guns. )

In addition to accurate alignment between the
chamber opening and barrel bore, it is also impor-
tant for the explosion chamber to be positioned ac-
curately so that the correct spacing exists between
the rear face of the frame and the base of the car-
tridge when the cartridge is fully scated in the cham-
ber. If the basc of the cartridge projects too far
out of the rear of the explosion chamber, it may
interfere with the movement of the chamber into
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the basc of the cartridge case is not rigidly supported
by the frame of the weapon, the high pressure
within the case continues to act against the base
and creates tension on the case walls.  Since the
chamber pressure may be 50,000 pounds per square
inch or more and since this pressure acts on a con-
siderable arca at the base of the case, the force
exerted on the base is so tremendous that any re-
sistance to stretching offered by the tensile strength
of the thin walls of the case is entirely negligible.
Thercefore, the case material stretches guite readily
and the base continues to move to the rear while
the thin forward portion of the case remains stuck
to the chamber wall. If the space between the
base of the cartridge case and the supporting sur-
face of the frame was originally too great, the case
will stretch bevond the ultimate limit of the strength
of the material from which it is made and will be
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torn in two. When this occurs, the gun will become
inoperative because the device used for extraction
can not remove the portion of the cartridge case
which remains stuck in the chamber. Malfunctions
due to cartridge casc scparation can only be avoided
by making certain that the space between the base
of the case and the supporting surface of the frame
can never be great enough to permit the case mate-
rial to be stretched beyond the point at which it
will fail by tearing. The clearance must be sct up
accurately by correctly establishing the cartridge
head space when the weapon is constructed and by
insuring that the cxplosion chamber is mounted
rigidly enough so that it can noet move forward under
the force produced by the propellant explosion.
Also, it 1s evident that the frame itself must be made
sufficiently rugged so that it will not be subjected to
an excessive amount of clastic deformation when a
round is fired. The reason for this requirement is
that a lightly constructed frame, although it may be
strong cnough to absorb the explosion pressures
without permanent deformation or failure by frac-
ture, may be stretched elastically bv a sufficient
amount to result in a case separation. (Stretching
of the frame under pressure from the base of the
round has the samc effect as excessive head space.)
To sum up the points made in the preceding para-
graphs concerning the positioning of the explosion
chamber, the chamber must be held accurately in
alignment with the barrel bore at the instant of
firing so that neither the projectile nor the gun will
be damaged when the projectile passes from the
chamber to the bore. Also, the body of the explo-
sion chamber must he carefully adjusted to provide
the correct cartridge head space and must be held
in a strong and rigid mounting so that the stresses
duc to firing will not move the chamber body for-
ward or stretch the frame elastically through a great
cnough deflection to result in excessive head space.
The next major [actor for consideration is the
point at which the barrel bore and the opening at the
front of the chamber are contiguous. This par-
ticular factor is very important and gives great diffi-
culty in the design of any high-powered gun in which
the explosion chamber is a separate physical part
from the remainder of the barrel. If the explosion
chambers are simply moved laterallv in order to
position them successively in alignment with the
barrel, it is evident that to permit the movement to
occur there must be some operating clearance.
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Because of the necessity for this clearance, the bar-
rel tube formed by the fixed barrel with the addi-
tion of the explosion chamber will not be a continu-
ous tube but will be broken by a chamber gap as is
indicated in fig. 4-4. Of course, the gap shown In
fig. 4-4 is greatly exaggerated but even in a well-
fitted revolver there will be some considerable space
between the chamber and barrel. FEven if the gap
seems to be very narrow, it must be realized that it
runs around the entire circumference of the gun
bore and therefore really represents a leakage open-
ing of significant size. In some weapons (for
cxample, a well-built revolver hand gun), thc
presence of the chamber gap, although not to be
desired, does not give an excessive amount of
trouble. In such a gun, as in all hand guns, the
chamber pressures are relatively very low and the
escape of propellant gases at the chamber gap is
not greal enough (o cause any damage or to result in
a serious drop in the muzzle velocity of the projectile
which is itself relatively low. Howecver, the condi-
tion in a high-powered high-velocity gun is entirely
different. In such guns, the variation of the cham-
ber pressure during the passage of the projectile
through the bore is such that the projectile will pass
the chamber gap at practically the same instant that
the chamber pressure reaches its peak. This peak
pressure may be well over 50,000 pounds per
square inch and at such a pressurc the presence of
even a fairly small chamber gap would result in a
terrific flash at the juncture of the chamber and
barrel and would cause the loss of a considcrable
amount of the propellant gases with a consequent
drop in the muzzle velocity of the projectile. In
addition, since the chamber gap is so close to the
chamber space, the gases which escape through the
gap would be extremely hot and would be moving
at a very high velocity. Under such conditions, the
erosive action of the escaping gas would be so severe
that the weapon would quickly be rendered useless.

The critical nature of the problem of gas leakage
at the chamber gap naturally has spurred inventors
and designers of guns employing separate chambers
and barrel to produce methods and devices whereby
this problem could be rendered less serious or even
eliminated entirely. Even in the day of the first
revolving flintlock guns, attempts were made to pro-
vide gas-tight joints between the barrcl and cham-
bers by camming the cylinder forward before firing.

To aid the sealing action, the chambers were
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counter-bored at the forward end so as to mate
tightly with the rear end of the barrel. This device
has been used in a considerable number of rotary
chamber mechanism designs, even up to fairly recent
times. Another mcthod which has been used with
some success is to arrange the mechamsm so that,
when the gun is ready for firing, the forward end
of the cartridge case covers the chamber gap and
enters the barrel for a short distance. Since the
chamber gap is relatively very narrow, the cartridge
case material is supported well enough to withstand
the peak chamber pressure and is not blown through
the gap. Although this method 15 highly cHective
in producing a sealing action, the fact that a portion
of the round projects into the fixed barrel makes it
necessary to cam the explosion chambers or the
round itself back and forth in order to permit the
chambers to be moved successively into position
for finng. Sull another method, which has been
employed almost universally in modern high-
powered weapons, is to use a gas piston seal or
obturating sleeve at the forward end of the chamber
opening. The piston is in the form of a hollow
cylinder to permit the projectile to pass through its
center and it is free to slide forward in the chamber
opening. Piston rings arc provided so that no gas
can leak around the outer surface of the piston.
After the projectile passes through the center of the
piston, the high pressure powder gases behind the
projectile act on the rear face of the piston and
immediately drive the piston forward. Before the
projectile reaches the chamber gap, the action of the
high chamber pressure thrusts the piston against the
rear face of the barrel with tremendous force, thus
spanning the cylinder gap and creating a gas-tight
seal.

Another point of interest which affects the prob-
lems encountered in sealing the chamber gap is the
length of the moving part containing the explosion
chamber. Fig. 4-5 i1s a graph which shows how
the chamber pressure varies with the position of the
projectile in the borc of a typical high-powered air-
craft cannon of 20-mm caliber. Note that at the
instant the projectile has moved only approximately
four inches ((0.35 foot) down the bore, the chamber
pressure has reached its maximum value of 45,000
pounds per square inch. When the projectile has
moved approximately eight inches down the bore,
the pressure is considerably lower having decreased
to about 38,000 pounds per square inch. At a
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propectile bore travel of 12 inches the pressure is
still lower (approximately 30,000 pounds per square
inch) and by the time the projectile has moved 13
inches, the pressure has dropped to approximately
21,000 pounds per square inch or less than half of
the peak chamber pressure. From the preceding
numerical values, it is evident from the standpoint
of sealing alone that great benefit can be attained
by intentionally making the moving part containing
the explosion chamber as long as is practical so
that the projectile must travel a considerable dis-
tance before passing across the chamber gap. By
this apparently simple expedient, the gas pressure
exerted at the gap can be reduced substantially with
a corresponding reduction in the difficulty of obtain-
ing adequate sealing. However, although each
additional inch of bore travel makes sealing pro-
portionately easier, the weight problem places a
definite limit on the permissible length of the moving
part containing the chambers. For example in a
six-chambered revolver, increasing the length of
the cylinder hy one inch would mean that the
weight of the gun would be increased by an amount
at least as great as the weight of a piece of barrel
five or six inches long. Since weight is such an
important factor in most weapons, it is more than
probable that any advantagc gained by lengthening
the cylinder would be insignificant when compared
with the disadvantages of greatly increased weight
and bulk.

