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Introduction

The topics discussed in this manuscript were included in & sgeries of
lectures conducted by Mr. John G. Rocha, formerly of Weapons Development
Branch, Research and Engineering Division, of the Springfield Armory.

The lecture series was given at Rock Islznd Arsenal, Rock Iélsnd, Illinois
during the pericd Cctober 1967 - March 1968. reparation of these
lectures was directed toward assisting cordnance engineers of the newly
formed Small Arms Research Branch of Rock Island Arsenal in becoming
knowledgeable as to ordnance design practices commonly known at
Springfield Armory.

A number of selected. ordnance design publications and tests were
used as source data, and is noted in the bibliogrsphy, as well as other
reccmmended reading. In addition to the published source material,
available in mest ordnance engineering libraries, observaticns made
during Mr. Rocha's 15 years experience.zz ordnance design engineer
at Springfield Armory are included throughout the manuscript.

Included in the lecture series, following a historical resume; are
topics on interior and exterior ballistics, systems of weapon operation,
stresses, dynzmics, kinematics of mechaznisms, end topics peculiar to ~
ordnance engineering, such as headspace; recoll forces, links, magazines,
and evaluation of time-displacement curves.

Emphasis is placed upon the coordinstion required between weapan

. design and ammunition design agencies since the wespon system demands:

thet each group be cognizent of weapon/ammunition interface areas.

In addition, this writer feels that sny new weapen design, or weapon

system reflecting & quantum increase in firepower, must depend upon

increased effectiveness of ammunition, Rare excepticns are the externally

powered high rate of fire machine guns that increase volume of fire

per installaticn. Advances in future weapon effectiveness mzy well be

triggered by improvements or new concepts in .ammunition design. Therefore,
again, the weapon designer should be krowledgeable of all the facets of

ammunition design including chemistry, btallistics, and thermodynamics,

as well as cartridge case and projectile design. "Ballistics" includes
interior, extericr, and terminzl, or wound, ballistics. In &n ordnance

organizaticn, only one or two engineere will be thorcughly familiar

with any phases of these allied sciences, and will functicn as a

consultant to the section en the particular topic in questien.

The material discussed in these lectures should be of interest,
and informative to a2ll levels of & small arms design section; but
further specialized data on, each topic will be left to the initiative
of the user, since srdnsnce engineering is a visble science, and
new discoveries are censtantly outdating the status quo. ’



IX

Historical

Ever since the cavemsn used a club or rock &s the first weapons,
man has continued to improve the design of his weaponz, eften with
the hope that the new weapon developed would end all wars and bring
peace for all mankind, ' ]

As an example, in 1704, a French engineer nsmed Chaumette devised
a new approach to solving the problem of leading & rifle from the
breech quickly and effectively. A presentation model of this weapon
had the fellowing imscription engraved on the Barrels

"La Chaumetée hae made this terrible gun. All its
patrons will be blessed for it iz the means of
ending war and establishing the Golden Age."

Doctor Richard Gatling interrupted hiz medical practice during
the 1860's to develop his famous nuitiple barrel weeapon, which
principles are still preminent today. Ke confided to his associlates
that his weapon would put an end to 211 wars and bring pesce to the
world. Unfortunstely, he wag mistaken, tecauze the development of
any new weapon spurs the development of & counterpart. >

Histeorically, Past Is Proldgue, and this ig significaent in many
weapon designs., A prediglous nunber of weapen mechanisms have been
introduced in the past that falled, but would be adaptable te future’

weapon designs Lf the principles are correctly applied. This is

because of the many advances made in metallurgy, new alloys, new
production techniques, and prepellants. For example, the hexagonal
bored rifle (Whitwerth) of over 100 years ago iz being re~intreduced

- 4{n the U.S. in 1968 (cemmercially) &as rifling "without lands or

grooves',

.Develmpment of Militarv Cartridge Case

Friar Bacen was cne of the first Europeans to develop a successful
fermula for gunpowdar. At this time, practitioners of the art were more
concerned with the noise and flash produced, and observed that confinenment
of the charge accelerated pressure buildeup, but it did net eccur to
them that this pressure could be utilized to preopel shot. This activity
started about rhe vear 1250, Another monk, Berthold Schwartz, used
gun powder in the perind of 1290 - 1350. ‘He experimented with heating
sulphur, saltpeter, mercury, snd charcoal, attempting to cenvert
mercury to. silver, snd succeeded in flattaning himself and the laboratory
in several explesions before he understecod the principles of propulsien.
The Chinese also uszed black pewder, in the 6th te 10th centuries, -but
enly fer ceremonial and demonstrative purposes.

Mechanical art in various .
thereafter., The first weapons were
because of their reed-like construction, and the first projectiles
were, not balls, but arToWs.



For the next few centriesz, ignitien gyutemc were the principal
design keys. Initially, the gumner had to ignite the powder through a
blow-hole on top of the barrel, so that he could not aim at the
same time. Accuracy, then, wiz only accidental. The touch-hole was

moved from the top to the right zide of the barrel, A little ledge,
or pan, was added beneath it to hold thke priming powder and thus
make ignition more certain. A hinged cover was added to protect
it from the weather. zrrels were lengthened, stocks were shortened
and the general contours of a medern gun began to appear. Most
important was the development of & wick, or match, tﬂgcthev with a
device for holding it. This was & twisted rope dipped in saltpeter
and spirits of wine, so that it burned slowly, as a punk; thus the
shooter did not bFV“ te stay near tbe cappfire to ignite his weapon.
Thus mebility was impreved.

The complete gun-lock, stock, and bsrrel, appeared with the
matchk lock, which was a spring- lmmdcd device that brought the match
. inte the priming mix when the triggsr was pulled.

Bullets develeped:slowly. Hand.cannon fired net only lesd, but
alse stone, iren, steel, brass, copper and tin missiles as well., As
this was an age of experimentation in t ballistics, there were alse
cylindrical, pyram1~&1 rectangular, and barrel shaped bullets.

Arrows were alss popular, even silver buttens on one historic cccasion.
By 1600, the lead ball was universally used. The match lock, despite
ite limitations remained in us @ge until the 1700°'s. About tbﬂt :
time, wheel-locks were devised, which worked as simply as the cigavette
lighter works; that is, frictien between & serrated wbe~1 and pyrite
produced sparks to ignite powder in the pan.

The first known reference to a cartridge was by Leonardo da Vinci
about 1500, a simple tube of rolled paper, each holding powder for one
ghot., The gunner simply bit off one end, peured a 1 L*le pewder in
the pan and the rest down the barrel. The ball follgwed, snd the paper
as a wad. Rate of fire thus improved.

Then came & whwle group of ignition systems that preduced. sparks
by striking flint agazinst steel. This improved maintensnce, &5 the
wheel-lock mechanisms were complex. The flimt-lock, or enazp haunce,
mechanism was simple. The classic fI int-lock mf*hanﬁwm was designed
in France in the early 1600’'s and carried on for at least two
centuries, the most m&te* Yveing the British BEzown Bess and the French
Charleville., At thisz time firing rate was about 4 SFM.

the flintleck mechaniem alzo made the pocket pistol really practical.

One big improvement by Henry Nock, was the plenum (or pre-ignition)
chamber, to speed ignition, impreve maintenance, and improve ballistics,



A clergyman, Alexander Forsyth ushered in the modern era with the
first succeesful percussion lock. This was the turning peint in the
history of firearms, as it provided the basic theocxy for all future
developments in ignition, including the modern metallic cartridge.

Forsyth's hobby of hunting ied him to his remarkable discoveries.
He noticed that many of the wild birds escaped his fire by diving the
" instant they saw sparks or flash from his lock. The ensuing hesitation
in ignition was all they needed. BHe set about to re-develop the firearn
in the late 1700's to remedy this jnefficient ignition system. New
substances being experimented with at that time were called fulminates,
or salts produced by dissclving metals in acids. When struck, they
expleded viclently. After much experimenting, Fersyth succeeded in
1805 in directing the priming charge into the bere. With the help ef
James Watt, he patented bis discoveries. Many variations of his
principles led to the percussion cap. This cap was placed on hollow
steel nipple, and, when struck, directed a flash into the bore.

The eorigin of rifling dates back to the early 1500's. Longitud-
inal grooves were cut in the bore to collect powder regidue. When
someone epiralled the grooves to {incresse their length, aeccuracy improved
to everycne's surprise. When tight-fitting projectiles were used, this
led to procblems in loading, urntil greased patches were intreduced.

This also helped clean thke boxe.

However, with improved &ccuracy, speed of losding was sacrificed,
by the time taken to drive tte bullet down the bore in loading. A
French army captain, Claude Minie, refined the shape of scme experimental
hollow-tased bullets in 1849 so that, via a iron. cup, the projectile
skirt expanded into the rifling. Hence the "Minie Ball" was born
and proved to be highly effective during the (sc-cslled) Civil War.

Soon afterward, in 1853, an Amarican dentist, Edward Maynard,
developed & tape primer, similar to the commen children's "caps'" in
roll form for toy pistols. Hence, a method for speeding the reloading
of the ignition system was devised. It soon became clear that it -
was easier to load & gun at the breech rather than putting & charge
of powder, ball, and wadding down the bore, perticularly when lyin
down, confined or under combat stress.

Breech lcading had been experimented with for several centuries
datirg back to the early 1500's whén shield-type pistels, of recessity,
were breech leaders, using sn iren tube similar te the modern cartridge
case., Firing was by & match-lock, ~

The first important breech-lezding military weapon was French, and
utilized a threaded breech plug perpendicular to the bere, which did
not fall free, and was thus easy to load. (17207g)



A large number of gun enthusiasts proceeded to develop a prodigious
number of breech leading variations, but powder fouling, gas leakage,
and endurance limited any success for well over a century. Finally,
Pauly, a Swiss inventor, initiated the concept of using the ammunition
as the key to breech-lcading design, in 1812, when he used a cartridge
with a rimmed head of soft metal, teo cbturate.the propellant gases.
These cases had paper bedies with brass heads, like commen shotgun
shells. One ef his technicians, Jehann von Dreyse, becams one of the
most historic figures in the development of breechleaders, as the
inventor of the belt actien rifle with the "“needle gun'" principle
of ignitien. The basic principle was that of a priming compound
in a hollow at the base of the bullet. The priwmer was detonated by a
long firing pin that pierced the powder charge.

With this gun, the Prusslans dispatched the Danes quickly, and
the Austrians in only 7 weeks, in 1866. Additional developments
were made to shorten and strengthen the firing pin, which proved to
be a problem in erosien and endurance.

Christian Sharps made another important centributicn with his
lever action carbine, He utilized a separate-disc priming mechanism
that automatically pesitioned a primer over the nipple for each shot.
This weapon was prominent in the Civil War, as well as in piloneering
and settling the West. It was the last of the important combustible
case weaponse., Cartridges were made of paper, linen, rubber, metal £odi1%
and sheet metal, in a variety of breech mechanisms. The basic problem
of all breech-loaders was the same: that of obtaining a quick-acting
gastight seal.in a mechanism that could function fer a follow-on shot.

The pin-fire type of cartridge was briefly successful, but proved
te be fragile, and prone te accidental firing. From the side-firing
pin-fire followed the teat fire and the rim-fire, which was limited
te lew-powered cartridges, because the metal had to be hard encugh
to support the chamber pressure, yet soft encugh to be easily indented
by the -hammer or firing pin. The center-fire cartridge eliminated
this limitation. In-this, a primer pellet is crushed by the striker
against a rigid anvil, with vents leading into the mzin charge.

Two important types, by Col. Berdan, U.S., &nd by Cel. Boxer, U.K.
were develeped and have been essentially unchanged in 100 years.

The 1873 Springfield .45-70 trap-deor model was simply a2 means
of converting. stock-piles of muzzle loaders into breech loaders.
One problem preved te be in tight extraction after prelonged firing
due to thérmal expansion of the bresch end of the barrel.

During this peried, in the U.S. and U.K., 120 actions and 50
cartridges were considered in & search for most acceptable mechanism,
attesting to the variety of inventiens produced in the 1870°'s, follow-
ing introductien of the modern metallic case.
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Tn 1889 Alfred Nobel invented 'smckeless' powder, Vielle of France
developed the ballistics theories, and the age of high perfocrmance
weapon systems was born.

The United States Light Rifle Program

This section is a resume of the activity, generally at Springfield
Armory, directed at satisfying the User's requirement for a light-
weight automatic shoulder weapon. This requirement was a natural
follow-on to the semi-autcomatic (8 rcund) Ml rifle which gave the U.S.
a significant advantage over cther countries that were armed with bolt
action rifles.

Modifications to the Mi system were initiated in 1944 as the
Springfield Armory T20 series and the Remington Arme T22 series.
These developments included use of 20 - round box-type magzzines
selective five with semiautomatic fire on 'closed bolt" and full
automatic fire on "open bolt'". ("Open belt" means that the bolt
is held in the full recoil position between firing bursts.) (This
is dee to minimize the danger of a cock-off, the inadvertant firin
of a cartridge caused by the cartridge being in contzct with a hot
chamber. Ingiticn is by conduction of heat through the brass case
and into the propellant., The primer is nct struck!) Eventually
the requirement for the "open bolt! sear was deleted. :

Experiments also included use of cut-off end expansion gas systems,
muzzle brakes, compensatcre, bipods, and a number of minor items.

The initiation cf the formal light rifle program was featured by
a shorter cartridge, the. 765 series, which eventually was developed
intc the 7.62mm NATG standard carctridge. The Cal, 30-06 cartridge
(uséd in the bolt-acticn Springfield '03 as well as the BAR and the M1
rifle) is 3.33 inches long, while the NATO certridge is 2.80 inches leng.

One of the first rifles to take advantage of the shorter cartridge
was the TZ5 rifle, a Springfield Armeory design. It featured a tip-up
bolt lock not unlike the BAR lock, an expansicn gas system, and an
inline butt-stock to facilitate contrcl in automatic fire. User
preference in styling dictated redevellopment cf this model as the

T47, with a conventional drop-stock.

Another Springfield Armery development was the T28 light rifle,
which featured.a modification of a CGerman conceived breech mechanism,
extensive use of stampings, and an inline buttstock, alsc to assist
in control of autcmatic fire. The lccking rollers leck the bolt
to the barrel extensicn, &s typified in the German MG42,; the Spanish
CETME, and the current Gevman &3 vifle. However, these European
models are engineered te utilize a retarded blowback principle of
operation to cycle the weapen: This does not allow a reserve of



power in the event of firing under adverse conditions, so the T28
rifle was developed with positively locked rollers and a gas system
of operation to power the bolt carrier.

The T4k series of weapens was basically a continuation of the T20
series of Ml rifle modificstions. Eventuzlly, this model (T44E4) was
standardized as the 14 rifle.

The T31 rifle was an experimental model designed by John Garand
which was characterized by an inline stack, "bull pup" configuration,
a pistol grip in front of the 20- round box magazine, and a number of
uncenventional promising features. Theze included, ameng others, &
simple leaf-type driving spring, & firing mechanism that utilized
enly a short stroke of the operating rod, and a gas-operated barrel
cooling system. If this weapon had been continued in development,
it ceuld well have minimized the necessity for use of the ML6ELl rifle.
0f course, this is a speculative statement, but it demonstrates how
"giming" in the introduction of 2 novel weapon is important. The
User must be prepared to accept & seemingly unconventionzal item,
User preference in styling "feal" (bzlence), sighting geometries,
and other intuitive qualities cannct be technically measured.

The T35, T36, and T27 médels were interim phéses between the
T20 and T44 series. '

The T48 rifle was the Belgien FN entry in the competition for
selection of a NATC rifle. It was also chambered for the T65E3
cartridge, as was all of the models in the preceding paragraphs. -
A pilot line of 500 models was manufactured in the U.S. by H.&R.,
in order to measure adaptability of the design to U.S. production
and inspection techniques. Selection of the standard U.S. rifle
was eventually based upen 2 series of U.S. User tests.

A series of fezsibility studies for an advanced weapon system
evolved sz the "Szlvo" concept. This was based upon the observations
made under combat cenditions of the shosters level of ability, or
inability, tc hit his target. There are many fecets to this problem,
but it can best be summarized as effort to improve "hit precbability".
Weapon developments centered shout test fixtures using multiple
barrels, for simultanecus, or ripplie-fire multiple shots per trigger
pull. The SPIW rifle progr&m 2¢ one generation of this concept study.
The 7.62mm Duplex cesrtridge Lz one result of this program,

s a shoulder weapon that fires & lightweight
flechette projec shoted in a smooth-bore 5,56mm barrel. The
firing mechanism is d signed to permit single-shot semi-autematic,
high-rate three-round-turst semi-automatic, or full automatic fire.
The lecture on "Dynsmics or Autcmatic Rifles" will demonstrate that
the high-rate three-round-burst is cptimum ceommeniurate with controle
lability and hit probability,

The SPIW system
tile
& =

i
=
e



gStudies of liquid propellant rifle systems &re discussed in an
ensueing chapter.

An additicnal rifle development was the Springfield Infantry

. Rifle, designated as "g . I.R," This was & lightweight, compact, cal.
224 autcmatic rifle that was designed to incorporate the best
features of all of the infantry rifies develsped to date, and using a
lightweight cartridge that preceded the prezent 5,36mm round used in
. the M16EL., This program was also derivative of the "Salvo" concept.