In a thorough consideration of the elementary
cuns shown in fig. 44, there are several other points
which require some mention. A gun having the
basic parts shown in the figure could certainly be
made to fire one round of ammunition but, in order
for the gun to be capable of repetitive fire and to
function as a full automatic machine gun, the fac-
tors involved in moving the cxplosion chambers and
in loading and clearing themn must be given careful
consideration. The first of these factors is the source
of power used for aperating the gun mechanism. As
has been pointed out previously in this publication,
a gun placed in the category of full automatic weap-
ons must derive the power required for its operation
from the energies released by the explosion of the
propellant charge of the ammunition. Actually,
few modern high-rate-of-fire machine guns of the
type designated as aircraft cannon derive all of their
operating energy exclusively from the propellant ex-

plosion. In many cases, various auxiliary sources of
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power are emploved. Although the major task of
imparting the required motions to the heavier oper-
ating parts is accomplished through the medium of
energy derived from the powder gases, some of the
functions of the weapon are performed by mecha-
nisms which receive power from external sources.
For example, in many modern weapons, the feed
mechanism which keeps the weapon supplied with

the moving parts of the gun, thereby permitting these
parts to move at maximum velocity in order that the
gun may attain the highest possible rate of fire. In
most modern aircraft cannon, the energy for firing
the propcllant charge usually is not obtained by the
impact on the primer of a sliding part of the gun
mechanism but firing is accomplished by the applica-
tion of a voltage obtained from an external source

B I _ ‘ ] | FoOR 20-MM GUN
. | i | [ Vp=27S0FT/SEC
50,000 ! : ; Wp:0 290LB.
| ] ‘ Wc=0070 LB
1 1 1 [ | —t BORE TRAVEL:=4 3FT
T [ ! |
] S‘ |_ | I R B ‘ ] 1 ] : — 1_
40,000 | ~' j . i J | ’ | . ]
! |
. - — Jr — .-..r — _|_. I
o™ I | I I i
< : : | :
> | ]
- _ . |_ ] - i 4 : . — 4
[T L\ I I | [
@ 30,000 :
? | J |
E - — —_— " — . - . 4 ‘ - . .! - 5 : .! 4 - .._-_l__—
o ‘ | . \ |
: ! 1 -
(va) ! 1 1 —T
a 20,000 J \ | | PROJECTILE ,'
T 1 | I
0 | ' LEAVES MUZZLE |
— L —+ 4 — (QD234 SEC) . }
N :i I|
| | | |
¥ E_— — S | \ 1 } Ii | . ]
10,000 ; \\ } '
| _ i | |
: | I ' \ :
'r - I ! i ‘ 1
| | | 1
i | i |

1 2 3 4 5 BORE TRAVEL(FT)

Figure 4-5. Graph Showing Variation of Chamber Pressure With Bore Travel of Projectile.

ammunition may be dnven either by an electric mo-
tor or by a pneumatic device operating off a source of
high pressure air. In most cascs, this is done in order
to stmplify the gun mechanism by eliminating the
devices which would be required to obtain the energy
for feeding from the gun itself. Sometimes the use of
cxternal energy {or feeding is resorted to so that ex-
cessive operating energy will not be extracted from

of electrical energy. The charging of the weapon is
another function which is performed by means of
energy provided from outside of the gun itself. The
charging device may be powered manually or pncu-
matically and in the type of device called a percus-
sion charger or cartridge charger, the power for
charging is supplied by the discharge of a blank car-
tridge of small caliber.
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In spite of the fact that auxiliary power may be
employed in the operation of a machine gun, the
gun 1s considered to be 1n the full automatic classi-
fication as long as the major functioning assembly
of the gun mechanism itself receives its power from
the explosion of the propellant charge. In the case
of a weapon having the chamber separate from the
remainder of the barrel as shown in fig. 44, this
means that the propellant explosion must at least be
~used to impart the required motion to the com-
ponent which contains the movable explosion cham-
bers, whether these chambers are all bored into a
cylinder or are separate units of the various forms
previously mentioned in this chapter. If this mini-
mum requirement is not met, the weapon must be
classed as a power-driven machine gun of a type
which is not within the scope of this publication.

The various systems which can be used to derive
and handle the energy provided by the explosion of
the propellant charge are the same for multiple
chamber weapons as for any other type of full auto-
matic machine gun. All of the successful full auto-
matic multiple chamber machine guns developed up
to the present date have employed either recoil actua-
tion or gas actuation since these operating svstems
seem to be particularly well adapted to the require-
ments of this typc of weapon. By its very nature of
mvolving a linear movement to the rear, the blow-
back system docs not appear to be as well suited for
application 1n a conventional rotary action cannon
or other multiple chamber weapon. However, there
have been special forms of rotary action weapons in
which a linear motion of the cartridge case to the
rear after firing is used to great advantage. This
motion is utilized not only for the purpose of deriv-
ing operating energy, but also to provide for the
actuation of a very effective system for sealing the
chambcr gap between the rear end of the fixed por-
tion of the barrel and the front end of the explosion
chamber.

Thus, it 1s evident that, in theory at least, all of
the available systems for deriving operating energy
from the explosion of the propellant charge can be
used with good eflect mn multiple chamber weapons
as well as in weapons of the reciprocating type. For
the present, the particular manner in which these
systermns are employed and the form of the mecha-
nisms used to apply the derived energy arc not
important. The main point is that in order to pro-
duce a full automatic weapon, one system or a

191

combination of systems must be used and, as a mini-
mum, must be employed to impart the required
motions to the explosion chambers.

After a means has been provided for imparting
the required motions to the explosion chambers, the
next important factor for consideration in produc-
ing a full automatic multiple chamber gun is the
problem of reloading durng firing. In the Ager
“Coffee Mill" gun previously mentioned in this
chapter, the solution to this problem was achieved
by the simple expedient of providing so many cham-
bers that reloading during a burst of any reasonable
duration was unnccessary. That is, the individual
explosion chambers were loaded in advance with
powder and ball and each was provided with a
percussion cap. The chambers were than handled
Iike modern-day cartridges except that it was only
nccessary for the gun mechanism to place them suc-
cessively behind the barrel, fire them, and then eject
them. From many standpoints, this is an excellent
and convenient system except for the very obvious
disadvantage as regards the weight and bulk of the
individual explosion chambers. In the era of cap-
and-ball weapons, the time required for reloading
chambers apparently provided ample justification
for tolerating excessive weight, as is evidenced by
the ponderous construction of all of the multple
firing weapons of those days which had a capacity
for any considerable number of shaots. However,
it is readily apparent that for any modern high-
rate-of-fire, high-powered machine cannon, the 1dea
of using an unlimited number of individual explo-
sion chambers is entirely impractical. For a heavy
caliber machine cannon finng over 1000 rounds per
minute, the mere weight and bulk of the required
number of chambers would certainly be prohibitive
even if the difficulty of providing a sufficient belt
pull to move the chambers rapidly through the
weapon Is ignored. It is hardly surprising, there-
fore, that weapons employing a large number of
scparate explosion chambers fell into almost com-
plete disuse immediately after the introduction of
cartridge ammunition. The use of metallic car-
tridge ammunition, in which the projectile, powder
charge, and percussion primer are all neatly and
ruggedly assembled into one compact, easily han-
dled unit, made it possiblc to load an entire round
into a chamber with great rapidity and also put
breech loading on a practical basis because of the
scaling function performed by the cartridge casc.
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Although these advantages eliminated many of the
shortcomings previously experienced with powder
and ball, the use of metallic cartridge ammunition
introduced the new problem of removing the spent
cartridge case from the chamber after firing to per-
mit the loading of a fresh cartridge. In repeating
and semi-automatic weapons and in most machine
guns, the problems of loading {resh cartrnidges into
the gun and of extracting the fired cases from the
chamber do not present any very great difficulties
if the loading and extraction functions are given
proper consideration in the design of the weapon.
However, in guns having very high rates of firc and
particularly in guns of the multiple chamber type,
a special loading and extraction problem arises. Tt
is not the mere process of inserting the loaded car-
tridge or of removing the cartridge case from the
chamber that produces the problem but it is the
small time that 1s allowable for the process to occur.
For example, consider an automatic weapon which
fires at a cyclic rate of 1300 rounds per minute.
With a firing rate of this magnitude, only (.04 sec-
ond is allowable for the entire chain of events which
must occur during each firing cycle. The particular
serics of events which is necessary for the automaric
functioning of the weapon will of course depend on
the particular dcsign characteristics of the mech-
anism but it can be seen that with such an extremely
brief time interval available, the problems attendant
upon any mechanical function can be greatly mul-
tiplied. For this reason, the means which are used
to load the chambers of a multiple chamber weapon
and to extract the fired cartridge cases must be
given very careful consideration in the design. The
consideration must cover, not only the mechanisms
which accomplish the functions and the power
gources used to dnve the mechanisms, but must also
take into account the timing of the functions, so
that they can occur with no interference from the
remainder of the moving parts of the weapon.
Another important factor in the design of a mul-
tiple chamber weapon is the control and dissipation
of the recoil forces resulting from the firing of the
cartridges. If the weapon is recoil-operated, a con-
siderablc portion of the recoil energy may be put
to use in providing power for driving the gun
mechanisms, but in a gas-operated gun, the forces
of recoil do not contribute to the action and must
be absorbed entirely by the mounting of the weapon.
In a multiple chamber gun, the principles relating
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to recoil are the same as for any other gun. The
ignition of the propellant charge produces an ex-
plosive combustion which causes the rapid genera-
tion of an extremely high gas pressure in the
chamber of the gun. The expansion of these high-
pressure gases drives the projectile forward through
the bore of the gun and since the gases move down
the bore after the projectile, the center of mass of
the gases also moves forward. (Because of the fact
that the gases are not moving forward as a single
body but rather are expanding in the bore, the for-
ward velocity of the center of mass of the gases is
only approximately one-half of the projectile ve-
locity.) As long as the projectile is still moving
down the gun bore, the same pressure which acts to
produce the forward mation of the projectile and
powder gases also acts at the chamber end of the
gun to produce an equal and opposite rcaction
which tends to drive the entire gun rearward. The
force resulting from this reaction is called the “recoil
force” and its magnitude at any nstant depends on
the chamber pressure which exists at that same
instant.

After the projectile leaves the muzzle of the gun,
the recoil force does not cease to act immediately
but continues in existence as the reaction to the for-
ward movement of the powder gases as they pass out
of the gun muzzle. The recoil force does not actu-
ally fall to zcro until the so-called residual powder
gas pressure in the barrel has become equal to the
atmospheric pressure. {In a representative 20-mm
gun this docs not occur until approximately eight
milliseconds after the ignition of the propellant
charge.)

The combined effect of the recoil force which ex-
ists before the projectile leaves the muzzle and the
recoil force produced by the residual pressure 1s to
impart a rearward velocity to the gun and to create

a kinetic energy in the gun mass. The magnitudes
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of the velocity and of the kinetic energy depend on
the power of the cartridge, the mass of the parts sub-
jected to the recoil action, and the manner in which
the gun is mounted. In an analysis of the conditions
of recoil, it is usually desirable to consider first what
velocity and energy would be obtained if the gun is
assumed to be mounted so that it is not subjected
to retardation from friction or any other restraint,
This hypothetical condition is referred to as the con-
dition of “free recoil”. With no restraint of any kind
imposed upon the gun, the impulse of the recoil force
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(acting over the cntirc time of action of the powder
gas pressure, including the duration of the residual
pressure) will impart a rearward momentum to the
gun which is equal to the total effective forward
momentum imparted to the projectile and powder
gases. The velocity corresponding to this value of
momentum will depend on the mass of the recoiling
parts; the smaller the mass, the higher will be the
velocity. When the residual pressure has reached
zero, the gun will have achieved its maximum rear-
ward velocity. Since it is assumed that there are no
external restraining forces in the condition of free
recoil, the gun will continue to move at this velocity
indefinitely.

Although the assumption of free recoil is useful
for analytical purposes, this condition is of course
never encountered in practice.  UUnder actual con-
ditions of use, any gun must have its recoil motion
controlled and limited so that thc recoil travel is
held to some reasonable value.  This must be accom-
plished by the application of restraining forces
which produce the condition known as “‘retarded
recall”.  With small-caliber, low-powered weapons
it is often possible to hold the parts subjected to the
rccoll forces in a rigid mounting in such a manner
that the forces are directly absorbed by the mount-
ing with no appreciable rearward movement of the
gun. However such a mounting would be entirely
out of the question in the case of a larger caliber,
high-powered weapon. For example, the maximum
recoll force in a 20-mm gun can amount to from
20,000 to 30,000 pounds or more and with forcces
of this magnitude it is essential to provide same sort
of shock-absorbing mount. Such a mount must per-
mit some motion of the gun during and after the
action of the recoil {orce so that the momentum of
the recoiling parts can be cancelled through the
application of a relatively small retarding force
which acts on the gun through a considerable inter-
val of time and distance, thus gradually rcducing
the recoil velocity to zero.

The amount of energy which must be absorbed
by thc mount and the magnitude of the required
restraining force depends on several factors, As-
suming a cartridge of given power, the most impor-
tant single factor is the weight of the recoiling parts.
The transfer of kinetic energy to the gun occurs
mainly during the early stages of the propellant ex-
plosion when the recoil forces are extremely high.

Since whatever restraining [orces are applied to the
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recoiling parts must of necessity be relatively small
(in the order of a few thousand pounds at the most )
and the maximum recoil forces will be in excess of
20,000 or 30,000 pounds {for 4 20-mm gun}), it can
be seen that for the short period of action of the
recoil forces, the restraining forces can have but
little effect. Accordingly, for the duration of the
high powder gas pressure, the recoil forces are almost
unopposed in imparting velocity to the gun. There-
fore, during the preater part of the action of the
powder gas pressure, the only significant factor limit-
ing the velocity produced by the impulse of the
propellant explosion is the mass of the recoiling
parts. With this in mind, 1t is evident that a heavy
gun will recoil with low velocity and low kinetic
energy while a light gun will recoil more violently
and with greater energy.

Having a given cartridge and having recoiling
parts of some definite mass, these factors more or
less determine the general order of magnitude of the
recoil energy and velocity. The remaining point to
consider is how the energy and velocity of recoil can
be dissipated by the recoil system of the weapon.
Since the problem is concerned with the absorption
of the kinetic energy of recoil, the answer lies in
methods whereby this energy can be expended in
the performance of mechamical work. If the gun is
to be recoil operated, a considerable portion of the
energy can be converted to useful purposes in operat-
ing the gun mechanism. Making use of a portion of
the energy in this manner means that the task of the
recoil system of the gun mounting will be lightened
and the problem of disposing of excess recoil energy
will be minimized. Indeed it is often the case that
the energy requirements of a recoil-operated gun
mechanism are so great that it becomes necessary to
augment the recoil energy through the use of muzzle
hoosters and other such devices in order to obtain
effective operation. In such situations, the problem
is often how to find special means of increasing recoil
rather than to minimize it.

On the other hand, in a weapon such as a gas-
operated machine gun, the recoil energy is not put to
any useful purpose and is only a source of incon-
venicnce, Sincce the energy is not dissipated in
operating the gun mechanism, a recoil system must
be provided in the gun mounting to absorb and
dispose of it by causing it to be expended in doing
other mechanical work. This means simply that the
recoiling parts must be restrained by a force that
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acts over a distance, which constitutes the defimtion
of work. Accordingly, a high-powered gas-operated
machine gun is mounted in a slide so that it can
move to the rear under the action of the recoil
forces. The mounting is equipped with some sort of
restraining device which disposes of the greater part
of the recoil energy and also is provided with some
means for storing a portion of the energy to be
utilized for returning the gun to the battery position.
In a medium-calhiber aircraft machine cannon, the
recoll energy is usually dissipated as hcat in a nest
of ring springs or in a hydraulic buffer while the
portion of the recoil energy used for driving the gun
back to battery is stored in a spring. Larger guns
are usually provided with a hvdraulic recoil brake
and a pneumatic device called a recuperator, both
of which absorb the recotl energy. Most of the
energy is expended in the brake in the form of heat
and the relatively small amount of enecrgy stored in
the recuperator is utilized for rcturning the gun to
the battery position.

The design characteristics of the recoil system of a
machine gun depend to a large extent on the require-
ments of the installation and also are affected
strongly by the desired rate of fire. From the stand-
point of simplifying design problems, it is of course
desirable to subject the recoil system to the smallest
possible load; that 1s, to employ the mmimum re-
straining force. However, since the amount of work
which must be done in order to expend the recoil
cnergy is more or less fixed and predetermined, it
follows that the use of a smaller restraining force will
require a longer recoil travel. In most cases, the re-
quirements of the installation do not permit any great
amount of recoil travel and even if a long travel were
allowable, an excessive movement would create other
serivus design difficulties. Faced with these con-
flicting desires for a small restraining force and a
short recoil travel, the designer is nsnally forced to
favor a short travel and to accept the difficulties
which arise from a high restraining force and the re-
sulting high trunnion reaction of the mount.

Another very pressing reason why it is necessary
to maintain a short recoil stroke in high-rate-of-fire
guns can be demonstrated by a simple analysis of the
time available for the completion of the recoil and
counter-recoil travels of a sample machine gun.  As
the sample, consider a gun having a rate of fire of
approximaltely 1500 rounds per minute and assume
that the weight of the gun and the power of the car-

tridge are such that the initial vclocity of the recoil-
ing parts is approximately 10 feet persecond. (This
is a reasonable value based on an average of conven-
tional multiple-chamber guns in the 20-mm to
30-mm class.) Now, at a rate of fire of 1500 rounds
per minutc, the recoiling parts must complete their
recoil travel and their counter-recoil travel back to
the firing position within 1500/50=.04 second.
This is the maximum time allowable for these mo-
tions because the operation of the gun will not be
stable if the firing cycle takes less time than the com-
bined time for recoil and counter-recoil.  Since the
recoiling parts must reverse their motion at each end
of their travel and since this reversal can not occur
instantly, it is safe o estimate that their average
velocity of movement for a complete cycle of opera-
tion will be at the most approximately half their
maxirmurn velocity or about 5 feet per second. Mul-

tiplving this average velocity by the available time
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of 0.04 second shows that the total distance trav-
clled can be only 5123 .04=2.4 inches. This is
the combined recoil and counter-recoill movement
and therefore the recoil movement can be only half
of this distance or 1.2 inches. From the foregoing
analytical estimates it can be seen that the recoil
travel of a high-rate-of-fire gun is definitely limited
to a rather short distance simply because the aver-
age recoil velocity is necessarily [airly low and the
time available for the complete recoil cycle 18 so short,
As a matter of fact, the estimated value of 1.2 inchcs
is somewhat on the high side. In existing 20-mm
multiple-chamber aircraft cannon, the recoil dis-
tance is more in the order of from .25 to (0.50-inch.
This shorter travel is necessary because of the fact
that a considerable portion of the recoil energy is
dissipated and therefore the average velocity of coun-
ter-recoll 1s much lower than the average velocaty
of recoil.