Designers, oOr brincipal engineers, of the weapons disclosed in
this chapter are as follows:

" 720 series John C. Garand
T25 i E.M. Hazrvey
T28 C. A. Moore
T4l : L. S. Corbett
T3 John C. Garand
SPIV R. E. Colby

~S.I.R. A.J. Lizza
An excellent descripticn of U.S, standard machine guns is given in

Smith & Smith'seighth edition of "Small Arme of the World" as well as
in G.M., Chinn'e Vols I - IV of "The Machine Gun".

Caseless Ammunition

Now after the 100 year pericd since cartridge cases were intro-
duced, efforts are being mazde to eliminzte them, taking advantage
of the growth of other technologies, such &s metalluxgy and chemistry.

In chemistry, new forms of caseless smmunition have been developed,
such as a solid molded propeliant contsining the projectile and a
combustible percussion primer. In metellurgy, new and improved
paterizls may lead to successful methods of obturation, the reduction
of heat transfer, and elimination of erosion and cook-off.

What are the advantages of this new facet of ordnance design?
Essentially, they are as follows: ‘

1. COST - The price of a cartridge case is approximately one half of the
cost of a complete round. Eliminating the case should cut
ammunition cost in half. (However , note development effort
required to realize this) - '

2. WEIGHT - The weight of a bras approximately one half of
the weight of the ¢

3. BULK - The molded caseless cartridge is appreximately 25% shorter
thzn the cazad ammunition.
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4. ELIMINATION of spent cases that clutter the compartment of a
vehicle, particularly larger caliber weapons.

5. Possible simplification of gun mechanism, such as elininating
clese tolerance headspace dimersions.

6. Criticai cartridge brass material will not be required.

The weight and bulk factor are especially attractive from a
logistics and installation point of view.

~ For example, in comparing the 7.62mm NATO cartridge with a
comparable 7.62mm caseless round (of comparable ballistics), the
. Nato round weighs 390 grains and has a storage volume of .85 cubic
inches, while the caseless round weighs 196 grains and has a storage
volume of .64 cubic inches, The effect of this is that an infantry-
 man's ammunition load (220 rounds) is reduced from 15 1b. to 8.7 Tter,
or, if the same combat load is used, the ceseless ammunition cemplement
is increased to 430 rounds.

-

For armement installations, the advantageés are particularly
attractive. In helicopters, &s in all aircraft and most vehiclesg,
-weight and space are at & premium. A typical inetallation, the MO
Armament Subsystem, (Quad 7.62nm M60C machine guns) carries 6000
rounds, with a weighting of 390 1b. and a volume of 3 cubic feet.
Caseless ammunition would weigh 190 1b. and hsve a volume of 1.95
cubic feet. If the same system weight 4s held, the ammuniticn
complement could increasze from 6000 rounds to 11,500 rounds.

So much for the prospacts, but now what are the problemz?
This is where the present end future development effort is concentrated,
‘apd is generally as follows: : . T

1. COST - Establish preduction techniquee so that ultimate mass
production at lew cost will be realized.

2. CONFIGURATION - The proper size and shape of caseless
ammunition commensurate with the following:

_a. Production techmiqueg and control
b. Weaé@m design (clese coord. req'd)
c. Ballistic efficiemcy |
d. Feeding, storage, and handling

3. OBTURATION - Chamber, belt, firing pin



4, COOK-OFF (Cartridge case had functioned as insulator)
5. ERCSION and fouling

6. MISFIRE extraction

7. COATINGS agazinst moigture

8. 'STRENGTH_to gupport handling & feeding (durqbility)

Of the above preblem areas, obturation, or the sealing of the
high pressure gases frem excessive leakage, is expected to be the
most articulate if endurance is expected. That is, & self-acting
durable seal for an automatic weapon will not be merely & close-
tolerance fitted cemponent, because prolenged firing will cause
thermal expansion of cemponents to varying levels.

Some relief from the wide scope of problem areas inherent in
a caseless system may be realized by using & partially combustible
cartridge caese, This is done in the 105 mm howitzer and 105 mm gun
area. 1In this, a stub brass ghell is used, in crder to provide
cbturation, ease of extraction, etc. etc. A significant reduction
in cartridge brass is realized, being approximately 85%, rathex
than the 100% of completely caseless ammunition.

Liquid Propellant Systems

Approximately 10 - 12 years ago & coneiderable amount of work was
done in exploring the feasibility of utilizing liquid propellants
in small arms. The range of programs was quite extensive, and
enveloped a number of applicaticns and philosophies. Initially, it
was held to be promising for ship-board installation, where the
propellant bulk could be stored in remote areas, gnd pumped to the
weapons. This concept then was applied to tank guns, then interest-
grew in the small arms field.

There are. two general categories of liquid propellant systems:
the mencpropellants and the bi-propellants. In the bi-propellants
two separate liquids, a fuel and an oxidizer, are pumped into a
chamber where hypergolic sctisn csvses ignition and burning. No
primer or igniter 25 used., Monopropellants &are single fuel systems,
with ignition by separate means, such as spark, primer, compressicen,
glew-plug, etc.

The advantages of & liquid propellant system are generally as
fellows:

1. Greater impetus per pound of pr@pellant for liquid (over
solid propellant) systems.

2. Sharp reductilon in pressure peak through control of pressure-
time interior ballistics.

16



3. Hyper-velecities pozsible (over 5000 fps projectile).:
4. Reduced heat transfer to barrel and .chamber.

5. Cleaner burning (no feuling);

6. Reduced erosion.

7. Elimination of cartridge brass.

8. High capacity weapon syatams‘may be realized.

9. Reduced smoke and flash.

10. Reduced receil peek leads (inherent with item 2 above) .

11. Remote storage of propellant (for vehicular installations)
to save space in gunner 's cempartment, end for safety.

12,. High firidg rates possible in certain weapon designe. -

Ppuring the course of development, it was realized that the high

. impetus propellants were extrenely corrosive and unstable. Erratic

pressure peaks and erratic ignition & burning ensued, until eventually

~ the bulk of effort was directed toward monoprepellant systems in '
which the propellant was & mixture of hydrazine, hydrazine nitrate,

and water. (approx 70-25-3) A typical bi-preopellant combination

would be Red Fuming Nitric Acid and Hydrogen Peroxide, for example,

there being a wide range of propellants considered.

Two philesophies in the 1iquid monepropellant field centered
about the control of the pumping, Or chamber-filling, process. -One
was & constant-pressure theory, the other & constant-volume theory.

In the constant-pressure system, the chamber was filled until
a definite liquid pressure of the full chamber was attained., Here,
as firing progressed, any chaznge in bullet seat would change

bullet pesition, increasing the propellant volume, causing & change
in interior ballistics.

In the constant-velume system, & definite, measured amount of
liquid was pumped inte the chamber., As firing progressed, any change
in bullet seat would cause ullage, or an amount of air, in the chamber,
which caused erratic ignition and uncentrolled interior ballistics
performance. ' "



III

In general, the following problem aress remzin unsclved and
constituted the principle R & D efforts

1. Obturation, both at low (fill) pressure and bigh (burning)
pressure

2, Igniticn

a. Erratic

b. Energy source for spark
3, Purging systenm after misfire
4, Pumping

a. Cavitation

b. Preuignitggn

c. - Leakage :
50 Erratfc chambér pressures

6. Pcor low temperatire ctaracteristics of pro ellants.
p

Suppoxrting Sciences

This section reviews some of the fundamentals of interior and .
exterior ballistics, recoll forces, and dynamics of automatic rifles
from a mathematical, rether than hardware, perspective.

it is felt. that design engineers should be knowledgeable of the
sciences that affect thelr product,

Much of the data indicated here may be corroborated by test
fixture firings, since the results are limited to specific calibers,
weights, velocities, and other characteristics. These fields are '
constantly in ueed of crevision because the formulze involved are
1imited tc the specific conditions of the tests ¢bserved. This
is one of the reazous that the science of crdnance engineering is
ge fascinating. '

Interior ralilistics

An understarnding of the fundamentals of interior ballistics 1s
essential for the wespon design engineer, This is beczuse the

Pt
o



development 'of pressure in the chamber and bore affects the weapon,

. operating system, and is a basic weapen/ammunition interface area.

The weapon designer should be prepared to make pesitive recconmendations
as to ballistics parameters when a new weapon system is being specified,
or is in a state of developument.

The following are examples of weapon/ammunition interface areas
that requires knowledge of interior ballistics by the weapon designer.

a. Headspace 1imité,

b. Timing breech opening,

c. Development of styesses on bgrrel bolt lugs and breech ring,
d. Rifling twist,

e. Barrél and chambcr erosion,

£. Gas pressureiat arificewzfor gas operated weapons),

~g. Gas pressure-at muzzle (for recoil operated weapons) for
design of muzzle booster,

h. Construction of primer to prevent primer puncture and/or
cup flow,

i, Construction of cartridge case to. prevent caée splitting,
j. Reduction of emoke and flash, as well as verious products, and
k. Ballistic stability at temperature extremes,

A diagram eof a typical cal. .30 pressure travel curve is analysed
and 1llustrates pressure and velocity with respect te bullet travel.

‘ This typical cartridge fires a 150 gréin projectile at a muzzle
velocity of 2700 feet/second. Quite simply, the formula for projectile
muzzle energy is: E = wéz/2g.

: 2
E = 150 x 2700 - 2420 f£t. 1b.
7000 x 64.4 '

Cotrélate this with integration of the pressure-travel curve: That
is, the area under the curve multiplied by the bore area is equal to
the energy developed.: '

Travel scale 1/4&4" ¢ 1" (typical)

Ref.: Hatcher's Notebook by J.S. Hatcher, Chapter on Interior Ballist:

13



COMMON POWDER TYPES for SMALL ARMS

CORD PELLET
STRIP FLAKE

<

MULTIPLE PERFORATION

SINGLE PERFORATION

 ROSETTE

FLATTENED BALL

-

NOTE: The pressure the propellant develops

varies inversely with the thickness of propellant grain.

14



pressure scale 1/4" = 5000 psi.

i .
each square = 1/16"° = 5000 in. 1b./in,2

Count of squares z 78 (use of grid)

78 % 5000 z 390,000 in. 1b./in.2
|
Bore area = “{i/k .3082 e 0745 in.z

Energy = 390,000 x L0745 = 29000 in. 1b.
- E = 2,420 ft. 1b. Therefore, the data correlates.

The identical pfocedure ie utilized with a pressure-time curve;
in which the unit is 1lb.-sec., or & measure of impulse.

Note that if a heavier projectile were used, which would result
in increased muzzle energy, or @ more powerful charge were used to
increase velecity, then the area under the curve would have to increase
proportionately. Since barrél travel is comstant, then the pressure
would have to increasc. This is one penally that isipaildiforu:
packing more propellant into the cartridge case.

At times attempts have been made to alter the shape of the pressure
curve, so that a lower peak, acting for & longer time, would resgult
in reduced weight of 1locking mechanism barrel, etc. but there are
limits to the effect of such a change. ’

The development of pressure in the weapen is alsc controlled by
simply changing the chemical composition of the powder or by changing its
form. The pressure the propellant develops varies inversely as the
thickness of the preopellant web. Smogeless powders are most commonly
used, being a double-based composition of ngtr@cellulase (gun cotten)
and nitroglycerine. When completely deccmposed, nitrocellulose
yields COp, CO, Hy0, N2 and nitroglycerine yields COg, HaD, N2, and 02.
The expleding temperature of both coterials is @bout 1809C..=200°C.

Note that the propellant contains its own OXygen. i

A material advantage of gmokeless powder over the old black
powder is the fact that it burns in parallel layers. Therefore, by
appropriate shaping, the burning rate, and thus the rate of pressureé
increase, may be controlled.”

Moisture must alse be controlled in nitrccellulese powders. A

change in moisture content of * 1% changes the muzzle velocity by ¥ 12 £fps
gnd the gas pressure by + 750 psi.

15
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Temperature change a changes gas pressuve and velocity
accordingly. The propell is ignited by the primer charge, eithexr
fulminate of mercury oY lezd azide, so that a large flame is created
by adding a very surface-rich powder, so that practically all the
powder grains begin to burn at the szme time. The rate of buzning
is a function of the pressure of confinement. The speed of reaction
increases with increasing pressureé until a pressure and temperature
maximum i3 reached, -producing &n explosion. Loading density, therefore,
is an important value in internal ballistics. Loading density iz
the ratio of propellant charge to chamber cavity volumé, in grams per C.C.

Improper selection of propellant chemistry could result in a
high temperature increase ot concentrated points in the propellant
mass, causing a pressure wave to emanate, that travels through the
powder mass in & chock wave, creating a detonation.

In order to gusrantee consistent burning from round to round,
and thus consistent pressure development, the chamber density should
not exceed a maximum value, which depends upon the burning heat of
the powder used. The loading density, therefore affects uniformity
of weapon performance.

Development of formilse on Internal Ballistics haz been
principally through the efforts of Vielle (Fzrance), Cranz (Germany) ,
end Charbonnier (France).

The burning temperature of nitrozelliulose powder will peak, in
a typical weapon, &t 3000%F, with the temperature &t the muzzle exit
of 2000°K. :

1ly that the maximum attainzble.
muzzle velocity of a projectile, using nitrccellulose powder is
9100 fps. This considers 36% of the charge transformed into muzzle.
ctile and charge. This figure is only of

academic interest, because it requires extremely high charge to mass
ratios. '"Charge to mass zatio' is merely the propellant weight/
projectile welght, end for small arms varies from .3 tO 4. Higher
propellant loads are inefficient, causing temperature and barrel
erosion values to sccelerate.

energy of the project

o
-

0

A typical variation of muzzle velscity with pcwder temperature
B =
P~ 2

change as follows:
Temp. degrees F. . Velecity
0 2631
10 2641
2 . 2648
30 2657
40 2668
50 ’ 2682



Temp, degrees F. Velocity

60 - 2 2700
70. 2722
80 2750
90 2784
100 2827

Five. general equations are commonly uzed in the development
of interior 'ballistics theory. These are:

1. Equation of state of propellant gases
2. Equation of energy

3.. Equation or motion

4, Burning rate equation

5. Form fuﬁcti@n

The equation of state is used to develeop the equation of
energy, which in turn is a statement of how the energy released
by propellant combustion is.distributed during weapon operation.
The equation of motion is the solution of forces due to the gas
pressure accelerating the projectile.

The burning rate equation determines the rate at which new gas
is being generated in the gun by the combustion in the charge.
This rate is & function of the presgure of burning, and the area
of the reacting surface., If this surface is not constant, it is
necessary to introduce the form function to account for effect of
the charging burning surface on the rate of generaticn of gas in
the gun. : '

A detailed discussion of each equation of energy is glven
in "Interior Ballistics of Guna", AMC Pamphlet #706-150, dated
Feb. 1965, Chapter 2.

It should be pointed out that a general theory of gun barrel erosion
hes not been formulated because the erosion rate decreases as the
gun is used due to changes in the interior ballistics resulting from
the erosion. A number of general theories have been evolved one of
which assumes that, due to roughness, the surface melts only locally,
go that erosion is at "hot spots', that shift about on the surface.

Black Powder

Black powder was commonly used as the sole propellant in guns
up to the end of the 19tk centry, when they were replaced by the
nitrocellulase powders.

19



Being the original hunpowdert since the 13th centry, it is
a mixture of 75% sodium nitrate (saltpeter) 15% charcecal, and 10%
sulphur. It has consistently proved to be an undesirable propellant
for the following reasons:

1. It burns incompletely, leaving large amounts of residue
in the bore.

. 2. It creates high temperatures locally when burning, causing
rapid erosion of the bore.

3., 1t creates large billows of black smoke.

4. 1t tends to detonate, developing a high reaction speed
that is incontrollable.

5, It must be stored in airtight containers, since it deter-
jorates when exposed to moisture. Deterioration causes
unstable burning. '

6. It is highly responéive to friction, shock, and sparks.
' 7. Black powder dust is highly dangerous.

However, it is used as either a primer or igniter for boosting
propellant charges. :

Rifling Twist

In specifying rifling twist, the most common practice is to
follow prior art, either military or commercial for the same projectile
form and weight. Increasing projectile weight causes the projectile
to tend toward being unstable unless the twist is sharp encugh.
Therefore, the twist required varies with the projectile weight.

The torque developed by the rifling in providing rotational
acceleration is given by the formula:

2
Torque = Fd/2 = 2 AXT pd/NW

F

Rotating force

o
"

Caliber

Ay = Axlal moment of inertia (grains-inz)

o
1]

pressure

=z
]

- Twist (calibers/turn)

20



W = Bullet weight

Ax = CWC]I2

C = .11 for conventional projectile accordingly, F = 4cd21T23_
' ' N

=)

Gain twist is employed to gradually'accelerate the projectile to
the required spin rate. The gain twist exit angle is equal to the
helical angle of conventional straight twist reguired for a comparable

projectile.

The p&ojectile jacket is a composition of 90% copper and 10%

zinc.