With such short recoil travels, the average re-
straining force imposed on the gun by the recoil
system must be fairly high.  Assume for instance
that the recoiling parts of the gun used as an ex-
ample weigh approximately 100 pounds. The
stipulated initial recoil velocity of about 10 feet per
second results in a kinetic energy computed as
follows:

1 100

N JRre_—_" 102
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—155.3 (foot-pounds)
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If this entire amount of energy is to be absorbed
over a travel of only (1.25 inch, the average force
exerted over that distance must be:

p_ KE._1553
D 25

- W 12=T7450 {pounds)

In an actual gun, a portion of this force would be
provided by a spring which stores sufficient energy
to return the gun to battery and the remainder of
the restraining force would be supplied by a device
like a ring spring buffer which converts a large per-
centage of the energv it receives into heat.  In any
case, the entire restraining force of 7450 pounds is
transmitted to the gun mounting and appears as the
trunnion rcaction of the gun. 'L'his approximate
analysis shows that the conditions of recoil in a
high-rate-of-fire multiple-chamber weapon are such
that a short recanl travel and a high trunnion re-
action can not be avoided. For this reason, the
design problems associated with the recoil system of
such a gun are rather critical and must be treated
with great care.

The last point for consideration in an analysis
of an elementary multiple-chamber weapon is the
question of timing. Although the timing involved
in a multiple-chamber weapon is from the general
standpoint much less of a problem than in a recipro-
cating weapon, there are certain factors which re-
quire some attention. Of particular interest are the
limitations which affect the rate of fire theoretically
attainable. These limitations can be examined best
by considering the sequence of events which must
occur during a camplete automatic firing cycle. To
start, assume that a loaded chamber has been posi-
tioned accurately in alignment with the barrel bore
and that the gun is [ully prepared for firing. From
the instant that the firing device is actuated to ignite
the primer until the instant that the chamber pres-
sure has decreased to a low enough value to permit
the chamber to be moved may require an elapsed
time somewhere im the order of 10 milliseconds.
After the chamber is fired, it must be moved out from
pehind the barrel while the next loaded chamber is
moved into firing position. The time required for
this movement is not fixed definitely but depends
entirely on the design of the gun mechanism and the
amount of power utilized to operate it. It should
be realized that the mechanism used to move the
chambers must of necessity be rather heavy and
have a correspondingly great imertia.” In order to
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move a loaded chamber into firing position, this
heavy mechanism must first be unlocked, then
accelerated to some high velocity, and finally de-
celerated until it comes to rest at the firing posi-
tion, where it is again locked. Tven if the explosion
chambers are spaced very close together, the dis-
tance through which the mechanism must move 18
considerable and the separate actions of unlocking,
acceleration, deceleration, and locking each require
some small but significant amount of time. At a
very high rate of fire, the time allowable for an
entire firing cycle is extremely short and the time
which can be permitted for any of the events during
the cvcle is much shorter. This mecans that the
mechanism must be subjected to tremendous accel-
crations in order for it to accomphish its required
movements within the allowable time.

To demonstrate the order of the hinear accelera-
tions which can be expected in a high-rate-of-fire
multiple-chamber gun, consider a 20-mm weapon
which fires at the rate of 1500 rounds per mmute.
At this rate of fire, the time allowable for each com-
plete firing cvele is only (1.04 second.  Of this total
time, an interval of about 0.010 second is required
for ignition of the propellant, the combustion of the
powder charge, and the decrease of the chamber
pressure to a level low enough to permit the cham-
bers to be maved.  Accordingly the time remaining
during which the chambers can be moved is now
only 0.03 sccond. Of this time, it 18 reasonable to
allow a total interval of at least five milliseconds for
the action of the device which unlocks the mecha-
nism before the movement of the chambers starts
and again locks the mechanism at the completion of
the movement. Now the time remaining for the
movement to occur is only (.025 second.  During
this extremely brief interval, the heavy gun mecha-
nism must be accelerated to some fairly high velocity
and then decelerated unul it comes to rest.  For the
purpose of approximate analysis, let it be assumed
that the lincar distance separating the chambers is
approximately two inches. Let it be assumed fur-
ther that the operating cams are formed to produce
the entire movement in equal periods of umform
acceleration and uniform deceleration.

On the basis of the foregoing data, the time avail-
able for the acceleration phase of the movement 1s
half of 0.025 second or 0.0125 second. During
this interval, the mechanism must move half of the
total two-inch travel, or one inch {.0833 foot).
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Figure 4-6. Simplified Schematic of a Typical Gas-Operated Rotary Action Cannon.
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The required uniform acceleration can be found by

using the standard relation between distance,
acceleration, and time as follows:

1
S== at ¢
2 at 2

Solving for “a’" gives:

Making the necessary substitutions and evalu-

E!.tiﬂg iLaH :

e 20833
(.0125)

a— 1066 (ft./sec.?)

Since 1t 15 assumed that the deceleration period is
the same as the acceleration period, the value of the
deceleration will also be 1066 feet per second per
second. This is a high value and is equivalent to
approximately 33 times the normal acceleration of
gravity. An idea of the magnitude of the force
required to produce this acceleration can be had
by assuming that the equivalent mass subjected to
the acceleration 1s 50 pounds.in weight.

=1
50
=2y
72,57 1060

=1655 (pounds)

PRINCIPLES OF

The preceding analysis deals primarily with the
general operating and design characteristics which
are inherent in any full automatic multiple-cham-
ber weapon in which the chambers are separaté
from the barrel. In the analysis, consideration was
given to those basic features which are significant
regardless of what particular type of mechanism is
cmployed. However, there is one type of multiple-
chamber mechanism which has had a very promi-
nent place in modern gun developments. T'his
mechanism,; the rotary action, will be treated in
detail in the following paragraphs of this chapter.

The elements of a rotary action are shown sche-
matically in fig. 4-6A. The essential parts are the
cylinder (sometimes called the cartridge drum), the
barrel, and the frame. A complete revolver cannon
must also have some means for utilizing the recoil
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Of course, the preceding calculations are based on
highly simphfied conditions but they do give a fair
indication of the general order of the time intervals,
accelerations, and forces which can be expected in
a high-rate-of-fire multiple chamber gun. Although
the analysis is primarily concerned with the move-
ment of the chambers, it can be seen readily that
the entire design problem will be similarly affected
by the extremely short time available for each
weapon function.  In order to obtain smooth high-
speed operation, every function must be timed with
great precision. Ignition of the propellant charge
must occur al exactly the correct instant, unlocking
must be neither premature nor late, the application
of the force which moves the chambers must take
place at the instant the unlocking action 1s com-
pleted, and locking must occur just as the loaded
chamber reaches the firing position. Fwven a shight
delay at any of these critical points can seriously
cut into the time available for the remainder of the
operation. A similar necessity [or precise timing
and extremely rapid action exists in all phases of the
operation of a high-rate-of-fire multiple-chamber
gun. The loading operation, the ejection of spent
cartridge cases, and the conditions of recoil are all
subject to the same stringent requirements. In fact,
it has been facetiously remarked that the designer
of these weapons is an unfortunate individual who
is continuously snatching at the coat-tails of the
fleeting and infinitesimal instant.

MECHANISMS

or a gas piston for automatically indexing the cylin-
der and must be provided with a recoil system, firing
device, and feeder. The particular mechanism
shown in fig. 4-6 is taken from the Clarke patent
previously mentioned in this chapter. This is a gas-
operated weapon and the illustration shows all of
the principal parts except for the recoil system and
extractor. Fig. 4-6A shows the condition of the
mechanism immediately after firing and fig. 4-6B
shows the condition with the piston slide driven
fullv to the rear.

Cycle of Operation

The operating cycle of a typical rotary action
weapon is relatively very simple and occurs as
follows:
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The cycle starts with a cartridge in the chamber
at the 180-degree position. This particular weapon
has eight chambers bored in the cylinder and at the
start of the cycle, the chambers at the zero degree,
45-degree, 90-degree, and 135-degree position are
loaded. The chambers on the left side of the cvlinder
are unloaded. When the cartridge in the chamber
aligned with the barrel is fired, the pressure of the
powder gases drives the projectile and the gases for-
ward through the bore and at the same time drives
the entire gun to the rear in recotl.  (The force of
the recoil is absorbed by the recoil system.) When
the projectile passes the gas port in the barrel, the
powder gases flow into the gas cylinder and exert a
rearward thrust on the gas piston. The time at
which this occurs will depend on the location of the
port and ordinarily will be from 0.001 to 0.002
second after ignition of the propellant charge. The
pston action and the cylinder rotating cam groove
in the piston slide are controlled in the design so
that the cylinder 1s not rotated immediately but rota-
tion is delayed until the pressure in the barrel has
dropped to a safe operating limit a few milliseconds
after the projectile has left the muzzle.  As the piston
shde moves to the rear, the cam follower in the
cylinder rotating cam groove is driven to the right,
causing the operating hand to engage the ratchet on
the cylinder and to rotate the cylinder. The hand
rotates the cylinder sufficiently to bring the next
loaded chamber intw alignment with the barrel.
The rearward movement of the piston slide also
extracts the empty case from the fired chamber and
causes the belt feed cam to move the belt feed slide
so as to position a fresh cartridge in front of the
rammer. As the mston slide moves forward again
(fig. 4-6C), the rammer pushes the cartridge out ol
the belt into the empty chamber now at the zero-
degree position. At the same time, the belt feed
slide is retracted and the ratchet operating hand 1s
moved back to pick up the next notch in the operat-
ing ratchet on the cylinder. This completes the
operating cvcle and the next cycle starts when the
round now in the 180-degree position is fired.

Analysis of Rotary Action Features

As mentioned earlier in this chapter, the revolver
is merely one special form of a multiple-chamber
weapon in which the chambers are separate from
the barrel. As a starting point for an analysis of the
important features of the revolver cannon, 1t 15 of

interest to consider why the rotating cylinder is pre-
ferred over other forms of mechanism for moving

chambers successively into position. The advantage
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of the rotating cylinder can be appreciated most
readily by comparing a revolver with a so-called
“harmonica” gun. In a harmonica gun, the cham-
bers are bored into the edge of a flat plate and to
bring the chambers successively into alignment with
the barrel, the plate slides laterally across the back
ol the gun. Far a limited number of shots, this type
of mechanism can function verv well, but 1t has sev-
eral obvious and very scrious drawbacks. First, the
flat array is wasteful of space and awkward. Also,
the overall shape and balance of the weapon changes
as the chamber plate slides laterally during firing.
Of even greater importance is the fact that, to firc a
continuous burst of any great duration, the motion
of the plate must be reversed during firing. This
means that immediately after the reversal, the next
chamber to come into line is the same one which was
fired just an instant before. A condition of this sort
obviously makes it practically impossible to fire con-
tinuously at a high rate.

The rotating cvlinder eliminates all of the disad-
vantages of the harmonica gun. The mechanism is
compact and relatively easy to control.  The shape of
the weapon remains symmetrical throughout its.op-
eration and the balance remains practically un-
changed. The most sigmficant advantage is that
the cylindrical arrangement of the chambers gives
what is in effect an endless succession of chambers
because after a chamber is fired, there 1s time avail-
able for cxtraction and reloading while the other
chambers are being fired.

Although the revolver is very simple from the
functional point of view, there are a number of
problems connected with the design of revolver can-
non which have defied complete solution for over
80 vears. In revolver hand guns, all of which use
comparatively low-powered ammunition and are
fired slowly, these problems cither do not exist to
any serious extent or have been overcome ade-
quately through good design and careful manutac-
ture.  Nevertheless, the operating conditions in
high-powered, high-rate-of-fire revolver cannon are
so radically different that expedients that have been
fairly successful in hand guns fail completely when
applied in aircraft cannon.

One of the most diflicult problems in a revolver

cannon is the leakage of high pressure powder gases
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which occurs at the joint between the forward end
of the cvlinder and the rear end of the barrel. An-
other senous difficulty that occurs with long bursts
at high rates of fire 1s the tremendous amount of
heat absorbed by the cyvlinder.  Also there is a criti-
cal requirement for high precision in the cvlinder
indexing mechanisin to insure that the chambers
will be accurately aligned with the barrel bore.
Finally, the fact that the projectile must have a
rather considerable free run before it engages the
rifling in the barrel causes an additional source of
trouble. These four problems, although they may
appear at first glance to be simple enough, have
been proved by cxperience to be the stumbling
blocks which have stood in the way of rotary cham-
ber mechanism development throughout the entire
history of modern machine guns.  Because ol the
importance of these problems, they will be covered
in some detail in the following paragraphs and the
devices which have been so far applied for their
solution will be analyzed in order to give an indi-
cation of what progress has been made and what
waork vet remains to be done.

First consider the problem of gas leakage. That
this difficulty has existed and has been recognized
for many centuries is very clear from the history of
revolver weapons. In the very early days of fire-
arms, when the tools and techniques for construct-
ing accurately fitted mechanisms were not available,
all revolving firearms that enjoyed any success were
built on the “pepperbox™ principle. That is, they
employed a number of complete barrels rather than
a single barrel with a separate revolving cylinder
containing the individual chambers.  Although the
concept of using a scparate cylinder was conceived
at a very early date, it was not until the eighteenth
century that the art of machining had advanced
sufficiently to permit the actual construction of
practical revolving cylinder weapons. It is highly
significant that almost immediately after these guns
appeared, there werc many attempts to provide a
positive means of sealing the joint between the
cylinder and barrel. These attempts have con-
rinued, intermittently, from that day on.

Some of the scaling methods used in the hand
guns of the past were fairly effective, but none of
them have stood the test of time well enough to
survive.  In the modern revolver hand gun, the
only precaution taken to limit leakage is the pro-
vision of a close fit between the cylinder face and the
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rcar of the barrel. This does not by any means
climinate the leakage, even in a well-constructed
weapon. In any such gun that has been fired
several times, a considerable amount of powder
fowling will be evident around the front of the
cvlinder and when the gun is fired at night, a sub-
stantial fash wall be observed at the chamber gap.
In this connection, it Is interesting to note that a
silencer, which works very effectively on a single-
shot arm, 1s useless on a conventional revolver be-
cause the blast at the chamber gap produces just
Thus 1t
appcars that, for hand guns at least, experience has
proved it morc practical to ignore the problem of
leakage than to complicate the weapon with sealing
devices.  With pistol ammunition, which is all low-
powcred, the leakage problem 15 just not severc
enough to warrant the use of remedial gadgets or
special and expensive mechanisms.

Unfortunately, it is not possible to treat the gas
leakage problem so hghtly in a revolver weapon
which employs high-powered ammunition.  Leak-
age effects which are minor in pistol calibers become
major problems at the cxtremcly high chamber
pressures produced by modern aircralt cannon am-
munition. Earlier in this chapter, the problem of
lcakage was treated in general terms under the head-
ing, “Principles of Multiple Chamber Weapons.”
At this point, it is appropriate to review the facts
which are applicable to revolver weapons in par-
ticular and to consider in more detail the various
devices used to prevent Jcakage in these weapons.

When a rotating mechanism weapon is fired, the
pressure of the powder gases builds up with extreme
rapidity and drives the projectile out of the cylinder
into the barrel. It happens in most revolvers that
the projectile passes into the harrel at practically the
same 1nstant that the chamber pressure reaches its
pcak value. In a modern aircraft cannon, this peak
pressure may be 1n the vicinity of from 50,000 teo
60,000 pounds per square inch, and as the projectile
passes into the barrel, this tremendous pressure 1s
suddenly brought to bear on the joint between the
barrel and cylinder. If the joint is not tightly sealed,
a very undesirable situation exists.  Any consider-
able gap will result in a violent and destructive blast
which could easily ruin the gun and anything near it.
FEven the presence of a small opening can cause seri-
ous difliculties because the high-pressure gases are
at such an cxtremely high temperature and pass

as much nmse as the mazzle report.



THE MACHINE GUN

through the opening at such a great velocity that
there will be a very rapid erosion at the joint. After
a few shots, the damage caused by the erosion could
be so great that the gun may fail to function or at
least may become unsafe for further use. Blast and
crosion arc not the only difficulties which can result
from inefTective sealing at the joint between the
cylinder and barrel. It must be realized that the
powder gas pressure continucs to act at the joint for
the entire time the projectile is being driven
through the gun bore. If the leak is bad enough to
permit the escape of any significant amount of the
powder gases during this time, there may be a
considcrable loss in the muzzle velocity of the
projectile.