. pistribution of Energy

For a typical conventional weapon, the energy developed by the
propellant, assuning complete combustion, may be distributed generally

as follows:

Projectile forward motion 32.00%

Projectile rotation Co ' .14

Projectile friction‘ : 2.17.
_ Weapon recoil | 12
V:Propellﬁnt gas motilon | : 3.14

Heat loss to gun and projcctiie 20,17

Latent heat losses in
propellant gases 42.26

P e

propellant potential ©100.00

One particular exemple, as measured in the Cal. .30 BAR, is
as follows, expressed in terms of calories:

Heat to cartridge case A3 calories
Kinetic Energy of Bullet' 885.3 L
Kinetic Energy of Gases yo 569.1 !
Heat to Barrel 679.9 il
Feal, G BoraTed N i |
Heat in Gases 598.6 W
Total 2863.9 calcries
Frictional Heat Loss 212.0 Rt

21



Extericr Rallistics

Exterior ballistics is the study of projectile motion from the
muzzle to the target. An understanding of this topic is important to
a weapon designer because he should try to promeote efficiency in project-

ile design and effecitvenese to the 1limit of his capacity. That is,
a .gun designer develops a given weapon to ‘the specifications of
pinimum weight, maximum reliability and endurance, producing a given

n
velocity to a projectile of a given weight, size, end shape. 1f
the projectile design is of maximum efficiency, the projectile
remaining velocity will be high (minimum drag ox retardation) and
the effective range will be meximized. A gun designer should strive
for the maximum effective mileage and penetration at long range of
each round fired from his weapon. If the projectile design were
lowered- in efficiency, then the effective range would be reduced, or
effectiveness at the target lowered. Then, in order to increase
wezpon system effectiveness, a heavier or higher velocity projectile
would be specified, resulting in higher pressures, loads, barrel
wear, and stresses on the wezpon and mount compornents. Therefore,
again, it is most important that close co-ordination be mzintained
between weapon and ammunition design agencies, &s their product

is so inter-related, for maximum system effectiveness.

~ Two important elements of exterior ballistics data zré the
trajectory and the remzining velocity. The trajectory is the curved
path the projectile follows in the eir and is 2 function of gravity
and (1) sngle of departure, (2) air resistance, (3) shape of the
projectile, (4) projectile diameter, and (5) projectile weight,
Remaining velocity, of course, is a measure of the projectile velocity
at any given range &as a functicn of muzzle velecity and the elements
of air resistance that slow the projectile. The remaining projectile
energy is then computed, as well as any other function of velocity
that effects the lethality of the projectile, as well as other
terminal effects. :

The study of projectile lethality, or striking energy, is called
terminal ballistics, end is a complex study, if 211 the elements of
wound ballistics are to be understood. That is, there ig a variety
of phenomena that occur when 2 bullet strikes, and this is a function
of projectile velocity, shape, structure, angle of impact, etc.; as
well as target structure, density, etc., etc. Many of the facets of
this subject are not well understood .

The calculat E trajectory in a vacuum is a common practice
in high school physics, but for an accurate .treatment, a series of.
exterior ballistic charts have besen prepared that enable anycne to
plot trajectories for any cartridge with sufficient accuracy. A
typical chart is "Ingalls Ballistic Tables",
of E.I. PuPont De Nemcurs &Co., Inc. and anothe s the Speer
rt. The data is
g i

0 o
e 3
()
th
m

Ballistic Calculator, slide-rule type of char
arranged in a series of logarithmic curves (2s a slide rule) iIn
order to facilitate the math process.
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With these aids, curves of projectile velocity and energy up to
1000 yards can be obtained and compared with each other. It will
become apparent how important the "Ballistic Coefficient" is in
reducing drag, or velocity retardation, and thus getting more
mileage out of the round fired. The ballistic coefficient is,
in effect, a measure of the efficiency of the projectile form.
The higher the Ballistic coeeficient, ("C"), the better, and
vice versa., The value of "C" for the 7.62mm 150 grain boat-tailed
projectile is in the order of .4 - .387.

Other commen values of "C'" are:

Projectile et
.22 Long rifle, 40 gr. ) .137
.224-55 gr. SP (flat base) . .209
.223-55 gr. boat-tail ERE Y
.270 WIN=-130 gr.Aéxpanding pf. : 496
~30/06 SpEld - 110.gr. ' .237
30/06 Spfld - 150 gr. L e 323
30/06 Spfld -~ 180 gr. .560
7.62mn - 125 gr - M43 (Soviet)) :31
45770 W.C.F. - 405 gr. .219

In general, a bullet with a long, emooth ogive, minimum peint
diameter, boat-tailed, and high in weight, will have a good ,
ballistic -coéfficient. The long ogive radius reduces head pressure,
and the beat-tail reduces suction at the base.

The ballistic ccefficient is calculéted as C = w/idz, where

projectile weight in 1b.

W oz
d = projectile diameter in inches
i

coefficient of form.

The coefficient of form depends upon the ratio of the bullet
ogive to the bullet diameter and the effect of air resistance on
the point. . Bullets of different calibers that have the same shape
(mere scale-ups) have the szme coefficient of form. The tables
given in the DuPont charts have been ccmpiled from firing, as
well as tabular, data, from several sources; being averaged when-
ever there were differences.
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In using the DuPont chart for bullet fo,mi match the bullet
profile carefully, noting that the sharp points on the diz gr am are
for drafting reference only. The table makes adjustments for the
diameter of the hellow point of flat nose.

The charts use a series of vertical reference planes and scales
for each of the factors in the equation. Following the step-by-step
directions for the given charts, data may be obtained for plotting
the curve of remzining velocity up to 1000 yards range; the angle
of departure; the time of flight; the maximum height of the trajectory;
the angle of fall; wind deflection; and the remaining energy.

The charts on the following pages compare the remaining velocities
and energies of a number of commercial and military rcunds. . Note
that the comparison of values at the muzzle is not the same as the
comparison at, say, 500 or more yards. This is where the ballistic
coefficient makes a significegnt difference.

Charts #1, 2, and 3 are related to a following dissertation on
"Ballistic Ccefficient'.

Chart #:4 shows the efféct of increasing the weight of, for
example, a-5.56mm projectilé. The resultant change in rate of
velocity loss reflects a variation in the remaining energy level over
the range of 1000 yards. In chart #5, values of remaining velocity
and energy over the range of 1000 yavds are shown for the three
current military cartridges.

In addition, when the remaining velocities ere determined
by the use of ballistic tables, a variety of data may be derived,
as shown in chart #6. Here, two philesophies of projectile
effectiveness are shown in a'comparison of the 7.62mm NATO
and the 55 grain 5.56mm cartridge.

Remaining impulse end MV 3/2 curves reflect a comparison of -
these two standard cartridges over the range of 1000 yards.

The coefficient of air resistance as a function of the Mach
number is shown 2s follows: (p. 181 Oerlikon handbook)
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Spark photogaphic techniques of a projectile in £light
pernmilt measurement of the velocity as a functlion of the Mach

number .

The complex nature of the bullet's trajectory is due to the ~
fact that for a spin stabilized projectile, the mass of the projectile
is not concentrated at the center of gravity and the projectile doas
not travel exactly in the direction of its axis, but yaws, oscillating
about the tangent of the trajectcry. This angle is the angle of
precession, and is caused by the alr resistance and moment with
respect to the center of gravity.

The projectilé in flight is stabilized as a gyroscope is; by
‘spin. Such a rotating body possesses an angular momentum that tends
to resist forces that aét to tilt the spin aris. : '

In comparing the behavior of a-gyroscopé, if a force is applied
on the head of the projectile, F, °

Lol T
O

/1

i
§

the projectile will turn, not about the horizontal axis, but will
precess, or turn, about the vertical axis. This motion is called
precession, and is due to the spin imparted by the rifling.

3



The force causing bullet deflection is not & lateral
force against the 'side of the bullet, but 2 force applied at
some other point on the cgive. There, it will tend to tip the
bullet, and gyroscopic precession must result.

With compareble rates of spin, the angular momentum cf a
short fat bullet is much greater than that of & long thin one of equal
weight, and the short fat one accordingly will precees more slowly
and deflect less. .Thus it will result in less deflection from
branches and twige. This is why rcund nose bullets have better
brush - bucking ability than spitzer - point bullets.

Another familiar phencmenon is called bullet drift. It is
well known that bullets tend to curve to the right of the line of
sight when fired over leng range, assuming & right hand rifling
twist. This is also due to the gyroscopic effect. The force
opposing gravity, on the ogive area forward of the center of gravity,
causes precezsion to the right, because of the right hand epin.
The yaw is the attitude of the projectile with respect to the
longitudinal axis. / o

i Likewise, windage will cause the projectile to strike higher
or lower, depending upon wind direction, Wind blowing from right
to left will cause bullet dzift to the left,-and at the same time
(assuming right hand twist) due to gyroscopic precession, will cause
the bullet to strike low.

Wind direction from left to right will conversely cause the
bullet to drift to the right, and strike high,

The following informal dissertation on "The Rallistic
Coefficient", by this author, egain cutlines the significant
characteristics of the baliistic coefficient. Of particular
importance is the comparison of the .264 (6.50m) and the 7.62mm
NATO remaining energies, which are equal from 600 yards to 1000
yards. (Chart #2).

Also significant is the comparison between the NATO round
and the Cal. .30 - 172 grain bullet which shows, for example, that
the hesvisr bullet has as much energy at 1000 yazds as the NATO
has &t 650 yardz. This is where firepower is improved without
paying a penalty in the weapon.

Ballistic Ceefficient

1£? Very simply, it is a measure of the efficiency of

What is
a projectile in flight through the air. If we were firing in a true
vacuum, there would be no need to conmsider a ballistic coefficient,



but firing in & true vacuum only occurs in high school textbooks,

and the rest of us have to put up with air resistance, which creates
frictional resistances and drzg. Thls causes the projectile to
steadily lose velocity. The rate at which velocity drope is deter-
mined by the Bzliistic Coefficlent. The higher the value of Ballistic
Cocfficient, the greater the efficiency of the projectile in flight.

h

The practical value of studying the Ballistic Coefficient should
be epparent to thosze who seek a flatter trajectory, more impact ensrgy
at longer range, and & longer effective range. Instesd of cramming
more or hotter powder into the chamber to incresse energy, which,
by the way, adds dangerously higher strains to the barrel, locking
lugs, and cartridge case, and shooter should pay cleser attention
to the bullet weight and shape. These are the factors that
determine Ballistic Coefficisent. The most efficient projectile would:
be essentially heavy (seme even consider the use of a depleted
uranium core) for maximum density, but retain a long smooth ogive
(Spitzer point) with minimum flat point, and a boat-tail, to
reduce the aft drag, or turbulence. The ideal bullet tip would be
pointed, but this iz {mpractical for handling in the magazine, there-
fore the flat tip dismeter should be about one tenth of the caliber.

Other good reszsons for paying attention to bullet design for
increased effectiveness et longer range, rather than making the clizmber
hotter, are that, first with increased load, the recoil impulse is
higher, loading yecur shoulder 211 the more, which also will affect
yOour accuracy, and that higher loads reduce the number of timss

you can safely reload your cartridge. Also, barrel wear is reduced

2nd the wear and tear on automatic mechanizms is elso to be

considered. '

There are three factors in the standard formula for computing
the Ballistic Coefficient and these are weight, bullet dismeter, and
form factor. The bullet weight divided by the bullet diameter
squared is a measure of sectional density, end the higher this is,
the better your Ballistic Coefficilent. The form factor is a value
based on the shape of the projectile. The langer the ogive radius
jameter, the better the form factor.

ok at eome practical results of this Ballistic

n. For exsmple, study the curves shown in
velgeity and energy of two different bullets
s, Esch bullet is a standerd 105 grain €mm

e with & muzale velocity of 2964 feet per second.
The difference is that onz is & round nose bullet with & Ballistic
Cozfficient of .256, while the other Is a spitzer point bullet with
a Ballistic Coefficient of .395. Of course, since bullet weights,
diemeters and muzzle velocities are identical, there is no
difference im travel in the bore; since the energy from the
expanding gases Is identical in each case, After the projectiles

5 =2
0 O
&)




leave the muzzle and are free in the alr, th d
Ballistic Coefficient shows up markedly. Immediztely the respective
velocity and energy curves begin to separate from thelr common
starting point a2t the bore, so that eventually, the spitzer point
has the same energy at 1000 yards that the xround point bullet has

at 650 yards. Thus, by picking the spitzer point, you gain 350
yards in range effectiveness. Likewise, with velccity, for example
at 600 - 700 yards, the spitzer bullet velocity is 40% greater than
the round nose bullet, :

hen the difference in
Ne

This is not a condemnation of round nosed. bullets, however.
They have their place. The principle advantage of round nose
bullets is their stability in brush bucking, when compared to
‘Spitzer point bullets. Therefore, if you are hunting in wooded
or brushy terrain, where you target is likely to be at medium or
shorter ranges, use round nose bullets. If your hunting range is
open country and the target is likely to pop up at longer ranges,
then the Spitzer point bullet is reccmmended.

The criteria for effectiveness shown here is energy. Effects
in tumbling and other wound ballistic phenomencn depend upon the portion
of the game hit, whether boney, fluid, effectlveness against vital
organs, etc., and are so variable that many arguments on this subject
have burned the midnight oil, each hunter having a different opinion
which naturally is based on his experience and cbservations. The
subject therefore need not be exhausted further in this discussion.

Another interesting effect of an improved ballistic coefficient
for a number of projectiles is that their performance is upgraded
to the level of higher caliber cartridges at lengexr ranges. For
example, note Chert #2, which compares a (.264) €.5mm 140 grain
bullet having a muzzle velocity of 2500 fps and Ballistic Coefficient
of .482 with a (.308) 7.62mm 150 grzin bullet having a muzzle velocity of
2740 £ps and Ballistic Cosfficlent of .387. "Both bullets are spitzer ‘
. points. The big difference in Ballistic Coefficient is due to the smaller
diameter of the 6.5mm coupled with its weight of 140 grains. This is
known as sectional density, which is one resson why lead cores are used.

Locking et the curves, you will see that the 6.5mm muzzle energy
is 2000 fr.-1b,, while the 7.62 muzzle energy is 2600 ft.-lb. However,
becauze of impraoved sectisral density, or Balllstis Coefficient of the
6.5mm, the energies are equal at ghout 600 yards. That is, the 6.5mm
caught up to the 7.62mm at that range, and equalled it on ocut to

1100 yards, at least. In fact, at those longer rangss, the 6,5mm
remaining velocity is higher than the 7.62mm.

> recogniza the 7.62mm example as the U.S, standaxd

Many of you may
NATO military cartridge, Ti iz true, and points out how the NATO
Cartridge may be improved by increasing its Ballistic Coefficient.

In fact, this can be done quite simply by substituting another standard
7.62mm projectile, the 172 graln boat-tailed National Match bullet,



beasting an impressive Ballistic Coefficient of .56. Of couzse,

a slight ‘adjustment in powder charge is made in order to mzintain
peak pressure at the same level. That is, increasing bullet weight
(without changing powder chsrge) causes the pesk pressure to rise in
the chamber. This is because the expanding gases are pushing
against a heavier bullet, causing a slightly slower acceleration,

or teke-off, of the bullet; therefore, if you can imagine you are
keeping the 1id tighter on a boiling pot, the gas pressure will be
higher, therefore either & glower burning powder is uced, or a few
grains of propellant azre lopped off.

Chart #3 shows the vast differvence in remaining energies for
the two 7.62mm projectiles. For example, the 172 grain N M bullet
has the same energy at 1000 yards that the 150 grain NATO has at
600 yerds, and the NM energy at 1000 yards is double the NATO
energy at 1000 yards. Thiz ia particularly advantageous when
shooting in open country. ’ .

As a curiocus sidelight, compare the Ballistic Cosfficient of the
NATO (150 gr.) buliet with the old-time lead ball. The ball, being
a sphere, will have a poor form factor, about 1.4 (the Nato 18.6),
and a corresponding Ballistic Goefficient of 152 times the ball
diameter (which mzkes 1t easy to compute for all size lead balls).
. For a°'.30 cal. ball, the Ballistic Ccefficient then is .0455 while
the NATO is .387, even though the lead ball will be heavier, welghing
in at about 200 grains (NATO, 150 grains). -

The obvious result ig that the lead ball, while potent at the
muzzle, will lose energy very quickly. .This is the main reason that
shot pellets have such a short effective range of only 60-80 yards,

In summary, then,selection of a more efficiently streamlined
bullet, (better surface finish, too, when casting bullets) will
pay off more handsomely in striking energy than lozding the case with.
a hotter powder charge. The benefits will also inciude a shorter
time to target,a flatter trajectory, and, therefore, improved
aCCUracy. : :



Receoil

WRecoil" is nothing more than an expression of Newton's third
law, which states that '"for every action there is an equal and
opposite reaction'. The determination of recoil values is fundamental
in ordnance, as it represents a measure of the force produced for
each round fired.

The value of "free recoil" is usually considered in calculaticns
of recoil energy. That is, not considering additional masses or
resistances such as the shoulder or forearm that, in reality,
make recoil "effect" less violent than the "free recoil" calculated.
The calculation of free recoil is useful for purposes of comparison
of one weapon, or charge, against another.