There are three basic methods which have been
used over the years for the purpose of sealing the
joint between the cylinder and barrel to prevent the
cscapc of the powder gases. The oldest of these
methods has been used ever since the day of the
flintlock and cap-and-ball revolvers and consists of
a device for camming or wedging the cylinder for-
ward before the gun is fired. This action closes the
chamber gap and presses the forward face of the
cylinder tightly against the rear face of the barrel.
Another arrangement, which was conceived as soon
as metallic cartridge ammunition came into general
use, is to move the cartridge forward before the gun
is fired so that the neck of the cartridge case 1s moved
over the chamber gap and cnters the barrel for a
short distance. When the cartnidge is fired, the neck
is expanded and tightly seals the gap. The third
method is that used in most of the present-day re-
volver cannons, This method uses a sealing piston
or sleeve at the front end of each chamber opening
in the cylinder. As the projectile passes through the
sleeve, the force of the explosion drives the sleeve
forward and holds it tightly against the rear face of
the barrel until the pressure within the bore de-
creases to a relatively low value. Thus, during the
action of the powder gas pressure, the sealing sleeve
spans the chamber gap and holds the leakage to a
minimum. In the following paragraphs, the three
sealing methods mentioned here are analyzed to
indicate the nature of the design problems involved
in each of them and to explain further their
functioning.

The mcthod of camming the cylinder forward to
effect the seal may take several forms. In its simplest
form, the rear of the barrel and the front of the cylin-

der are merely machined to a smooth flat surface so
that they will mate closely when the cylinder is
cammed forward. Although this method has the
advantage of ease of manufacture, it is not very ef-
fective because of the virtual impossibility of insuring
a tight metal-to-metal contact around the entire
periphery of the joint.  Any slight defect of the sur-
faces, or the presence of particles of dirt or fouling
in the joint, will adversely affect the sealing action.
Fven a small inaccuracy in the squareness of the
mating surfaces or in the axial alignment of the
mechanism will cause a gap to exist over a portion
of the joint.  If there is an imperfect seal for any of
these reasons, the enormous pressure of the propcl-
lant explosion will force high-speed jets of extremely
hot gas through the gaps. The resulting erosion will
quickly ruin the mating surfaces and make further
sealing impossible.  Because of the sensitivity of this
method to slight defects, it is not suitable for use n
high-powered weapons.

A great improvement in the sealing action can be
obtained by machining a conical surface at the rear
of the barrel to mate with a conical counterbore at
the forward face of the cylinder.  When the cylinder
is cammed forward, the surfaces have an action simi-
lar to that of an automobile valve. In moving to-
gether, the tapered surfaces have somewhat of a self-
aligning action and under the high pressure of the
camming mechanism, a metal-to-metal contact over
a considerable area is more probable than with flat
surfaces. However, with steel mating surtaces, the
sealing action is still seriously affected by the presence
of dirt or surface defects.

Still better results can be achieved by the use of
soft metal sealing rings, two forms of which are
shown in fig. 4-7. In the first type shown, a copper
ring is expanded into a counterbore at the front
face of the cylinder and has a conical mating surface
of the type just described. When the cylinder 1s
moved forward, the soft copper conforms quite
readilv to the surface at the rear of the barrel and
produces a much better seal than would be obtained
with both surfaces made of steel. A superior
method of using sealing rings is shown in fig.
4-7B. With the arrangement shown in fig. 4-7A,
the gas pressure acts directly on the joint and tends
to force through at any point where a slight opening
might exist or the contact pressure may be light.
The only factor tending to prevent leakage is the
force produced on the mating surfaces by the
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Figqure 4-7. Use of Sealing Rings at Chamber Gap.

camming mechanism. On the other hand, a seal
of the form shown in fig. 4-7B will tend to be ex-
panded by the explosion of the propellant charge.
Therefore the mating surfaces are forced together,
not only by the thrust of the camming mechanism,
but also by the cxtremely high pressure of the
powder gases. Under the combined actions of these
torces, a very tight seal is effected and leakage is
practically nonexistent. It is interesting to note
that this excellent sealing method can be found in
percussion cap revolvers which date from more than
100 years ago.

Although good sealing can be obtained in a re-
volver by camming the cylinder forward and using
sealing rnings, the method is accompanied by certain
difficulties. The necessity for the sliding motion of
the cylinder comphicates the cvlinder mounting and
increases the problems involved in the design of an
accurate cylinder indexing mcchanism. Also, the
reciprocating motion which must be imparted to the
cylinder requires additional mechanism to be built
into the gun and this mechanism must be ruggedly
constructed in order to handle the large forces it
must absorb. Furthermore, the forward motion of
the cylinder must occur before a round is fired and
then, after the chamber pressure has decreased to
a safe value, the cylinder must be withdrawn before
it can be rotated to place the next round in the firing
position. Because the cylinder is of necessity a
fairly heavy part and therefore has considerable
inertia, both the forward and rearward motions will
require some small but significant amount of time
which will cut into the time available for the other

d0B37H O—H06——-10

201

events of the firing cycle. In a high-rate-of-fire gun
where the firing cycle time is in the order of only a
few hundredths of a second, the time required for
moving the cvlinder in and out can easily have a
tendency to slow down the rate of fire. Another
important point is that the sealing rings must be
quite soft to function properly and hence can be
dented or deformed easily. If such damage to a
ring occurs either through some malfunction of the
mechanism or as the result of careless handling
during cleaning or maintcnance, it is likely that the
high-pressure powder gases will quickly blow the
seal out entirely. thus producing a very dangerous
condition.

The next sealing method for consideration 1s that
in which the cartridge case is pushéed forward so
that the neck of the case enters the barrel for a short
distance. Here, again there are several possible
ways of arranging the mechanism. In one method,
as shown in fig. 4-8, a so-called “buried” projectile
is used, that is, the neck of the cartridge case extends
entirely over the projectile. 'When the cartridge 1s
seated in the chamber opening, a small portion of
the neck of the case projects beyond the front face
af the cylinder. After the chamber has been posi-
tioned behind the barrel, the entire cylinder is moved
forward to close the gap between the cylinder and
barrel and the projecting neck of the cartridge case
enters the barrel. The neck of the case thus spans
the small scam where the cylinder joins the barrel.
The explosion of the propellant charge causes the
cartridge case material to be expanded tightly
against the inside of the barrcl so that the gas pressurc
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Figure 4-8. Method of Sealing With Neck of Cartridge Case (With “Buried" Projectile Ammunition).

15 entirely sealed off from the seam. In spite of the
fact that the cartridge case material is quite thin at
the neck, therc 1s no tendency for the case to be
blown out at the seam, providing of course that the
gap is not excessively large. The permissible width
of the gap depends entirely on the thickness of the
material at the neck of the case. For the thickness
found in typical 20-mm cartridge cases, experience
has shown that a gap of over 149 inch can be toler-
ated without failures. In a well-constructed weapon
there should be no trouble experienced in keeping
the final width of the gap well below this figure and
consequently there will be little danger of case
blowouts.

The objections to this method of sealing are sim-
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ilar in some ways to those cited for the method
previously described because its use requires the
cvlinder to be cammed forward to effect the seal.
Hence it has the same mechanical difficulties and
the same tendency to slow down the rate of fire.
The form of the ammunition also presents problems,
particularly in the larger calibers where it is neces-
sary for the projectiles to be provided with rotating
bands. With ordinary ammunition, the cartridge
case is crimped ta the projectile behind the rotating
band but with the “buried” projectile type of car-
tridge, the case must caver the entire projectile.
Such a round is not only difficult to assemble prop-
erly, but the projectile is also required to move
through the neck of the case [or a considerable dis-
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tance when the gun 1s fired and therefore may not
receive proper support. In addition, the round is
of an awkward shape for rapid feeding and the
thin, unsupported front portion of the case can
easily be damaged in handling or in the ramming
phase of the loading cycle.

If ammunition of conventional form is to be
used, it is not practical to use the method of sealing
described above because it would be necessary for
the cartridge to protrude too far beyond the front
face of the cylinder. The exposed portion of the
cartridge would have to include the entire length
of the projectile forward of the crimp as well as the
part of the case neck which is to enter the barrel.
This means that the cylinder would have to be
cammed forward and back again through this whole

FIXED BARREL

RN 2

distance each time the gun is fired. Such an ex-
cessive reciprocating motion of the cvlinder would
be entirely out of the question in any high-rate-of-
fire rotary action mechanism.

Dating from about the turn of the century, there
have been several instances of a rather clever type of
rotary chamber mechanism which makes it possible
to use conventional ammunitien in such a way that
the principle of neck sealing can be employed with-
out the necessity for imparting a reciprocating mo-
tion to the cylinder itself. In this mechanism, the
cylinder is mounted and rotated in the conventional
manner but until a chamber reaches the firing posi-
tion, the round in that chamber is not pushed all the
way home (fig. 4-9). When the chamber does
reach the firing position, a sliding bolt drives the
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Figure 4-9. Method of Sealing With Neck of Cartridge Case Using Conventional Ammunition.
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cartridge forward to seat it fully in the chamber and
the bolt is then locked in place. The distance
through which the cartridge moves is sufficient to
cause the projectile and a small portion of the car-
tridge case neck to enter the barrel as is required to
produce the sealing action. After the cartridge is
fired and the chamber pressure decreases to a safe
operating limit, the bolt 1s unlocked and moves to
the rear to extract the spent cartridge case.