In fact, and as bourne out by experience, recoil effect or
"kick" is lessened by holding the butt firmly against the shoulder,
This affects the eacceleration of the ekeletal frame.  Thus the
resulting recoil energy is more "enjoyable" if it is a "push"
rather than a "blow". :

Some authorities place & limit on maximum recoil enexgy
for a military rifle of ebout 15 foot-pounds. A person can
briefly handie double that amount, but the frequency is not expected
to approach that which the infantryman will fire. As an extreme,
a fifteen pound elephant rifle may ccmmonly have a recoll energy
in excess of 50 foot pounds.

Typical recoil energies of several standzsd weapons are
‘calculated as follows: ; :

a. Recoil energy of Cal. .30 Ml rifle:

ot
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Projectile Impulse
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Rifle impulse then =

\Y 2.3 x 32.2f9 = 8.25 ft./sec.

0

E

on

w2/2g = 9 x 68/64.4 = 9.5 ft. 1b.
b. Grenszde Launcher M79:

Projectile impulse = .375 x 240/32.2
2.8 lb.=-sec.:

2.8 x 32.2/6.5 = Ig/W
14 ft./sec.

Recoil Velccity

[

wvl/2g = 6.5 x 194/64.4
19.6. £t.-1b.

Recoil Enexrgy

L4

o

36



nften the questicn is broached as to the amount of rifle
metion priocr to bullet exit. Taking the common 30706 rifle &s an
example, firing & 180 grein match bullet, popular in competitive
target shooting in a 24 inch barrel, the solution iz easily found,
Simply consider the distance the bullet travels ag being inversely
proportional to the rifie recoil travel as the weights of bullet
and rifle.

Congider 1/2 of the propellant charge as traveling with the
bullet, since this is true up to the point of muzzle exit.,

=
Sp Wr

st _ (180 + 29/7000
24 9

Sz

e

',078 inch

Various methods of measuring recoil are used, the preferred
method being to hang the gun on parallel wires, and measuring the
velocity of recoil of high speed cameras or other instruments.

This eliminates the use of secondary calculation, which do
‘not correct for certain losses.

In another method, a steel ball is attached to the buttplate
and the indentation made in a lead block is measured. (Ala rockwell
hardness testing.) This method is good for comparative measurements
only. :

To calculate recoil data, the basic law of course, is F = m a.
Since a s v/t then F t = mv. The term "m v" is referred to as the
"momentum", or the property of a given mass at a given velocity, '
while "F t" is the '"impulse", or the effect of a-given force
acting for a given time. ' ‘

v For recoil forces, impulse is equivalent to the average force
that would bring the mowing body to rest in one second.

There are three vectors contributing to recoil. and ﬁhey are;
(1) Reaction to projectile acceleration
(2) Reaction to propellant motion

» +(3) Muzzle blast, both gas exit and action on muzzle face.
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The first factor is the most important, 2nd while the impulse
of the projectile equals the weapon impulse, the energy is a function
of velocity squared, therefore, the weapon energy is usuzlly oaly
about 1/200 of the projectile energy. '

the effect of the muzzle blast is a function of muzzle pressure.
Therefore, shortening +he barrel does not reduce recoil, a2s one
mey think, since the muzzle velocity is lowered. Rather,recoil
will be intensified because of the much higher muzzle pressure,
usually quite noticeabie, This is equivalent to & rocket thrust.
and is determined by the equation:

Thrust = Muzzle pressure X Area X Mass rate of discharge.
(This factor is & function of propellant chemistry)

compensates for the urknown in muzzle
tice of assigning a velocity of 4700
s agrees with dynamometer tests for

An approximation that
blast equations is the pre
for gas exit veloclty. Th
military small arme.

e

Thus the formula for recoll velocity of the weapen is
approximately Vw z (WpVp + 4700C) /v,

@

The energy then, E = ﬂﬁi
2g

The value of weapcn impulse in firing is best determined by
test firings in gzllistic pendulums or by using a Velocimeter to
determine velocity of muzzle gases. It is this variable that
limits the asccuracy of cornventional analysis. For example, the
steted formules using & charge velonity of 4700 fps =t the exit, is
restricted to emall exms with a projectile velocity in the range
of 2400 - 2800 fps class. Further, the weapon impulse formula
may be divided into two phazes: Filrst, impulse during projectile
travel to the muzzle, and Second, impulse at muzzle ‘exit.

For the first phase, the weapon impulse equals the projectile
impulsze plus the powder impulse &t one half the projectile muzzle

velocity, since the powder expands at cne hzlf the rzte of the
projectile velocity. '

hig formuls, then, is:
I = Ww Vw/g = Wpip/g + 1/2 WeVplg
or , Vvw = Vp (Wp + .5Wc) W

°

After muzzle exit, sdditZonzl impulse is realized due to the
gas blzst.

Extensive experiments indicate that this can be compensated
for by dncreazing the effective mass of the powder charge as follows:
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(1) For Shotguns and Revolvers with long barrels:
Vw Ww = Vp (Wp + 1.25 Wc)

t2) Krag Rifles and shotguns and revolvers with short barrels:
VYw Ww = Vp (Wp + 1.5 We)

(3) M1903 Rifle & M1 Rifle:
Vw Wa = Vp (Wp + 1.75 We)

(This is comparable to assigning a charge velocity of
4700 at full charge weight, rather than 1/2 charge)

Pendulum data taken at Springfield Armory show an impulse of
2.51 1b.-sec. for the Mi4 rifle. This resulted in 2 constant of
1.05 (Ve 2860) . (Impulse varied from 2.45 - 2.55)

The mount, or gun suppdrt,.must react to the recoil energy,
and the value of this force depends cn the elasticity of the mounting.

The conditicns of loading for reeilient mounts depend upon
the stiffness of the spring; for stiff springs the load is high,
while recoil is short, while for softer springs, the load is lower,
but a longer permissible recoil travel -is required. The weapon
rate of fire requirements determine spring rates.

In the following schematic, note that the area under the spring
load diagram approximately equals the recoil energy:

Vv | Ve
e P EENAAAVE

ot /////n///é

PRELOAD ———
R = TRAVEL
E = F‘s ' '0| - D”‘"

Ordinarily recoll systems will have secondary loading diagrams,
which may be due to buffers, resilient pads, or the frame work itself.
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1
Therefore, in lsying out aprﬁng loa
heights the area under the trapezo
the erc*gy of the recolling mzssu

aszembled and minimum
rams should represent

A study of the recel
weapons was cenducted &t
observaticns were mzde:

ts of shoulder fired small arms
G-

1 effec
BRL, Aberdeen, Mzryland, and the following

&. The free recoll momentun
ammunition were greaster than thos

b. The sverage escape velocity {ﬁt the mﬂﬁgie) of the powder
gas was less for AP ammunition than -it was for ball emmanition.
A greater part of the powder energy wis apparen *ly transmitted to
the AP projectile.

¢. Experimental mu
in the gas escape veloo
an increase. 2

shle decrease
ar pxo»uced

d. The recoil momentum of the Ml rifle is sifghtly less than
thet of a Springfleld rifie, most likely due to the eacazpe of gas

L L0

et the breech on opening.

In another series of tests, a varlety of shooters fired the Ml
rifle from a stending position, without use of 2 #ling. Measurements
of force va, time and displzcement va. time were mede .- Regults
indicate:

tv on 10 out of 11 men

a., The aversge maximum force and velocit
was greater when firing AP ammunition (kmer ball smmunition) .

b. The varistion of force and velocity from msn to man was
2
i -

¢. The maximum velac? recoll
velozities in every czs2. shooter's arm and
zheoulder welght, as well &s yeee. The ef fe~t¢ve
shoulder weight varies from ,, and neglects the
resisting forces. :



d. It appeers that the way a rifle is held has a greater effect
on recoil than the size or build of a riflenan,

Quantitative values were found as follows:

a., Free recoll measurements (five wire pendulum) of M1
Rifle (weight rifle = 9.72 1b.) :

(1) Ball ammunition:

(Projectile)  Wp.Vp 58.63 ft. lb./sec.

(Charge) We Ve = 30.77 ft. lb./sec.
(rRifle) We Vr = 89.40 ft. 1b./zec.
Ve = 4270 fps
vr = 9.2 fps

Rifle KE = 12.8 ft.-1b.
Average Maximum force (11 shooters) = 69.3 1b.
' " gtandard deviation .= 3.6 1b.
(2) AP am@unition:

64.71 £ft. 1lb./sec.

Wp Vp =
We Ve = 30.07 £t. 1b./sec.
Wr Vr = 94.78 ft. 1lb./sec.
Ve = 4170 fps
Vr = 9.75 fps

KEr = 1l4.4 ft.-1b.
Average maximum recoil force = 7327 bk
Standard deviation = 3.2 1b.

(Note that WpVp + WcVc = Wrvr)

Dynamice of Automatic Rifles

The tactical requirements of & full automatic weapon are quite
different than those of a semi-sutomatic rifle, so & weapon design
that seeks to satisfy both functions can only be compromise, at best.
(M-14 vs BAR). The BAR, being & heavy auvtomatic rifle, can be held
on the target areas, whereas the lighter Ml4,with a dropstock, climbs
badly in automatic fire.

When a round is fired, an impulse develops both tranzlational
and rotational velocities in the gun. This is not a significant
problem in semi-automatic fire, but in full-auto, riflemen have
difficulty holding the weapon on the target. ' '

_ The induced rotational veleocity, multipled by the time lapse
between shots represents the angular deviation between successive
shots. This widens for each round because of the initiazl velocity
input for successive rounds., Therefore, an effective automatic
fire progran should be limited to short bursts if any degree of
accuracy is desited. -
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With "w'" reprezenting engular velccity increments per round,
e the rate of fire, "n' the number of rounds in a given burst
and "2 n" the a"cumulAted deviation for the burst, the following
formula is applied; :

as the angular velou,ry

Therefore, the deviation v ]
5 of fire. Therefore, firing

increment and inverse‘y 83
rate should be higher for i ion., However, 1f the
geometry and weight of the we uch that the chO)ter can
be trained to "hold" the rifl get between rounds, then
a lower rate m2y be desired, as in the BAR.

The "salvo" concept is concerned with the '"number of rounds"
that zre fired into a target area before a significant devistion
occurs. This is in line w1th the "shotgun'' concept. Note that
the formule contairns an re factor; therefore, the deviation is
accelerating with burst length. As an example, with a firing
rate of 600 spm and a "w" per shot of 20 mils per second; the
deviation as & function of burst length is es follows:

Shot No, - - Deviation (mils)

1 0 (assumed)

2 2 :
3 6 '

4 ) , B v

5 20

6 - . 30

"

Therefore, a three x
system, would offer short bure
needless waste of ammunition.

as utilized in the SPIW
12X imun effect*vene;u and prevent

One critical user test is the "quickfire" course, in which
the shooter fires at shortcerangs random targets from the hip.
Here, vifle profile is importen

i

e t, &2 noted in tests with the M16
rifle. With the shoster's eve approximately 18 inchss above the
weapon, the shooter’s projected sight line runs from the top of
the carrying handl » muzzle. Thils creates en optical
illusion that cause the bere to be projected at a sharp upward
angle, causing the shooter to hit high.

'D
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DYNAMICS of AUTOMATIC RIFLES (Typicel)

b |
‘ e —— o A W 8
& ry e | — = =
Fa A1 ~ \\ﬁ
M 1 .
2f e
Fa My
o = Cénter of Gravity
RESULTANT WORKING FORMULA:
o Mia + Mab
2 : 2
(T + My CE)(Mi+ Mz)+ My My (b= )
w = angular'velécity (rediens per second)

I = moment of inertia (ft.-lb.—sec.z)

M = Momentum (1b,-sec.)’
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Consider the following force diagram:

Fy - Propelling Force

Fy =~ Shoulder Re;ction (horizontal)
Fg - Shouider Reaction (vertical) |
a = Bore % to c.g.

b = Ecore {to shoulder

¢ =- c.g. to shoulder

% - angular acceleraticn of weapon
w = sngular velccity of weapen

1 - moment of inertis about c.g.

M1 = Weszpon miss

[
L]

My = Mass of shooter (equivalent)

M - Momentum of bullet and charge

Dynamics of Automstic Rifle

| 0

The mements znd rezctions about the c.g. are as follows:

(1) I1Z:=F, 84F, (b-a) - F3 ¢

1
The value of M, varies greatly and cannot be caleculated,

but it hes teen cbeerved that a value of 1/4 the shooter's weight

iz reaconable. This is an empirical value for the shooter's

supporting weight plus the force applied by the shooter to resist

recoil. In any event, since it is many times the rifle weight,

variations have little prastical effect. ;

by



The horizontal acceleration of the gun butt is: (F = m 2)

(2) Eo , F2 =Ty S
'MZ Mj. + (b-a) _a

so that

(3) Fo _ My Fp - M1 M2 (b-a) @

| My + M,

The vertical acceleration moment is:

(4) Fy . CRZN =0
My o
so that
Substituting equations (3) and (5) into (1)

M, Fy - My M, (b=3) &
— 2 =1
Ia = Fl a + 1 2 (b-a) -~ M c2a
' N M+ M 4
1 2
_ M1 a = M2 b
ach 7 TR 2]z F, |0
. (L + Ml C )(M1 + My) + My My (b-a) 1 .

Since angular velocity is a function of acceleraticn as M is
a function of Fis :

(S dt - wand g Fy dt = M)
therefore w = M 1:@] ‘ .
(w in radiaqs/secj
By inspecting this formula, you?see that if a and b aré‘near
zero, (an in-line condition), w vanishes. Also note that due to

the M2/Ml ratic the "w'" is more sensitive to the "drop" of the
stock than to the positive of the c.g.

I~
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However, rifles with drop s stock configurstions are designed for

facility in gighting, mzintaining a low profile, A compromise between

profile and eutomatic burst conty ol is therefore necess

el with respect to the vertical plane,

ely e.g. 1148 seml-automat

horizontal magezine, wni
to shift laterally as th

Most weapons are symmetri
otherwise they would rotate resp
grenade launcher. This weapon h
caused the center of impact of roun
lzuncher fired suceceszive roundz.

c
)
=

mﬁ"—‘

Applying the above formule to & typical rifie, in which

uah - 1 inch, "B = 4 inches, "e" = 20.5 im., "M," = 9.5 1b.,
It - 1000 fr.lb.-sec.”, "My " . 150 gr., "M_" = 50 gr.,
ny" = 2700 fps. Firing &t 2 full automatic'rate of 750 spm, what

anguler deviation cen be exppctcd between rounds 1 and 2 by gunners
ranging in weight from 140 to 240 1b .7

‘For the 140 1b. mzn, w = .534 rad/sec., or 534 mils/sec.

For the 240 1lb. man, wfg 0572 red/sec., or 572 mils/zec.

/

f Applying the cy,A“ 5£e cf 750 rpm; results in the following .
deviationg ;

For the 140 1b. man: 42.7 mils,

240 1b. mzn: 45.7 mils.

=]

For the

Thus it is obvious that in full automatic fire, accuracy cannot
be expected= which is nermal. Also, note the small variation due to
body weight; also, that the heavier body causes grester dispersion.
To understand thie er the extremes in weight; a body that
approached zero welg .+ wosld offer no resistance to recoil, and
the only deviztion would ke the force about the moment arm to the
¢.g. At the other extrems, & rigid body, or block would causze a
grester turning moment, due t5 the fzct that the buttstock would
not be free to drift resrwazd., (as it does sgainst & shoulder)

»*n
¥
-
-
S
e
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e
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Therefore, in summax the point of con

¥ wtact of the buttstoc!
with the ”houl;er ehould be in-line with, or siightly sbove, the
bore axis., The cyclic rate should be high. Short bursts are

recommendad .

A rubber buttepzd is useful in reducing recoil lcad effects
for two reasons; '

rubber pad distributes the bearing load over a
the shpulder, :

(2) The shooter intuitively presses the buttplate haxder
against his shoulder, which is a favorable attitude for this



OUTLINE STUDY OF SMALL-ARMS AUTOMATIC WEAPONS

I Introduction
Scope and Purpose of Cutline
This outline is a summary of all of the factors that must be
considered in designing @ new weapon. There may be additicnal factors
depending upon the specific requirements of each new weapon system,
but this outline represents a minimum list of factors. 1t may be
utilized as a checklist of weapon design parameters and is provided
as a guide to insure that no important weapon element is overlocked
when a new concept feasibility spudy is conducted.
II Basic Weapon Operational Cycles (Blowback, Recoil, and Gas)
A. Simple Blowback |
1. Definition of simple blowback cycle
a. Cycle of operation
(1) Kinematic and dynamic analysisléf cyclg
(2) Construction of calculated T=D curve.
b. Ammunition characteristics requifed for simple blowback cycle
(1) Case and chamber design
(2) Headspace .
(b) Breeching space
(2) Case Material
(3) Lubrication
2. Strength requirements of breech mechanism
3, Advantages and disadvantages of simple blowback systems
B. Modification of Simple ‘Blowback Cycle - Delayed Blowback
1. Definition of delayed blowback |
a. Cycle of cperation
(1) Kinematic end dynamic analysis of cycle

(2) Construction of calculated T-D curve
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RN 1. b. Anmmunition characteristics requiréd for delayed blewback cycle
(1) P-7T curve &t chamber
(2) Case and chamber design
(a) FEeadspace
(b) Breeching space
(3) Case Material
(4) Lubricaticn
2., Strength requireﬁeﬁts of breech mechaﬁism
3. Advantages and disadvantageé '
C. Modification of Simple Zlowback Cycle - Retarded Blowback
Y 1. Definition of rétarded blowback ‘
ét Cycie of opératiam
(1) Kinemztic &nd dynémic analysis of cyele
(2) Construction of calculated T=D curve
b. Ammuniticn characteristics requifed for retarded blowback'cycle
(1) P-T curve &t chamber .
(2) Case and chzmber design

{a) Hezdspace

(0]

(b) Breeching spacé
(3) Case Material
(4) ILubrication
D. Modification of Simple 3lowback Cycle - Advenced Ignition
1. Definition of blowback with Advanced Ignition
‘a. Cycle of oprration

(1) Construction of cxleulated T-D curve
(2) EKinematic and dynamic analysis of cycle
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IRt : b. Ammunition characteristics required fer advanced
ignition blowback cycle

(1) P-T curve at chamber
(2) Case and chamber design
(a) Headspace
_(b)‘ Breeching space
(3) Case Material
(4) Lﬁb;ication
E. Gas Operation
1. Definition of Gas Operation Cycle
a, Cyclefof Operatién .
(1) éinematic and dynamic analysis of cycle
(2) Construction of calculated T-D curve
(3) Gas systems
(a) Open - impingement
(b) Closed = cut off and expansion

(c) Pressure - time curves of chamber and bore at
gas port .

b; Ammunition characterisfics required for gas Operaﬁiod cycle
(1) - Case and chamber design' |
(2) Headspace
(b) Breeching space
(c) Pressure data
(2) Case material
(3) Lubrication
2. Strength requirements of breech mechanism
3. Advantages and disadvantages
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II F. Recoil Cperation
.1, Definition of recoil operation
a. Cycle of operation
(1) Kinematic and dynamic analysis of cycle
(2) Construction of calculated T-D curves
(34 Recoil systems
(2) Short recoil system
(1) "Browning" cycle
(2) German cycle
(3) Linked acticn cycle
(t) Long recoil systems
(4) Accelerators
(a) Definition
{b) Vazieblé lever

(¢) Integral cam

b. Ammunition charecteristics required for reccil. operation
Short recoil Long recoil

(1) P-T curves of interior ballistiés system
(2) Case and chamber design
(a) Headspace
(b) Ereeching space
(3) Case materia |
2. Strength requirements of breech mechanism
3. Advantages and disadvantéges

G. Externzlly Powered Systems
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II G. 1. Revolver and multichamber systems
a. Cycle of operation
b. Kinemztic and dynamic analysis of cycles

c. Ammunition characterlstics required for revolver and
multichamber systems.

(1) Cese and chamber design
(2) Dynamic seals
20 Multi»bér?el systems
a. Cycle of operation
'b. Kinematic and dynamic énalysis of cycles
(It Opératicnal cam &esign
3.. Drive éystems
a., Hydraulic
b, ‘Eleetric
c. Mechanical
I1II Weapon éomponenté
A, Breech-Locking Systems
1. .Integral locks
a. Rotary locks
b. Tilting locks
¢c. Sliding locks
2, Separate locks
a. R@tary
b. Tilting
c, Sliding

3. Strength requirements of locking systems
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III B. Feed Systems
1. Magazines
a. Box type
(1) Single column
(2) Double column
b. Rotary types
(1) Fixed
(2) Removable
c. Magzzine springs
d. Kinematic snalysis of féeding cperation
2. Strip and clip ?eed systems
Kinematic analy@is of feeding from strips and clips
3. Eelt Feed System |
a. Pull out or "U" type
b. Puah:thrcugh
¢. Fundzmentals of link design
d Kinémafﬁc enalysis of belt feeding systems
C,v Extraction énd'Ejectian Systems
1. Kirematic znd dynamic analysis of extractor ﬁnd ejectioh
2. Functional requirements of extractors and ejectors
D. Fire Control Mechanisms
1. Sezr systems
a. Automatic fire systemé
- b, Semi-zutomatic fire systems

c., Trigger pull requirements



I;I D. 2. Ignition systems
a. Percussion firing systems
(1) Single striker
(2) Multiple strikers
(3) Firing pin degign‘
(2) Tip configuration
. (b) Tip support at time of firim;'
(c) Types
Fixed - Movable f Inertia
b.:lEieétrt.firing systems
(1); Electrical energy
(Zf Typical circuitry
Insulation problems
(3) Firing pin design
Tip configuration
E. Barrel Design for Small Arms Automatic Weaponé
1 vchémber design
'Heédspacing
(1) Rimmed znd belted cartridgeg
(2) Rimless cartridge
(a) Shouldered
(b) Straight
2. Rifling
Types and twists
3. Thermal problems of barrels at high firing rates

‘F. Muzzle Attachwents
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IITI F. 1. Muzzle brakes
Desigh

2. Muzzle boosters

b. Spfcial congiderations
3. Flash Hiders and flash éuppressors
G. Chargers
1. Manually operated
2. Externally powered
8. Air
b. Hydraulic
el Eilectric
d. Cartridge actuated
H. Mounts - Mounting'qonditions with respect to weapon functioning
1. ¥Vibrational characteristics of.automafic weapons
2. Mounting conditions
. Shoulder fired or hand held
b. Bipod and tripcd mounts
¢. Vehicular mounts ’ .
(1) Armor vehicles
(2) Aircraft
(2) Fixed wing

(b) E

1]

licopter

3. Receil adapter design



Areas of Special Consideration for Small Arms Automatic Weapons
‘A, Open and CloseH.Bolt Cycles
B. Weapon Safety Requirements
C. Econcmics of Fabrication
1. Sheet metal construction
2. Die castings; sintered metals
3. Special machining techniques
a. Milling
‘ b. Broaching
Ce Tu;ning
D. Service Life Requirements

Tacticdl and Logistical Réquirements Affecting Small Arms Automatic
Weapon Design - ' .

A. Human Engineering Factors
1. Handling characteristics
2. ‘Operating éharacteristics
B. Environmental Conditicns
Bs _Temperature extremes
2. Mud and dust problems

3. Lubrication problems



IAY TYPES OF WEAPON SYSTEMS OF OPERATION

(AUTOMATIC WEAPONS)

Classes of wespon systems may be outlined, in general, as follows:

I EBlowback
A. Pure blowback (Cal. .45 M3) (Cal, .22 LB)
B. Delayed blowback (Cal. .45 Reiéing SIMG)

C. Retarded blowback (Cal. .45 Thompson SMG)
) (earlier versions)

D. Advanced primer ignition (Oerlikon)
II Recoil
A. Long recoil (misc. shotguns)
B. Short Receil iy
1. Toggle (maxim)
2% vPropped'lock (Browning) -
3. Tilting barrel (Cal. 45 M1911)
4. Cammed cross-bolt (M73)
LI Einged-bﬁlt (M85)
6. Linkage (proporticned) (R. Rebinscn)
C. Misc,.revolﬁer.types

III Ges Operation

o
th

>

Piston {(rearwszrd)

1. Impingement (M1)

2. Cut-off & expansion {M14)
B. Bleed-off (M16) (French tube)
C. Muzzle blast (Bang)

D. Llever (Cﬁlt‘E?own;ng)
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IIT E. Primer actuated (AAl)
F. Piston (forward) (misc. European)
IV Misé. self-powered
A. Floating chamber (win. shotgun)
B. Se£°back (impulse) (garand exp.)
C. Alternating barrei'(Hgghes)'
V External power
A. Electric dfive (Vulcan, M75)
Bre Hy@raulic or pneu&gtic (Vigilante)
C. Gear drive off vehicle (Zr-80)

-

Factors that determine what type of operating system a new
weapon will assume are outlined following this paragraph. Note -
that the military requirements are the first item, and the
most important. : : I

- Ammunition characteristics are physically responsible for
limiting certain types of'operation, due to the nature of
pressure development and available power.

B SELECTION OF SYSTEM COF OPERATION

il .Military.requirémemts
2., Weapon environwent
a, Mount fiexibility or rigidity
b. Noxious gases and/or muzzlie blast
C. Permissiﬁle trunniam 1oad-
d. Space requirements for
(1) Installation,
(2) Mazintensnce, and

{(3 Anmmunition feed, spent case and link dis osal
s Sp _ P
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3. Ammunition

a, Cartridge case design

b. 1Internal ballistics

c. Ignition system (percussion/electric)
4, Effectiveness'

a. Rate of fire

b. Belt pull capacity

¢c. Weight, size, and sﬁape

d. Reliability,

e. Maintainability

J
/

5‘i Cost

Blowback Operation

The most important factor in the blow-babk operated weapon
is the behavior of the cartridge case, since it is in motion at
the instant of firing. Rlowback is usually reserved for low power
cartridges, and for military weapons, is most usually found in
sub-machine guns firing the cal. .45 and 9um pistol cartridges.

Cartridges for blowback weapons are essentially cylindrical;
with ro neck or shoulder, and very little body taper, if any .
The base is sufficiently thick to support the chamber pressure
for the time and travel that the cartridge case moves during
blowback. It is this initial movement that limits the blowback
principle to low-powered weapons with a cartridge design that can
move rezrward in the chamber without danger of case stretch.

Calculations for this system are quite straight-forward.
The force acting rearwsari on the bolt equals the chamber pressure .
multiplied by the cross-sectional areaz of the mouth of the case,
The bolt impulse is equal to the projectile znd gas impulses,

The cartridge case is designed to resist seizure by the
chamber wall at the onset of blowback motion. At this point
lubrication will make a difference in function, reflecting higher
rates of fire. However, the U.S. systems use unlubricated
cases, while scme European systems do lubricate their ammunition,
The force expended in cvercoming friction between the cartridge
case and the chamber may reduce the energy transferred to the
bolt sufficiently to cause a short recoil, or failure to feed,
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As an exercise in determing recof velocities, the following
formula is usually given:

M V. =M

S b Vp + Mg 4700, where MV iz impulse

This impulse iz given in 1b. sec.

The peak velocity to which the bolt will be sccelerszted at
the instant of bullet exit is easily found, However, & correction
factor of approximately .75 ghould be applied to compensate for inert:
effects, This 1g, the bolt energy going into battery must be
absorbed by the blowbeck enérgy before bolt recoil begins,

The impulse may also be determined by measuring the area
under the pressure time curve, and multiplying by the bore area.

After determining bslt impulse, either the bolt weight or
velocity are calculated next, depending on what system require-
ments are known, such as: rate of fire, geometric limitations of
the bolt, (hence weight), and allowable recoil travel.,

The calculation of impulse iz useful in determining free
- recoil velocitiez of, say, & rifle or other complete weapon at time
of firing since the weapon mass will be in 2 status of recoil,
just as the bolf mass of the blowback system, '

For exsmple, since TenmV end F = ma, then F = I/t = 2.3/.002 s
1150 1b. for an averzge force of a 7.62mm NATO firing weapon,
rigidly mounted. @f courze,weapon recoiling travel and time
reduces this to lozds that azre ézs ly managed. For example, an
average reaction of 18 msec, reduzes this load to 1/9, or a little
over 100#. Thus accelerat very important in the amount of
1

i
2

i e
"punishment" or effective 1 t by. the shooter,

=

yad

g
on i
e

Advanced Primer Ignition

In this system, the bolt iz movi

velocity at the start of ignition. rel s considers
ward impulse iz sbsorbed in dacelerating the bolt to & stop prior
to recofl. This principle is employed 1 fawily of

n the Qerlikon
weapons, the XM140 firirg cycle; end in heavier gun tubes.
The maximum efficiency of t2ls system occurs when the closing
velocity equals the opening velocity, so that the recoil veleocity

is ‘then one half of & com arable plain blowback system., Since
energy is a fumction of V*, then reducing the'velocity by 1/2
reduces the erergy to 1/4; thus reducing trunnion’ loads by 75%.
The wezpon will be lighter, firing rate can be increased,
although specizl features nmust be incorporated into the cartridge
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Delayed Blowback System

These systems, of which there are many variations, employ
a lock to the breechblsock for only a pertion of. the poak pressure
time. After unlocking, the remaining breech pressure acts cn
the bolt in "blowback'" fashion. Again, special ammunition design
features are required, such as a heavy case head, headspace
control during opening tc prevent case spllttlpg, fluting chambers,
eEeyn )

Bolt velocity is a result of several vectors. That is, the
initial energy absorbed by the unlocking linkage and bolt carrier,
if any. 1In addition, effect of residual bore pressure acts to
implement the bolt recoil. This system results in higher rates of
fire, particularly if the.bolt weight is light.

Retarded Blowback Systems

In this system, the bolt is not pesitively locked, but must
act against a mechanical disadvantage in opening. The mechanism
employed utilizes essentially lightweight components, with a high
irertia to be overcome. This is analogous to a wheel and crenk
slightly off a dead-center position.

A toggle joint mechanism embodies this principle. It is
important that the vetarding mechanism should act against a
mechznism cenatantly decr?a=in~ mechanical disadvantage
throughout the bolt stroke. In fact,the retarding element
. shouid act so that its delaying force reflects the shape of
the pressure time curve; high at the start andlow through most
of its action. The proper lecation of toggle pivot joints
effectively act to produce this motion. The resultant
mechanism is relatively smooth in aﬂticn, but must be limited
to relatively lew to medium powered classes of ammunition.

Since the mass effect of rotating linkages vary, the bolt
motion cannot be determined in simple terms of impulse and
momentum A

Set-Back (Impulse)

This is a comh n2tion blowback and re;aLl operation, in which
the bolt is free to blow back agdinst a locking abutment for a
short strcke, in the order of .060-.090 inches. A heavier bolt
avrier continues to recoll rearward through a dwell travel before
it unlocks the beolt and reciprocates it. This system is limited
by cartridge case design ccnsiderations.
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Recoil Operation

There zre many varifations of this principls of ooe*atLon,
in which the bolt, barrel, and lock recoil together until the
breech can be safely unl@r ced. The energy generated during this
motion iz then distributed throughout the cycle of cperations, and
the mznner in which this distzibuticon is made is & measure of
the efficiency of the weapon.

Thé Long Recoil system will not be discussed at length
because it is of limited military interest for small arms, due
to practical rate of fire restrictions.

The Short Recoil mode is popular becausze of its universal
effectiveness., In this system, the reciprocating bolt recelves
energy from three vectors: First, the momentum from its basic
recoil motion; Second, an acceleraticn from the barrel, due to
an accelerator mﬂchwnism that in turn helps buff the barrel
stroke, and Third, an added impulse from the blowback action
of res1dua1 pressure &t the time of bolt unlocking., In addition,
some weapong use a muzzle booster, in which the muzzle gases are.
trapped within an exterior fixed hcusing and impinge upon the
barrel as though the barrvel muzzle end were a piston, accelerating
it further. '

Some wedpoﬂ notably the Browning Machine Gun Series, fire
as the bolt, barz eE and lecck are ending their counter-recoil
(forward) mutionJ Zhe initial recoil thrust is checked, and
the need for counter-recoll bufifers to absorb and dissipate
the forward kinetic energy of the counter-recoiling parts is
eliminated. This principle is quite similar to that employed in
the edvanced primer ignition tvpe of Flowback operation discussed
earlier. '

In the analysis of & short recoil system, a review of system
forces is in order

Consider the folliowing schematic:

B / » : diagrem represents forces in
\:Q B . weapon a3 a function of bullet
] A L travel.
S = = P S
<} WEAPCN BEFCRE FIRING
- m_\_/ W PROJECTILE AT MUZZIE
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For the initial few milliseconds, while the masses are accelerated
to their operating velocities, the following relationships are
trues

Since F = ma
acceleration of the projectile is

' i

QP = F/Wp g (Wp = projectile wgt. + 1/2 charge wgt)

while the acceleration of the weapon in the opposite direction is:

"Q VW = F/uug

The accelerations of the projectile and the weapon are inversely
proportional to their weights:

Q P/gw = Wa/uWp

The seme is true of the velocities and travels of projectile and.
weapon:

Vp/Vw = Sp/Sw = Ww/Wp

Now the impulse of the projectile is at all times equél to the
impulse of the weapon. :

IV
Ip = Wp/g Vp

Iv = Ww/g Vw

therefore: Ip . Wp x Vp Since Vp . Ww_
Iw Ww x Vw Vw Wp
then Ip = Wp x Ww |

Iw Ww Wp = 1.

The kinetic energy of the projectile at the muzzle corresponds
to the area A'B'CD of the schematic diagram since the ordinate
represants force and the abscissa is travel, and the product
of force and travel represents enérgy.

The energy of recoil of the weapon Ew is indicated by the
small area ABC:E'A'. Note that the same force acts on the weapon
as on the projectile but the travel (thus velccity) of the weapon
is much smaller.
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The energies of the projectile and weapon &re in the same
ratio as thelr travels, which is also the inverse ratio of their
weights., ; .

Therefore:

), = 5p . Wv
/U" Ew ~ Sw © Wp

In summation, on firing, the muzzle momentum of the projectile
is equal to the recoil momentum (or impulse) of the weapon, but
the kinetic ene*giea of weazpon and projectile are not equal,

The sum of energy of weapon and projectile; is equal to
the whole energy availsble. The projectile energy is expended
during f£light slong the trajectory and at the target, while the
weapon energy goes to work performing the automatic cycle of
operations of the weapon.