From the preceding description, it is evident that
this mechanism combines the functions of both a
revolver action and a reciprocating bolt action. The
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Figqure 4-10. Action of Gas Piston Seal.

revolution of the cylinder can be accomplished by
the same methods as are employed in a conventional
revolver and the bolt can be operated in essentially
the same way as in an ordinary reciprocating action.
However, there are a number of points concerning
the reciprocating portion of the mechanism which
require further consideration.

The characteristics of the bolt mechanism waill
depend to a large extent on the manner in which
extraction is accomplished. In the preferred
mcthod of operation, the bolt moves back only
through a sufficient distance to be in a position to
engage the next round. This means that the bolt

only partially cxtracts the cartridge case and the
completion of extraction and ejection s delayed
until the rotation of the cylinder moves the cartridge
case off to one side of the bolt mechanism. This
same movement of the cylinder will bring a fresh
cartridge into the firing position and the bolt is then
released to push this cartridge home. With this
type of operation, it can be seen that the length of
the bolt stroke i3 very short when compared with
the bolt stroke of an ordinary reciprocating gun.
Since the distance moved by the bolt need only be as
great as the length of the exposcd portion of the
projectile plus a small part of the cartridge case
neck, the bolt stroke will only be from one-third to
one-half the length of the complete round. On the
other hand, the bolt stroke in a conventional recipro-
cating weapon must be at least as long as the entire
round and usually is considerably lomger. 'The ad-
vantage of the very short bolt stroke required in
the combination action is that the bolt motion can
occur at a relatively low velocity. On account of
this low velocity, the accelerations and shocks to
which the bolt is subjected during firing are well
below the critical and limiting values experienced
in ordinary high-ratc-of-fire reciprocating actions.
Therefore, the mechanism is capable of producing
very high cyclic rates without the difficulties usually
associated with sliding bolt mechanisms.

Except for the fact that the action of the bolt
must be synchronized with the indexing of the
cylinder, the design of the bolt mechanism of a com-
bination gun is governed by essentially the same
principles used for conventional reciprocating guns.
The energy for operating the mechanism can be
obtained conveniently from recoil or gas actuation
and the blowback action produced by the residual
pressure can also be utilized with good effect. Be-
cause the principles of the blowback, recoil, and gas
systems are covered in the preceding chapters of this
publication, they will not be repeated here.

The third method of sealing to be covered in this
analysis is that which makes use of sealing pistons
mounted in the cylinder at the forward end of each
chamber opening as shown in fig. 4-10. The
piston is in the form of a sleeve with an internal
diameter just large enough to permit the projectile
to pass through it. At the instant the rotating band
of the projectile passes the rear face of the piston,
the high-pressure powder gases expanding behind
the projectile get behind the piston and drive it
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forward with great force. The piston moves forward
so quickly that it moves across the chamber gap and
its front surface becomes tightly pressed against the
barrel face before the rear part of the projectile has
entered the barrel. As the projectile moves through
the barrel, the gas pressure acting on the rear of the
piston maintains a tight metal-to-metal seal at the
face of the barrel and the piston rings prevent the
escape of gas around the outside of the sleeve.
When the residual pressure in the bore falls to a
relatively low value, the forward force on the piston
decreases to the point where the cylinder can be
rotated to bring the next round into position for
firing.

The gas piston method of sealing the chamber
gap 1s very simple from the functional viewpoint and
does not add greatly to the cost and complexity of
the gun. In addition, when it is properly used, it
producces a quite effective scaling action. However,
like all of the other sealing devices described up to
this point, the use of piston seals involves a number
of important problems which must be given careful
consideration in design.

The scaling action produced by the piston is simi-
lar in nature to that produced by the first method de-
scribed in this analysis. That is, the main sealing
action results from a high-pressure metal-to-metal
contact between two flat surfaces. When the sur-
faces are in good condition, accurately aligned, and
free of dirt particles, they can bear tightly against
each other over a sufficient contact area to effect an
excellent seal. However, if there is any defect which
prevents good contact, the sealing action will be 1m-
perfect and the consequent leakage of the extremely
hot high-velocity powder gases will quickly erode the
surfaces. The seal will then quickly deteriorate and
soon become useless.

Another very serious problem arises from the
tremendous force applied to the piston by the peak
chamber pressure. As mentioned previously, the
peak pressure produced by modemn high-powered
aircraft cannon ammunition can range anywhere
from 45,000 to 65,000 pounds per square inch. In
a 30-mm gun, the sealing pistons will have an in-
ternal diameter of approximately 1.2 inches and a
reasonable wall thickness for the piston is about 0.3
inch. This means that the area exposed to the for-
ward acting pressurc of the powder gases will be
nearly 1.5 square inches. If it is assumed that the
peak chamber pressure is 63,000 pounds per square
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inch, the force which drives the piston forward will
be in the order of 98,000 pounds. Since the piston
is relatively light in weight, it will be driven forward
with great violence and will strike the barrel face
with a very sharp impact. Under these conditions,
the rear face of the barrel and the front surface of
the piston are subjected to a severe hammering and
the entire body of the piston must absorb an intensc
shock. To add to these difficulties, the temperature
of the piston rises rapidly during a burst and may
quickly reach the point where it tends to weaken the
piston material. All of these factors make it ex-
tremely difficult to make effective use of piston seals
in rotary action cannons which employ very high-
powered ammunition. Even when special alloy
steels are used, the pistons tend to break down
quickly, either from battering at the sealing surface
or from actual crushing of the piston body itself.

The use of piston seals creates other problems
which arc not directly related to the sealing action
but do affect the design of the gun itself. One of
these problems can be appreciated readily by those
familiar with the Williams floating chamber device
which is used to cause a .22 caliber cartridge to
produce the same recoil as the round used In a
45 caliber automatic pistol. In a revolver weapon,
the piston seal produces the same effect of magnify-
ing force, although the presence of the increased
force is not evidenced in the same way. The forces
resulting from the action of the piston seal and the
effect of these forces can be seen in fig. 4-11.

If it were not for the presence of the piston scal,
the only rearward force produced by the pressure
of the powder gases would be the force due to the
pressure on a portion of the base area equal to the
bore cross-scction area. The rearward pressure on
the remainder of the base area is cancelled by an
equal and opposite pressure which acts forward on
the tapered portion and shoulder of the cartridge
case. The effective pressure is transmitted through
the base of the cartridge case to the frame of the
weapon. The force produced by the pressure
creates a tension in the frame and also is the force
which causes the weapon to move in recoil.

The action of the piston seal produces an addi-
tional force within the weapon. As indicated in
fig. 4-11, the powdcr gas pressure thrusts the piston
seal forward and at the same time acts against the
surface at the bottom of the counterbore in which

the piston slides. The forward acting force 1s
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transmitted through the piston to the barrel and
thence to the frame while the rearward force is also
transmitted to the frame through the cylinder and
cartridge case. These forces are equal and oppo-
site and therefore do not intensify the recoil but they
do act to cause an additional tension in the frame.
As previously shown, this additional force can be
almost 98,000 pounds (for a 30-mm gun with a
peak chamber pressure of about 65,000 pounds per
square inch). Since the effective force on the base
of the cartridge case due to the pressure acting on
the borc cross-section area is only approximately
74,000 pounds, it is evident that the use of the piston
seal can more than double the tension in the frame.
With a total tension of 172,000 pounds nstead of
only 74,000 pounds, it will be necessary to use a
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In order to withstand the forces to which they
are subjected, piston seals must have a substantial
wall thickness. If an attemptismade to counterbore
the chambers for receiving suitable seals, a situation
like that shown in fig. 4-12B may result. The
counterbores might actually overlap or the walls re-
maining between them might be entirely too thin
for safety. To provide sufficient room for the coun-
terbores, it is necessary to respace the chambers as
shown in fig. 4-12C. Therefore, the cylinder will
be larger and heavier and the design will suffer
from all of the consequent disadvantages. Of
course, these remarks apply only when the ammuni-
tion 1s nearly cylindrical in form, that is, when the
cartridge case 1s not much larger in diameter than
the projectile. When the cartridge case is strongly
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Figure 4-11.

much stronger and heavier frame structure than if
the piston scals were not used.

Depending on the form of the ammunition fired
by the gun, it is possible that the presence of the
piston seals may result in a further design disad-
vantage. In designing the cylinder of a revolver
machine gun, it 1s desirable to space the chambers as
closely as possible by keeping the walls between the
chambers at the minimum safe thickness. A com-
pact arrangement, such as is shown in fig. 4-12A,
makes it possible to hold the cylinder to a small
diameter and to minimize its weight and inertia.
This not only makes for a less bulky weapon, but also
decreases the power required for operation and
lessens the strain on the rotating mechanism.
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Effect of Piston Seal on Force Applied to Revolver Frame.

bottle-necked, there may be ample metal for ac-
commodating the seals at the forward end of the
cylinder even when the chambers are spaced as
closely as possible at the rear.

The preceding paragraphs are concerned with the
problem of gas leakage in full automatic rotary
action machine guns. The next important problem
for consideration is caused by the great amount of
heat absorbed by the cylinder during long bursts at
the extremely high rates of fire being attempted with
modern rotary action cannon. The magnitude of
this problem can be illustrated rcadily by one rather
startling fact. The ammunition used in one modern
30-mm revolver gun is loaded with a 1060-grain
propellant charge and the gun is designed to firc at
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a rate of 1200 rounds per minute. Since there are
7000 grains to the pound the amount of powder
burned per minute 1s:

1060
« 1200=181
Tﬂﬂﬂk] 00 "

It is truly amazing to rcalize that this amount of
smokeless powder would more than fill two large
feed-sacks and that it is burned at such a rate that
it all would be consumed in one minute inside a
steel cylinder which weighs only about 50 pounds
and is less than one foot long. The rate at which
thermal cnergy is released in firing a weapon of this
type is tremendous, particularly when the relatively
small phyvsical dimensions of the cylinder are taken
into account.

During a sustained burst, the cvlinder of a high-

(pounds)

ratc-of-hre rotarv action mechanism absorbs enough

MINIMUM WALL
THICKNESS

COUNTERBORE
FOR SEALS

which can be fired over a given period, or requires
the development of an effective method of cooling
the cylinder. Cooling by normal air flow around
the cylinder is not likely to be successful, partic-
ularly because a large portion of the cylinder is
usually covered by the other parts of the gun. The
fact that the cvlinder revolves will probably make
the use of jacketing and liquid coolant impractical.
One method of cooling which can be used is to
spray a refrigerant gas through the chambers after
the fired cartridge is ejected. Further heat removal
could be accomplished by using the same means to
cool the outside of the cvlinder. In any case, the
cooling system used for the cylinder will be the
major factor affecting the ability of the gun to de-
liver a high volume of fire.

The third problem which has proved to be a stumi-
bling block in the development of high-rate-of-fire

AT
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Figure 4-12. Effect of Space Required for Piston Seals.

“heat to cause its temperature to rise quite rapidly.
Lven with bursts of moderate length fired at inter-
vals, the heat will be retained in the cylinder be-
tween bursts and can build the temperature up to
the danger point in a relatively short period of time.
When the temperature of the cvlinder reaches a
level of from 600° to 800° F., it 12 possible for a
“cook-off " to occur. This condition is particularly
dangerous in a rotary action weapon because of the
fact that the gun may stop firing with live cartridges
in chambers which are not aligned with the barrel.
If these cartridges should cook off, the results would
be disastrous.

The heat problem in high-rate-of-fire rotary
chamber mechanisms is so critical that it cither
places a severe limitation on the number of rounds
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rotary action cannon is the requirement for high pre-
cision in the cylinder indexing mechanism. This
problem arises because of the necessity for mamtain-
ing a very accurate alignment of the chamber with
the barrel bore at the instant the gun is fired. In re-
volver hand guns, this same alignment requircment
exists but is much less critical. With low velocity
bullets made of soft lead, a small misalignment is not
too serious because the worst that can happen is that
the gun will shave some lead and the accuracy of
fire may be upset. However, in aircraft cannon, the
effect of misalignment can be very dangerous. If
the chamber and barrel bore are not concentric
within 0.005 inch, it is likely that the rotating band
of the projectile will be sheared off. This will not
only cause the flight of the projectile to be very
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erratic but the sheared-off hand may jam the mecha-
nism or may become caught in the barrel in such a
way as to create a dangerous condition. A slightly
greater eccentricity can be really disastrous. The
projectile enters the barrel at a very high velocity and
if it encounters any positive interference as it does
so, 1t may tend to twist and batter itself within the
barrel. The possible consequences of such an occur-
rence, particularly with H. E. ammunition and a
chamber pressure in the order of 60,000 pounds per
square inch, are not pleasant to contemplate.

The problem of insuring that the chamber and
barrel bore will always be concentric within 0.005
inch at the instant of firing i1s extremely difficult in a
high-rate-of-fire revolver. The mere accumulation
of dimensional tolerances creates a terrific produc-
tion problem. The following are some of the factors
which must be considered : First, the chambers must
be bored in the cylinder so that their axes are accu-
rately parallel and all lic precisely on a true circle of
a definite diameter. The angular spacing ol the
chambers around this circle must also be held accu-
rately. The cylinder must be mounted on an axle
which must also be concentric with the circle and
the bearings in which the axle turns must permit no
side play or runout. The bearings must be located
in the frame so that the chambers will line up accu-
rately with barrel bore. If the barrel is screwed into
the frame, the concentricity of the hore and the
threads must also be held. The fact that the toler-
ances on all of these dimensions are directly cumu-
lative makes it very difficult to achieve the required
alignment between the barrel and cylinder.

The [oregoing points are only concerned with the
machining and mounting of the rotary chamber
mechanism in relation to the barrel.  An even more
complicated chain of dimensions may be involved in
the indexing mechanism and some of the tolerances
on these dimensions will accumulate with the toler-
ances on the dimensions previously mentioned.
Although modern manufacturing methods permit
very accurate control of dimensions, extremely
close control is expensive. It can be seen that even
with very small tolerances, the specified 0.003-inch
concentricity between the chambers and the barrel
13 rcally an exacting requirement.

No matter how accurately a revolver machine
gun may bc built, the problem of alignment does
not end when the weapon 1s at last completely as-
sembled. Ewven if the dimensions have been con-
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trolled so that the cylinder can be indexed to bring
each chamber into alignment with the barrel within
the tolerance, there i1s no assurance that this will
still occur when the weapon is burst fired at high
cyclic rates. In a high-powered wecapon fired at a
high rate, the entire gun structure and the mecha-
nism are subjected to very large forces and dynamic
disturbances which can cause considerable elastic
deformations in the parts. Vibrations, thermal ex-
pansion, and other influences can all contribute to
dimensional changes which can upset the alignment
achieved with the gun in the static condition. To
make matters worse, the occurrence of even a small
amount of normal wear at certain critical points can
quickly destroy the usefulness of the weapon.

Thus it is evident that the proper functioning and
reliability of a rotary action cannon is critically de-
pendent on the simple factor of alignment between
the chambers and the barrel. This alignment 1s so
difficult to achieve and maintain that the develop-
ment of rotary chamber mechanisms has been
slowed down very seriously. It is possible thal this
problem may be solved by the development of some
device which will provide a direct and positive
means for bringing the chamber into alignment with
the barrel. It also may be that the fundamental
difficulty should be sidestepped completely by using
a mechanism which moves the round forward so
that the projectile enters the barrel before firing.

The last of the four problems which have bottle-
necked rotary action development for over 80 years
is concerned with the free run of the projectile
In an ordinary rotary
chamber mechanism, the projectile must travel for
a distance approximately equal to its own length in
passing from the cylinder into the barrel. In moving
through this distance, the projectile 1s driven by very
high chamber pressures so that it picks up speed
very rapidly. By the time the rotating band engages
the rifling in the barrel, the projectile is moving for-
ward at high velocity but has not yet started to spin.
When the rotating band meets the rifling, the band
1s immediately engraved and the twist of the rifling
causes a torque to be exerted on the projectile. 'With
standard rifling, the applied torque 1s very large
because the rifling attempts to preduce instantane-
ously the rotation speed called for by the twist of the
rifling and the high forward velocity of the pro-
jectile. Naturally, the projectile has a considerable

before it enters the barrcl.
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inertial resistance to rotation and the force required
to overcome this resistance to rapid angular accelera-
tion may be greater thar the shear strength of the
rotating band. If this is the case, the surface of the
band may be stripped off completely before the pro-
jectile has acquired any considerable spin velocity
and the flight of the projectile after it leaves the
muzzle will therefore be unstable. A condition of
this sort is certain to make the gun hopelessly
Inaccurate.

Some improvement of this condition may be
possible with the use ol progressive twist rifling,
particularly if the rifling starts at zero twist and in-
creases gradually to full twist. Rifling of this type
would tend to accelerate the spin of the projectile
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more smoothly so that there would be a much better
chance of not stripping the rotating band. How-
ever, if the projectile is moving too rapidly when it
engages even this type ol rifling, the rotating band
may still be stripped. Although the acceleration
would be smooth, it would have to be quite high
and it is possible that the rotating band could not
stand the required force.

Another solution to this problem would be to
employ the combination type of action in which
the round is moved forward so that the projectile
enters the barrel before firing.  If this 1s done, there
will be no free travel of the projectile and the rifling
will function in the normal manner with no danger
of stripping the rotating band.
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