For a short-recoil type of weapon, a general srudy of energy
requixements is as fol]owh. ]

MBBL = Mass of barrel and asscciated components in motion
MBO = Mass of bolt assembly

. \ 1
1L = impulse of projectile at muzzle

Since' I = 1V and E = 1/209% then V2 = 12/M% and E = 12/2M
E (BBL + BO) = I2/2 (MBBL + MEO) |
Using & mase ratio of r = MBO/MEBL
E (BSL + BO) = I4/2 ME3L (L + 1)
The energy of the Bolt above is:
EX0 5 I2/2MEBL * £/(1 + 1)°
The energy of the Barrel ebove is: ey EIEEG L
R BEL-s T2/2EEL  1/(1 4 r_)z o R
After the pressure in t
.

value -(dependent upon carty]
Bolt and Berrel can stkn :

barrel ¢ decreased toa ga
c Al

V-E o
.dgeccase desi gnJ then sepavation of

Sian the thly mags is quiir heavier th\n the bolt

tha‘hmlt requires
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Here an accelerator is used which transfers much of the remaining

barrel energy to the bolt. The percentage of barrel energy trense
ferred to the bolt, in this case, '"n" is assumed to be about 70%.

This acceleration also serves to buff the barrel. (absorb excess

barrel energy)

The maximum energy which the bolt can have is then

Max E BO = I‘/»M EAR * r +M
| (L + 1)

2

This energy must enable the bolt:

1. To perform work such as feeding, cocking etc. = Ew (recocil)
2. Overcome friction lcsses = E f (recoil)

3. Store energy in the drive spring for counter-recoil - Es

Also, the bolt will have a certain amount of energy which is
partially ebsorbed by the buffer = E B

Thus
Max E*O - E w F E ¢+ E + E B

For the counter-recoil strcke a similar equation is developed,
so that the bolt energy at the end of C' recoil is:

30 (C'R) = Es + A Eg - Ef (C'R) - Ew (C'R) .
Ew (C'R) is the work done in C' recoil such as stripping the
cartridge from the link, chambering, etc.

/\ Eg is the energy given back by the buffer, (coefficient
of restitution) and may vary widely dependent upon the intention
of the designer, and in this instance is assumed to be 50 to 60%.

However, E; may be neglected so that the minimum energy
requirement can be derived. That is, the bolt should still
functicn without assistance of energy from the buffer,

Max E p, (CFF Accelerator) = E 30 (C’R?
Where E is all the encrgy used to perfbrm the cycle of
operations. Keeping this simple formulz in mind, a relationship

between starting beolt energy and remaining bolt energy at the
end of the cycle will be developed.
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Recoil time is determined by the initial velocity, which is
a function of the square root of the initial energy, and the time
for counter-reccil a functien of the remaining counter=-recoil
velocity, likewize a function of the square root of the end
energy on counter-recoil.

The time ratio for recoil and CULnter=recoil TR/TC'R = P
where F ie sbout 75 to 80%.

Therefore, since

TR/TC'R = YEC'R

| AfTiEx B BO
Then E C'R = p% (wax E pg)
ANow since Max E RO °© =B + E C'R,

(That is, all energy used on xecoil and c'recoil plus energy aemaining
at end of c'recoil.)

Putting the above tWo equations together,
- 2
Mex Ep. (L - B)

Max Epg z E/ (1 - B2)

88

Using B = .80, then

Max E po = B/ - .64): 2.8E
CAAA A . S A

In summ.,fv9 this mesns that the initial energy of the bolt,
.which is powered mainly by the barrel weight, must be about
three times gresater than the energy which is used for the weapon
function. -

The detzils cf a mathemztical analysis of a short recoil type
of weapon design depends upon the mechanism design selected or
invented for performing the sequence of operatiomal functions.
Therefore it is not feasible to set up an analytical method which
will apply universally to all short recoil weapons.

Of course, the ca*tridge muzt be defined as to veloxi*y,
pressure-time daEaD and case strength.



Vallier's formula for approximating the durztion cof the residual
pressure is

Tggs = Mc P = Muzzle pressure
AP (9400 = Vp) Vps Proj. vel.
Mc- Charge Mzss.
A = Bore area

The residual pressure time span is required in order to determine
. forces that sct on the bolt at the moment of unlocking.

| 4

The action on the accelerator should not be too abrupt, as
this will create shock loads, abrasicn and wear of parts. At
least 4 msec. should be given as an acticn time for accelerator
function. Too long a time will not adequately accelerate the
bolt and the firing rate will be reduced. The formula for
Kinetic Energy is used to determine velocity increace in the
bolt.

The change in velocity will enzble forces on the-accelerator
to be computed by using the formulza F = m a '

It must be remembered that the bolt velocity must be modified
to compensate for inertiz effects, drag, etc. This may vary from
70 to 85% of the indizeated velocity. ’ .

In counter-recoil motion, two separate approaches to the control
cf the barrel motion may be used, depending upon the locking system
selected. In one, the harrel remzins locked back until the bolt
approsches it while chambering a new cartridge. Then, as the
bolt is locked, it moves forward with the barrel. The Browning
machine gun fcmlly *s of thiz type.

The other zpproach does not latch the barrel, but allows it
to return forward immediztely. Eere, the barrel must be damped
out in its motions before the bolt is ready to lock and fire,

The K.E. of components coming into battery is usua 111y so great
es to require that the weapon fire, while the components are
still biased with forward momentum. Otherwise a substantizl
buffer mechanism will be required. Prec; ion in the timing of
the firing mechanism strike will be required,
Gzs System of COperation

This is wsually descriptive of weapons in which a transverse
hole in the barrel, a gas port, is used to draw off gas, in crder
to opara'e the unlocking and other functional components,
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In considering the utilizaticn of gases vs, the effeot upe

muzzle velocity, there is cnly an irsignificant loss of projectile
velocity, averaging about .5%. The gas operated gun usually has

an ample supply of available energy for actuating the weapon
mechanizm,

This is useful, particularly in the early development
phase of a new weapon, if there is & lack of operating power,
the gas port is merely opened up several thousandthe of an inch,
However, the most abusad method of determining gas port size required,
in the initial test wezpon is to begin with an unusuzally small

_hole, approximately .030" in dia. and progressively open the
hole, while measuring weapcn function by a time-displacement
curve of the operating rod or carrier. The many variables,
from cne weapon to ancther, of propellant character stics
(burning rate), mass ratiocs, moments of inertia, friction,
geometry of control surfaces in sliding, render initiel
calculations vulnerable to errors in essumed values, so that,
in the long run, the trail and error process is resorted to,
within limitations, ' :

A

In a gas opersted wearon, the gas port should be located
at least further than the "point of z11 burnt" of most of the
propellant. If the ga2s port is too clase to the chamber
particules of unburned propellant will enter the gzs cylinder
and either burn, cauzing erratic power development, or gather
‘'in such a menner zs to cause & secondary explosion during
some subsequent firing, .
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geure along the bore:

P MAX

SHCT TRAVEL = Se

Pm = me€an gas pressure, where the arez under pm = the area under
the curve. Relaring the pressure curve to energy of projectile:
ENERGY = pm x A x Se o= Wp + .5 S x v

The ratio of pm to p mex 12 called the pressure ratio "N"

N = Pmn/P max

This 12 a typizal empirical ue of a variety of wsapons
and propellant typical for an efficiently
uzed small arms iz, the more

efficiency realized,



The length of barrel may be expressed =z g function of the
preéssure ratio with the formuls given as follows:

2

Se = Wp + .5 We x ¥
2g N Fmzx A

Demonstrating the 7.62mm example:

Se = _150/7000 + 23/7000 x 26502
4.4 x .4 x 48,000 x 1442 % 7774 308471442
_Se = 1,88 f£E., = 22.6"

Characteristics of Fressure, Velocity and Time curves during
Projectile Travel, T '

A series of empirical curves have been develeped from
observaticns of the Preszure curve form as adapted to the pressure
ratio and projectile travel, These are all listed in the Qeriikon
Pocket Book, availshie in most ordnance'engineering libraries,

/ ¢ <
| For a sample preszsure ration of .4, the following values at
the moment of meximum g22 pressure are: |

Se X .074

Short travel: 81 =
Time: E; = 2 Se/V X .358
Vélgcity: VI;: VX ;383
At the muzzle: .
Gas preszure; ps = pm X .400

;'p max X .16
Time; te = 2 Se/v X .946

For plotting values of ghot travel §, corresponding to the ratic
Az sfs. we can tain the gas pressure, velocity, and time of

g

which typical values are:

PepmaxX =

v Vl Xb

t = tl X c
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—— s =y

1.0 | 1.0 R 1.0

2.0 .769 1.46 1.218
5.0 .397 2.046 1.672
10.0 o 214 2.453 2.267
15.0 _ YA 2.665 2.79
20.0 .108 2.812 3,286

With these values, as functicns of A\(travel) we can caluclate the
variation of gaz pressure, velocity, and time with shot travel in
the bore. Thers are variations due to changes in projectile and/or
propellant weight, temperature, loading density, igrnition variables,
shot start, rifling dimensicns, &and other factors. Gas pressure .
is measured either by piezo-electxic gauges or by copper crusher
gauges, The copper. crusher method is quite old, and is based
merely on the permanent deformation of a copper cylinder due

to a load proporticonal to the gas pressure.’ :

“Major caliber guns use '"loose" pressure gages that are merely
put into the combustion chamber, while small arms systems have
"fixed" pressure gages that are mounted on a test barrel. The
crusher gage is suiltable for checking manufacturing of ammunition
lots for comparative measuremants. It is limited in that only
relative regults are obtained, because the evolutfion of gas
pressure is a dyramic process, while the gauge can pe calibrated
only statically. ‘

The piezo-electric method for msasuring pressures is based
on the property of certain crystals of developing electric charges
on certain surfaces if they are mechanically stressed, Quartz is
the one type most suitable for ballistic pressure measurements,
because of its great compressive strength, independence of temper-
ature, and high natural frequency. The full curve of gas pressure
in the combustion chamber can be reflacted by plezo-electric
equipment .. :

Measuremants may be determined at the selected gas port
location (in a test barrel) in order to determine variations,
if any, between lots of ammuunition. However, the pressure
data after the gases throttie turbulently through the gas port
and expand in the gas cylinder are only of academic interest. They
should be of utmost important to the designer; but usually only
the pressure at the gas port is messured.
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In selecting & gas port lecation; power requirements are of
primary concern. 'CGas temperature should not be too high, as this
will cause gas port erosion and resultant erratic power development,
and it should not be too low, with a port lecation far down the
barrel, or the gas cylinder will foul too quickly, particulerly
in a cut-off and expansion gas system. Location of the gas port
also effects the time delay between ignition and start of operating
rod travel, in turn, affecting dwell travel before the bolt begins
to unlock.

The following variables affect operating characteristics
of a gas operated weapon:

1. Location of gas port
2. Piston diameter
"3. Initial volume of the gas cylinder

4. Weight of primary éomponents (opérating rod assembly)

/ !

6. Dwell travel b=tw0en primary and secondary component

7. Ammunition characteristics, including cartridge case
.design as well &z interior ballistic data.

8. Finally, the gas port dia., which can function as a
control element, but only within limitations.

Of the piston operated types of gas systems there are two
basic types, the "impingement' system and the '"cut off and expansion",
or Waite, system. In the former, gas acts directly on the piston end
of the operating rod after passing through the gas port, while in
the latter, the gas cylinder incorporates a large volume that. the
gas must f£111 before the hollow piston begins its motion. After
the piszton has moved a short distance, the gas port in the barrel
is blocked by the piston wall, so thﬂt the praviously trapped volume
of ges in the piston cavity does the work of driving the piston
by its expansion. ‘The first type was used on the rifle, M1,
whide the second is used in the rifle, Ml4 and machine gun M60.
The latter type has the advantage orproviding a limited measure
of compensating for differences of pressure between different
lots of ammunition., That is, & higher bore pressure would cause
the piston to move back quicker, causing the gas port to close
earlier, ]imﬂtirg the amount of gas that entered the gas cylinder,

Some military rifles
a method of manually adjust
of the gas system., This iz
differences in enviromment, we
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this type should be avolded if poszsible; as field @x"hr*erﬂe
indicates thatidf will ealy he accide: tmﬂ 1£: the weapon: ds
adjusteds proparly i That, is,vafter. a Gl has f@@ﬁ”ﬂm\d ﬁﬂw4w to
adjust for sand, dust, fouling, etc., he is not likely to
decrease power to the propsr level after cleamlng hiz rifle.

The result will be excessive velocity of moving parts, with

attendant battering, wear, and possible breakages.

Thé components accelerated directly by the gas are referred
to as the primary mass, and includes the piston, operating rod,
and any other directly connected mass, depending upon the weapon
design, As this primary mass moves.to the rear, it unlocks the
bolt and carries the bolt assembly, which is called the secondary
mass, For smooth functioning, the primary mzss should be
considerably heavier than the secondary mass. That is, the
recoiling eperating rod or bolt carrier develops a given
kinetic energy from the gas pressure. When it unlocks the
bolt and starts carrying it rearward, kinetic energy is transferred
from the operating rod to the bolt. This is reflected in a sudden
drop in operating rod velocity. The nature of this velocity shift
determines the degree of inertia loss of the primary mass and
if this is high, function will be erratic. The primary mass s
divided by the secondary mzss is called the MASS RATIO, and this.
should be at least 3. As‘a note, the Soviet.. AK-47 weapon has
a mass ratio of 5.4, a highly impressive figure.

Residual pressure in the chamber should sct to help the
secondary mezss, in the work of accelerating the bolt to its peak
recoil velocity. For. this reason, mere gas port adjustment
does not efficiently constitute proper gun development, as the
- timing of the moment of bolt unlocking can imp*ove the efficicncy
of the weapon cycle°

In the. cantimvatiun of rearward motion, the operations of
extraction, ejection, cocking; and feeding are performed. At
buffer contact, 40 to 60% of the remaining energy is returned
by the buffer to assist the drive spring in maintaining the
required rate of fire. The closing, or counter-recoil slide
velocity provides energy to strip the cartridge from the:link,
chamber the cartridge and lock and fire the weapon., At slide
closing, the velocity should not exceed 8 £ps or & condition of
slide rebound may prove to bé a problem.

In eanuating » gas system; consgider the fact that the operating
piston ioad of ne»ess*ty is ecceatric to the bnre, Therefore fric-
tional force betwsen the aperating rod, bolt, and receiver, or
frame, may be high unless adequately long bearimg surfaces are
provided. The fri ctlmnal drag is aggravated by marginal lubrication
conditions due to gas fouling on the piston and cylinder after
extensive firing. '



Attempts have been made to incorporate annular pistons con=
centric to the barrel, but barrel heating limits the effectiveness
of thieg approach in extended firing.

The forces in the recoiling slide bearing on the receiver
can be solved thus a series of moment equations.

The standard three equations of equilibrbxné% Fy = 03 3)Fp = 0
‘23 Moments e 0 should balance.

As a matter of detall, in the gas pisten design there must
be a minimum clesrance of several thousandths between piston and
gas cylinder to permit function with thermal expansion. This will
allow a small amount of gas leckage, which can be minimized by
incorporating grooves on the piston. These grooves help block gas
escape by the fact that turbulant flow in the grooves acts to
keep the piston concentric in the cylinder, and the turbulence
blocks the flow of gas to a:marked degree,
/
, hote that with the formulae K.E. = 1/2m V2 and I = mV then
KE. 2 1 /2M , : . :
Therefore, it is seen that K.E. is inversely proportional to
the mass. As a result, the lighter the piston and operating
rod the higher the energy. This is due to the effect of VZ, but
the operating rod weight must be balanced against bolt weight,
the required stroke with the rate of fire, and momentum with work.
That isy too light &n operating rod will create frictional forces
due to the high velocity, that will dissipate operating rod
energy quicker than a slower-moving, heavier operating rod.

The required velocities of moving parts to attain the desired
rate of fmre, of course, is & function of all the variables of gas
port location and size, piston diameter and stroke, and mass and
stroke of operating Jli and bolt. The common pesk velocities
used are approximately 31 feet per second, but may range frem 24 fps
up to 50 fpz, depending upon design requirements, The location of
gilde guide ways with respect to center of gravity, piston and
bore is quite critical with respect to loads on the receiver,
location of return spring and buffer. Moment arms should be
minimized wherever possible,

As for the operating rod energy,. after estimates have been
made of the required pesk velocity, this can be related directly
to the piston size. Using I s m V, the required impulse is
determined.- Integrating under the pressure time curve between
the time the bullet paszes the gas port and the time that
pressure is cut-off (or exhausted at the muzzle) determines
available power.
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Jiston area iu(%mpul e requirej/émpu]ce avails bl%){ 1. in. 8q.

P = Pressure
A = Ares

M = Mass

dt = time diff,

Also,. change in velocity of the piston is a function of PA dt
M
Then, after dwell travel, the operating rod memertm will unleoek
and carry the bolt back. At this instant their combined momentum
will be slightly lower than the gingle operating rod momentum because
of the work dene.

Typical Analysis of Gas Systems

A brief resume of factors affectkng gae system design was
given in the pIEViOUa chapter of this series ; however, a number of
particular studies ¢f gas systems analysis will be reviewed here,
in order to prov‘de & comparative basis, or guideline, for other
gas system g¢tudies.-

The studies reviewed are -as follows:

(A) Energy extracted from the bore to operate a 15.mm Spotting:
Rifle

(B) Effect on wezspon function of Améuniti@n Pres sure Va riaqce
(7 .62mm) ‘

(C) Maximum Pressure in M14 gas cylinder
(D) Meximum Pressure in M60 gas cylinder
NOTE: These studies are besed upon actual instumented values3 and

therefore are realistic,

15om Spotting Rifle, XM90 Gas System Apnalysis

The spotting round was developed so that through proper selec-
tion of ballistic coefficient (projectile weight, caliber, form
factor) and wuzzle velocity the trajectories of spotter and major
weapon would match at long ranges. Much of the pre liminary ammu-
nition develyopment was conducted uzing =ingle shot Mann barrel

test fixtures, so the object of this study is to determine how
much Vatiqrh\n in velocity is caused by tdperg some of the gas
from the bore and into the gas c¢ylinder
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Since the projectile is affected by gas taken from the bore
before projectile exit, the pressure-~time history of the gas
cylinder up to the time of projectile exit will indicate the
magnitude of the energy extracted from the interior ballistic
system of the weapon. '

Calculated Energy extracted:

Impulse = Ft;: APt A = Gas piston ares
I=1.59 1b. - cec. < /4 (.765)2 = 459 in.>
5 P = Gas cylinder Pressure
E = 1°/2M = 12 - 2800 PSI
YY) .
-t = 1.2 msec.
E - 5.83 ft,-1b, ' W= 7.0 1b. (Inertia)

Piston velocity at time of bullet exit & 7.2 fpe. This
continues to accelerate to a maximum of 11.6 ft./sec. after bullet
exit) :

. 2 al

Es=s mvV = WV = 1.% 1.2 = éléimftemlb,

2 2g 6L.4 I

The gas system functions at an efficiency of épproximately
30%, therefore/comparing energy delivered to the inertia mechanism
Vs. energy extracted from the bore, we have
E 5.83 = 19.5 ft.-1b,
o3 ’

c =

Muzzle Energy of Projectile:

1240 grains
1750 fps

E, = Wp Vm? Wp

iy

64.4 Vm

e oe

e

1240 x 1750%
7000 % 64.4

Em = 8423 ft. - 1b.

e

Percentage Energy loss

Is = Ec/Em x 100 = 19.5 x 100 = .232%
8423 :

This is verified by data taken from six different lots of
ampunition, in which five lots showed no significant difference in
velocity loss, measuring with and without gas system, In fact, the
velocity variation for the test barrel without the gas system was
grezter than the variation going from '"no-gas-system" to "gas system",
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Therefore, other factors, such as powder measure, rifling
tolerance, and projectile tolerances offer greater deviations in
muzzle velocity than the energy given to the gas system.,

Effect on Wezpon Function (M14 Rifle) of Ammunition Gas

Pressure Variznce at the Cag Port

This is a brief study of the effect on weapon function caused
by significant vaxiations in gas pressure at the gae port area,

This study should result in a determination as to what pressure
variations at the gas port positions are accepteble for weapon
function.

It will be shown that a relationship exists between the
pressure in the barrel and the pressure in the gas cylinder .
together with the velocity of the operating rod.

In the function of the gas cut-off and expansion system, as
utilized in the M14 rifle system, there are two different periods.
The first is the movement of the piston and the operating rod, until
the cut-off, and the second is the ploytropic expansion of the gas
in the gas cylinder after cutoff. The study deals only with the
first period, which will give an adaquate relationship between the
gas pressure in the cylinder and the velocity of the operating rod
with respect to the pressure in the barrel at the time of cut-off.

The velocity of the gas flow "W" through the gas port .is -
constant because the pressure in the cylinder is under the critical
pressure,

Therefore, equation #1 is:

(1) w="72gcp 1y A
A)A = (PzfP1) 2/x . (F5/P1) (K+1) /%

(1b) Pa/P1 = (§) [ 2/xs+1| K/K-1

=

0e t@¢ 06 0§ pe o

Velocity of the gas }
Specific heat of the gas
Pressure in the barrel

Pressure in the gas cylinder .
exponent of polytroplc expansion
gas temperature in the bsrrel

R s
R g

1=t

wn
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1t should be noted that Pl is not the instantanecus pressure
when the bullet passes over the gas port, but is the aversge
pressure betwsen bullet passage and time to cut-off. This will not
induce an error, since it is assumed that Pl is proportional to the
bullet passage pressure, This study will deal with qualitative
proportions, rather than absolute values.

To determine realvalues, the equations require coefficients
that are found only by experimental tests. These values were not
available lat the time of this study, and will be noted as the
formulze are developed. ' :

The mass flow of gas per unit time is given as:

(2) M zboW -
V2 V2 = €6 = Volume

and can be written thermodynamically as:

(-]
(3) M: AoRLlxg (k)
RT1

(3a) where

Ao = area of gas port which is fully wpen until cut-off time.

After a period of time "t'" the gas weight "G" in the cylindér
is: ' : '

(&) G = é&-?i g (¥) t - . a
e 2 note that G = M t
RT
The pressure P2 in the gas cylinder‘is:
5 Py = Ao Pl ;o o
Gy k2 s =£L“%t5 B (X Tyt
1fﬁ§§fvo -
Vo = Volume of the piston caﬁity
(Note relationship of Vo with P2)
Temperature of gas flowing through the orifice

0

T2

i)

Another thermal relationship 1is

(58) T2/Tp = 2/¥+1
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which produces the final expression:

5b) P
(5b) 2= ...,,_. e le \I/(K) “
(5¢) where \%f (K) = 2/k+1 * @ (K)

The maxiwoum @ressuxe in the gas cylinder, therefore, 1s
the time of the cut-off.

This time can be determined by thecauationu of motion for
the plston and cperating rod.

(6) Mx + Fg + Kx = PztA

- mass of plston and operating rod
Fo = Spring force
K = Spring rate
A = Gas cylinder a;ea

K ; can be neglected since the displacement % is quite small.
The solution of (6) is givén by:

(1) X =By ¢3 —_Fo t2
G 24

velocity is given by
V = dx/dt

(8) V = Py t? [ Fot
l‘.' ' M

s

M
The equation is limited, of course, by the diameter of the
gas port in the piston Dp. Therefore, Xmax = Dp
(7 Py t? - Fot?
N : 2M DP

OM
For all practical purposes Fo (Spring force) can be neglected.
The equation then reduces to:

(%)
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As a rezult of inspecting equations (5), (7), (8), and (9)
the relationship with bore pressure Pl is as follows:

(10) mex. P2 z(Pl> 2/3 % GONSTANT CORE.
(11) v g(?#) 1/3 4 CONSTANT COEF.

The comstant ccefficients are a function of temperature,
effective area of orifice, orifice length, propellant, and mags,

V is the operating rod velocity at cut-off.
Therefore, from equations (10) end (11) it is seen that for

a pressure variation of Pl of 30%, the variation of gas cylinder
pressure Po will be 907 and velocity variation V will be 10%.

Maximum Gas Cvlinder Pressure (M1i4 Rifle)

Applying numerical values.as_foliows:

T = 2800 °K
R - 119 ft./degree Relvin
K = 1.246

Gas port dia. 073 in.,

pia. cylinder .50 in, :

Mass of piston and rod z .018 1b. = seczlft.

Tnitial cylinder volume ,291 in3 T

The barrel pressure &t the port, Pl, is in the order of
15,000 psi, but values will be shown for pressures of 10,000
and 20,000, as well as 15,000 psi for comparative values.

w00

P (bore) = 10,000 psi P (cyl) = 1540 psi Vv = 13.5 £fps
P (bore) = 15,000 psi P (cyl) = 2170 psi V = 15.0 fps
P (vore) = 20,000 psi P (cyl) = 2750 psi V = 17.2 fps

Maximum Pressure in M6O Gas Cylinder

For comparative purposes, the same method may be applied
to the M60 machine gun, since that weapon also employs the expan=
sion and cut-off system.

160 __ M4
Diameter of gasport - .135 -ins 073 in,
Cylinder dia. .875 in. .50 in 3
Initial cylinder volume 1.879 in. «291 in."”
Weight inertia 1.53 1b. .59 1b.

Piston motion tO cut=0ff .19 in. 075 in.
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The pressure in the barrel for each weapon is approximately

15,000 psi.
from equation (52):

P2 = Ao CONSTANT COEF.

&o
Ao = area of gas port
Vo = initial cylinder volume
P, ¢ pressure in gas cylinder

Relating M6O values to M14 values ¢

(60) By = (60) Ao . (14) Yo . (14) Py
(1&) Ac (60) Vo (14)
, (60)

M1lé4
M60

g8 18

.therefore,
(60) Py = 3.42 - 1/6.5 © (14) B,

Since (14) Py = 2170 psi, then (60) P, = 1150 psi
M60 gas pressure is then adjusted for the less at the forward
vent hole: -
P:Py (L- 055) = _1_9_9_9‘-_@1
Max force on piston:
F‘: it D> « Pz 660 1b.

Definition of terms:

(@)
o R =
¢ 0y 1N

at of gas
ure g3° in bore
i PLEaJm e ratio coefficient
. Exponent of polytropic expansion
Bore pressure (averzge st port)
Cas cylinder pressure
Mass cf gas '
Area cf gas
Covolume of
Gas constan /
function of g, K, and A
Weight of gas
- time
vVolume of pizton cavity

3
—
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=1
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v Weapon Design

In this section a number of ordnance design practices are
reviewed which should serve to inetruct the uninitisted. In this
respect a number of elements of "art" are practiced, but
ordnance engilneering is predominantly a "geience' as are most
branches of mechanical engineering. '

Experience, therefoxe, will lead the ordnance engineer toward
utilizing the principles disclosed in these chapters. Creativity,
or inventiveness, canpnot be taught, but comes with practice in
solving problems and M¢hinking out" new approaches to problems
that are either old or new. This is therefore an individual
quality which each engineer must cultivate.

Headspace

ligeadspace" is simply the critical dimension that relates
the chamber size to the cartridge size. 1In order that prolonged.
bursts of automatic fire may be executed without stretching or
splitting the cartridge case the headspace dimension in the
weapon must be mzintzined and not be affected by temperature,
strain, or fatigue. '

The term “headspace' was derived as a specified distance,
or space, between the bolt .face and barrel face, in the days of
rimmed cartridges. Early cartridges, including those of high
power class, were rimmed; therefore headspace indentification

" and control was simplified,

The use of rimless and semi-rimmed cartrdige cases necessitated
other techniques for identifying "headspace' in a weapon. - It, therefor
is designated as the distance from the bolt face to the surface that
stops forward movement of the cartridge case in chambering.

The standard necked case will have-a reference diameter near
the middle of the tapered shoulder area that corresponds with
the same dizmeter in the barrel. The variations between projectile
headspzce and weapon headspace is the clearance, and this is usually
the effect of tolerance accumulation, A number of machine guns
have been developed that utilize an: adjustment nut to draw the
barrel closer to or further from, the.breechblock face, thus
compensating for changes in headspace that may be due to wear,
replacement of components, case stretch indications, etc. Medern .o
machine methods permit production of weapons with a "fixed" headspace,
such as the M60 machine gun. ‘

As mentioned above, the headspace in modern chambers is the

distance from the locked breechface to & reference plane along the
cartridge shoulder. To measure, O check, this a special set of
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BASEE‘fORMS OFMEEéDSPACING_

— ————
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L j*—? i
L-“"/\ i
KRIMMED CARTRIDGE ' RIMLESS CARTRIDGE
(30-30 Win.) (7.62 mn NATO)
™ . /

BELTED CARTRIDGE RIMFIRE CARTRIDGE

(,375 H&H Magnum) ' (cal,.22)

i

o]
e

i

i

SQEMI~RIMMED CARTRIDGE RIMLESS CARTRIDGE
(cal..38 ACP) ' (no shoulder) (cal..45 ACP)

(:> indicates HEADSPACE CONTROL DIMENSION
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headspace gages 1s required, A "master ring" iz used to check
headspace gigee. .

i1, the headspace gpecified

1ation of only .004. This is

= reference dismeter of 4425

on the shouldez taper of 34%26! inel, An.additional .002

headspace is permitted when inspecting overhauled rifles, with

yet another .004 edditional permitted as a field headspace limit

for cerviceable rifles, of 1.950. this is a total of .010 headgpace
variation permitted. This is cloce to the limit for a brass case,
in which .016 stretch would adversely stretch the case body at

the area behind the shoulder. .

—
'

For exzmple, in the ca
is 1.940 MIN, 1.944 MAX., a val

Another headspace control technique utilizes a "belt" or
gshoulder that functions &g & secondary rim in front of the base
rim., This short stopping shoulder stops on a ledge in the
chamber shortening the headspace length, thus minimizing deflecticns
in firing.

Control of headspace is necessary, because excessive headspace
will cause irregular igniticn &s well as overstretched cases.
Excessive headspace may cause case rupture, resulting in a _
stoppage, if not sericus breakage. Excessive plastic deformation .
of the cartridge case may be observed as a shiny circle
approximately 1/4"-3/8" behind the certridge ghoulder inside the
case. ‘

The following stress=strain diagrams'demgnstrate the conditicns
of either clearance or C&s€ imtarferencekaftcr firing,in the '
radizl direction:

135

The following assumptions are made:

(1) The chamber recovers completely freom the deformation
due to propellant gas pressure, otherwise the chamber would be
most improperly designed.

(2) The yield strength of quarter=hard 70-30 cartridge
case prass iz 40,000 psi. . .



RADIAL EXPANSTON

CARTRIDGE CASE VS. CHAMBER

Stress-Strain diagrams of cartridge cas
during firing for con
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The cbvious method of preventing interference i
chamber wall thickness or reduce case/chzmber clesréar

Longitudinal clearance, of course, csn cause serious SLOPPEES, if

excessive, ;
In & number of systems crunch-up is intentionally designed into
the case and chamber. sufficient residual energy must be available in

the moving breechtlock t perform this work. (M75) weapon, &8 &n
example exhibits this method of cartridge control in the chamber.

One approach to chamber design is to assign.a metal-to-metal contact
between a minimum ceriridge and & maximum chamber . If there is not
available energy to chamber a round unde: conditions cf interference;
then the chamber must be deepened, at the cost of exceszsive headspace
when tolerances result in an excessive clearance.

o
th

.

n €

A M 3

Chamber' sidewall taper is calculated 80 & to assist in ready
extraction. A slight primary extraction efiort will free the case

from the chamber wall,

A forcing cone at the stant of the rifling prepsares the rotating
band of the bullet for engraving by the rifling, with & minioum of free
run, or "bullet jump" to minimize impact.

The Browning Machine Gung for example; required headspace ad justment
each time the weapon was reaszembled cxr each time enother barrel was
inserted. The MEO machine gun has nfi{xed headspsce" and does not requize
field adjustments. This is due to coordination between gun design and
production techniques. : ' : :

For example, in the ENG too tight Hea&spaca would cause: -

(1) Failure of lock to enter recess in bolt.
(2) Failure to fire, the bolt not reaching the firing position
(3) Failure to reach and extract cartridge from the belt.

(&) Slug on dus to excessive locking fricticn. This
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Compare this with certridge case dimensions of:

\
o
w
AN
1

chamber 1.63&
case 1.628

0065 % 0025 INTERFERENCE, OR CRUSH.

CLEARANCE

% 1,6315 + .003 AFIER PROOF FIRING

" indicates maximum dii
"y indicates iinimum di

Looking further into the development of this headspace data,
study the sbility of the case to stretch; The section’just to
the rear of the case shoulder tapers from a thickness of .010 inches
to .030 in & length of 1.310 inches. The formula for determining

allowable stretch is:

sl - i
d = E where & = yield stress of 40,000 peil
E = 18,000,000 psi
1 = 1.31 in. '
404 ¥ 1.310
d - 18.
d z 003"

Therefore, any stretching over .003" permanently deforms the case,
which illustrates why handloaders resize their cartridge cases.
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A look at the individua

1 dimensions in the MGO Machine Gun

to demonstrate how tolerances can accumulate:

SEATING SHOULDEQ“J)

“

b

. 5495 BAS|

BREECH
FACE

REF,

POINT\

— =

|

0015
L8BC —
BBL.
SOCKET

rm—

B “f——1.903

.4%§lQL.CD<>

+..0060
gL, DINM—

ROLT DIM.
o Lil ’

ACCUMULATION OF TOLERANCES:

1.909X
.6895X

2.,5985X

.9675N

1.6310X

1.903 N 420 X 418 N
L6865N 5495 L5495 _
,9695X .96 75N
2.5895N ’
.9695X
1.6200N

Thexefore,
in. production, the final headpsace dimensicn

after the closest tolerances, reasonably maintained

, rezmed at assembly,

compares as follows:

1.6335X
1.6200N

L0135K

1.6315N
156510

METAL REMOVED
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For machine guns, the bagrel chamber area may increase in
temperature by as much as 850" F.

The temperature expansion, then is:
S = EMDL d

d

(.0000065) (850) (1.63)

.009"

it is cbvicus that for prolonged firing excessive stretching
will ensue, which may be cempensated for in the cartridge case
physical properties, which are generally as follows:

PrOpertieslof‘ca:tridga brass;

70% Cu
30% ZN
' o | HARD SOFT
Tensile Strength kpsi 76 47
9 elongation in 2" in, . 8 62
yield strength (5% extenslon : 63 15
| under load) kpsi

Rockwell Hardness B82 . Fé4

Melting Point - 1750°F .

Density _#/ft3 532

Coeffiﬁient of expansion per  °F X 16° 1.3

Thermal conductivity i 70

(BTU/hx/ ££4/£¢/F°)

U.S. cartridge brass is approximately quarter hard in order
‘to take advantage of the high percentage of permissible elongation
(duatility) :

In closing this topic it may be recalied that duxing days
of adjustable headspzce machine guns, a guUnRnEry instructor could
adjust the weapon SO that, after firing briefly, cases would begin
to split, and the students would have to quickly corrvect headspace,
in the dark, in order to complete the course.
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Typical Factors of Safety in Small Arms Design

L

=

i

The determinstion of allowsble stresses for small arms components
is quite importent in thet small arms design demznde 2 minimum of
weight and volume commensurate with the work being done by the weapon
mechaniem, The factor of safety is generally an educated guess and is
based upon the endurance jife of the subject weapon. It should take
inte eccount the non-uniformity of the material end its heat treatment,
inside corners of various degrees as stresg raisers, tool maxks,
grain direction, and a myriad of other factors.

I1f the allowable stresses selected in design are too high, the
gservice life of the component "is compromised, whereas if it is too
low, a penalty is paid in excess weight, particularly for an infantry
weapon.

One comparative design area that may be ueed for study purposes
{s the bolt locking lug design. This erea is usually highly stressed,
gince the bolt lug size is pgefer&bly kept to a minimum.. This is
because, for rotary and tilting bolts, 1f the rotaticn to lock/unlock
is pininized, the cam profilé will be reduced, and bolt carrier = . u
bulk minimized. The . locking: lug helght is minimized, as this detere
mines the size of the receiver or locking ring. As a result,
allowable stresses are as high as any ather compenent in a weapon;
with the possible exception of the barrel, which has edditionz1
stresces due to temperature, vibration, external loads, etc.
Therefore, locking lug design practice is more representative of a

emall arms design structure than barrel design.

~ Accordingly, maximum stresses and resultant factors of safety
for three bolt lvg designs are compared.

Thece include:

(g) 7.62mm MEO Machine Gun
(b) 7.62nm M14 Rifle
(¢) Ccel. .30 M1 Carbine

The maximun firing force is assumed to be the maximum service
pressure, multiplied by the maximum inside area of the cartridge
case, since the wall of the case does not transmit bearing forces. -
(Except in the instance in which the case ruptures from excessive
headspace) .

Stresses calculated are typically shear, pressure, and bending.
The shear and bending stresses are ¢hen combined intc a comparable
multi-axdial stress, according to the Hencke-Von Mises theory.
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According to this theory, when there is a two axial stress
consisting of a normal stress and a tangential (shear) stress the
equivalent stress is:

ge? = 52 4+ 372 S = BEARING
T= SHEAR

The equivalent stress must be esmaller than the allowzble stress
in tensicn. Therefore, the maximum shear stress is equal to .57
of the allowable stress in tension. (as & maximum)

1t is recommended that the sctual shear stress is 1.5 times
the calculated average shear stress, because in bending, the
shear is not distributed evenly over the cross section. Summae
rizing, then, :

1.5 T == .57 S (ALLOWABLE)

or ~~ Tz .38 5 (ALLOWABLE)
L’ —_—

As for the bending streas on the locking lugs, it is assumed
that the breech thrust force is uniformly distributed, so that -
the lever arm of the bending moment is taken as half of the height
of the locking lugs. ' '

Under these assuwmptionsg, the following values were determined:

. _M60/M1LL _CARBINE
Service Pressure 50,000 psi 34,200 psi
cartridge I. D. ’ .41 in ) .31 in
Force 6,600 1b. : 2,600 1b.
Resultant stresses are: i
~ CARBINE
160 . M4~ Left Lug - Right lu
Shear stress 12,700 31,000 17,500 17,000
Bearing stress - 70,000 64,000 90,000 22,000
Bending stress 7,800 50,000 10,000 40,000
Combined stress 23,400 73,400 21,000 50,000

The safety factor is a ratio of the dynamic yiéld stress to
the above stresses. The dynamic yield stress is assumed to be
equal to the static tenzile strength of the material.

The static tensile stﬁength is:

'Y TENSILE = 168,000 pei for M60 & M4
1g' TENSIIE = 172,00 psi for Carbine
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Safety factors resulting:

M60 M14
Shear 53 2.2
Bearing 2.4 2.6
Bending 21.4 3.4
Combined 7.3 2.3

Therefore, as a guideline,
safety for design is recommended as follows:

Shear 3.0% Minimum
Bearing 2.8 Minimum
Bending 4.0 Minimum
Combined 3.5 Minimum

%Shear stress safety factor

Stresses in Barrels

i Much of the small arms barrel str

CARBINE

3.9/4.0
1.9/7.8
17.2/4.3
8.2/3.4

the preliminary average factors of

£ .38 static tensile strength

ength is designed to resist

external forces, such as bayocnet thrust loads, pull from sling,

grenade launchers end other muzzle attachments,
other adverse ox abusive forces.

An excellent arrangement of standard formulae
is given in Pamphlet AMCP-706-252 "Gun Tubes"

However, additicnal con
and strain gages are applied to the outside di
in order to measure actusl loads (strains) imposed

The internal pressure in terms of the strains me
outside diameter is given by the fellowing formula:

pi = 1/2 EEc (w?-1)
E = Young's Modulus (30 x 106 for steel)

£

g0

Strain in/in measured at 0.D.

w = ratio of 0. D..to I.D.
For a simple comparative velue, the following
maximum tangential stress,
usefuls
w241
Eep = p wo-1

W = the wall ratio, Do/Di
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parachute drop, and

on this subject

firmatory data is obtained experimentally,
emeter of the barrel

during firing.

asured at the

fqrmula for the

which occurs at the inner wall, is frequently



As a general rule of thumb, for rifles, the barrel thickness over
the chamber should be at least 2/3 of the dia., Di, meesured at
the midpoint of the cartridge body. '

For 7.62mm NATO: dia - .4065,

then th., = <340
0. Do = 1.085

w = 1.085/.465 = 2.34
w = 5.45

| |
!
Using a proof pressure of 65,000 psi, the resulting max lmumn
tangential stress at that peint in the barrel is approximately:
6tp = 65,000 X 6.45/4.45 = 94,000 psi

)

For machine guns, where temperature stresses are a factor,
the wall thickness should be increased so that the makimum
tengential stress is in the order of 80,000 psi. Ancther
useful formula is that @ :

for thin walled cylinders: (t £L1/16 D)
hoop stress = pr/t

axial stress = pr/2t

Stress on Bolt Locking Lugs

In a rifle design, the bolt lugs are usually highly stressed,
as noted in.the previous chapter on "Factors of Safety".

The Cal. .30 Ml rifle.is vsed as an example, since, as a rotary
bolt with front locking lugs, it typifies most of the modern military
rifles. . .

Several methods may be used to determine the load developed
aginst the bolt face during firing.

The first shown is in knowing the shape of the ptesSure-time and
pressure-travel interior ballistic curves and equating impulse to-
momentun, so that ' '

Ft = ju)'s

In firing a 150 graiﬁ bullet with 50 grains of propellant, and a
muzzle velocity of 2700 ft./second, ‘ '

The peak pressure is 50,000 psi, and acts for .2 msec. before
a projectile travel of 1.5 inches with a velocity of 1200 fps
causes a decrease of pressure in typical hyperbolic fashion.
For this period of prcjectile acceleration, F s ma - m Vv
1
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1150, X 1200 ____ .
F -7000X32.2X.0002 = 4000 ib.

e T—————————

This is the thrust loazd acting on the projectile at the time of peak
acceleration. :

Compare this with the projected peak pressure, acting on the
bore diameter and the cartridgecase.

F = SA = 50,000 X 74 .3082 = 3750 1b., which compzres with the force
“of 4000 1b. . . v

Inside the cartridgé case, the inner dia is approx. 410", therefore
F = 50,000 X77/4 .41% = 6,600 1b.

This may be taken as the peak thrust against the bolt face. The
bolt thrust forces are developed by the peak pressure acting across
the inner case dia, not the chamber dia. In the event of a case
rupture, then the pressure does act across the chamber dia, increasing
the bolt thrust considerably. The difference between projectile and
bolt thrust is the force acting against the arnulsr case neck,
obturating the gases. In this case it is appreximately 2850 1b. and
acts to stretch the certridge case in the chamber, requiring
headspace control. This will be discussed in detail in the chapter
on Weadspace. It should be noted that any looseness in headspace
will increase the impact effect of the case and bolt against the
locking lugs. i ' :

In calculating the stress on locking lugs, fcur stresses are
considered: ' '

(1) Bearing

(2) Sheer

(3 45° shear

(4) Bending

(5) Combination of above 4 strxesses
Using the .30 cal. Ml example, the bearing surfaces are approximately
.081 in.% which results in & direct bearing stress of 5,500 1b./.081,
of 68,000 pzi. Apply & factor of 1.35 as an .impact load factor, due
to the nature of dynamic loading, resulting in a stress of 92,000 pei.
-a should be approximately at least twice

ght, This will provide, in this

X el
ingtance, & sheaxr stress oI 6,000 psi. and provide a lug that will
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be essentially free of high bending stresses in the axial direction.
In the actual M1, the lug is longer than necessary; therefore the
shear stress is lower. (31,000 psi Bending stresses in the radial
direction are more complex, 2nd formulae may be found in Roark's
"pormulae for Stress and Strain".

The 45° shear stress is known as Lueder's slip lines, and is a
plane 45° to the bearing surface. This is the plane of maximum
shear stress. In this example, the shear stress from this source
is 92000/ 2 or 65,000 psi. . ‘

The radial (inward) bernding stress depends upon the construction
of the bolt body. Hollow shell type bolts, may suffer high stresses
in this respect, but & fairly solid bolt head, as in the M1, is
rugged in this respect.

It cannot be ~wveremphzsized that sharp inside corners, parti-
cularly on the stkessed corner where the locking lug is developed,
should be avoided since a sharp inside corner is the beginning of a
crack. On some bolts considerable inletting of grooves are -
specificially schined in order to avoid the presence of a shaxp
corner. This is done on the M60 bolt, for example.

Note that in the M1 bolt structure the locking lugs are positioned
high with respect to the lateral centerline. This results in a
definite longitudinal torque to the entire bolt body, thus positively
defining the strees path for each shot. That is, on each round,
the upper surface of the bolt body is in tension, the lower surface in
compression. This geemetry is necessary, SO that the feed lips may
be raised to a favorable position for feeding. -

One ccmmon formula for combined stress isg

Mex. Sp = 7/21/2 S)f‘+ se? = 79,000 pei
Sp = Max sheer stress

S

e

Rearing Stress = 68,000 X 1.35 = 92,000 psi
§s = 65,000 psi z Shear Stress at 45¢

The principal stress, then is

sl . 1/2s 9 (1/2 8% + 8s2 =z 125,000 psi

This is why points of stress concentration should be avoided,
as a plague. Note also that the peak lozding time of .2 milliseconds
develops a safety factor,.since the bolt lugs undoubtedly react to
a lower average load.



Fowever, the 125,000 psi combined stress value is a geod
reference point since the yield strength of this material is
the order of 160,000 psi.

There zie & number of metheds by which a bolt lock may function.
This includes rotary bolts, tilting bolts or locks, propped locks,
wedge locks, ad infinitum. However, each good locking system should
have a number of distinct characteristics that enable it to function
efficiently with the high pressure characteristics of the carkridge
case. The most prominent mechanical design feature is that commenly
referred to as "primary extraction" or "initial extraction".

It is that characteristic in design that enables the
cartridge to slip rezrward only several thousandths of an
inch in the chamber prior to unlocking and full extraction. In
this way, the cartridge case, ie pried away from its sealed-in
position in the chamber, end some semblance of an acceleration
to the cartridge is applied. At this time of initial extraction
the chamber pressure is gt111 in the order of 700 - 1000 psi, therefore,
the cartridge case is still in & cendition of stress, particularly
at a point just to the rear 'of the shoulder, where the wall thickness
is neer & minimum. This is where case stretching occurs, and will
be;discussed in further detail in the chapter on "headspace' .

Bowever, the bolt locking lugs, the sgubject of this topic,
ghould provide initial extréction because, for rotary bolts, the
lug bearing surface is mechined at a helix angle in the order of 4 .
Angles larger than 40 are not recommended, as the belt lugs will
not be self-locking, but will tend to transmit a rotary pulse
upon firing, therefore bzttering the locking cam and/or stud.
This helix angle not only came the cartridge into the chamber but
also helps back cut the cartridge case, unseating it from the
chamber walls preparatory to the formal extraction stroke and this
distance is equal to the arc length rotated by the base of the locking
lug times the targent_of &Y. Therefore, rotary bolts with laxge
numbers of small lugs are 1imited in this extraction distance
becauce of the smell angle ox rotation.

As a simple experiment in observing the self-locking stability
of a btolt, merely 2ssemble the bolt into the locked position with-
out the operating red or bolt carrier, end with the gun held
vertically, muzzle upward. Carefully drop a long, brass rod down the
bore, so that it will impact sharply on the bolt face. While the .
bolt will prance up and down, 1f the locking surfaces are self
locking, the bolt will not xotate and fall cut. Repeat this
geveral times, particularly if the bolt creeps in ratation. Bolts
that tilt, as the cal. .50 M8 Spotting Rifle and the 7 .62mm FN
rifle, or have tilting locks, &s the B A R, elso exhibit primary
extraction. - As the bolt locking surface rides up the locking
abutment during unlecking, it will bte cbeerved that the bolt face
moves rearwardly a proportionately amall distance. The same is true
of the Browning Machine Gums, in which the locking face is not
vertical, but inclined rezrwsrdly approximately 39 - 4
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The M73 machine gun has & cross-sliding bolt that moves,.not
perpendicular to the bore, but at a receding angle of 4%, Again this
cams the certridge into the chamber, during feeding, and pries the
gpent case out during initial extraction.

The cam driven, externally powered weapons, such as the M61,
M75, M129, and XM140 have this primary extraction feature built
in to a marked degree because of the low slope of the initial
opening phase of the cam.

In addition, it may be noted that most of the modexrn militazry
and commercial weapons employ front locking lugs on the bolt.
This shortens the amount of breech deflection at the instant of
peak pressure, thereby improving headspace control.

A practical note may be zdded here in that the bolt
should have an adequate impact surfzce against the bsrrel or breech
face when the operating rod is relezsed without ammunition being
fed, that is, an empty weapon. tThis impacting will occur
frequently, thercfore adequate bearing surface chould be provided -,
in order to prevent peening or jamming.

Firing Mechanism Design

The starting point for dezsigning the elements of a firing
mechanism is & consideration of the primer sensitivity, or the
energy required to fire 100% of the primers 100% of the time. A
large number of misfires will result if the striker blow is less
than the maximum of the drop test gpecification for that primer:
For exemple, in testing primers, & sampling of .05% is taken
(one in 2000) so that, statistically, if one primer of 1000 gamples
misfired at the high drop ievel, the chances are about one in five-
of obtaining mizfires at this energy level of a group of 200
primers taken from this lot.

Inspection mathods are usually required to insure that a given
emall arms weapon hes adequate striker energy delivered to the
firing pin. This m2y be done by the firing pin indenting a standard
copper crusher gage when struck. A test fixture is designed in
which the primer is replaced by a copper cylinder .,

Coordination is required betwszen gmmunition and wezpon
designers as to the acceptéd level of primer indent enexrgy required
for each system. Then, the striker, or firing mechanism energy is
designed for twice (or 1.5 &5 a minimum) the specified "all must
fixe" primer strike energy.



The following standard primer drop test specifications

summar ized:

CALIBER : WGT, OF BALL
230 Rifle . 4 oz,
.30 Carbine 2 0z
.65 cal. 2NOZ,
.50 Cal. ‘ 8 oz.

An indent test of various weapons

was performed, and could be made part of an automatic burst,

instrumented cartridge case could be loaded in a clip or belt.

A, Correlation with drop test (& oz.)
gn
32M
15" (A1l fiée spec.)
B. Rifles
M1903
-»M1917
M1
BAR - firet shot
slow automatic
full automatic
C. Machine Guns
M1917 - first shot
full auto
M2 AC - first shot
full auto
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(using copper pressure cylinders)

HEIGHT AT WHICH
ALL MUST FIRE

)15, aue
18. in,
e
17, in,

INDENT

013
015

017

.020
017
.016
014
.016

013

in.
in,

in.

in,
in.
in.
in,
in.

in,

ia6.

dine

in.

ENERGY

3.75 in.

2.25 1in.

2.0 in.

8,5 dins

since the

1b,

1b.

1b.



M1918 A4 first ehot .018 in.
full auto 021

Therefore, & number of weapons appear to be merginally close to
the 15" drop specification.

To better understand primer test procedure the following is
repeated from a specification for the M42 (Fuze) primexr, in which
the drop-weight is o steel ball weighing 1.94 & .02 cunces. '

Procedure of Test

) Drop test 50 primers at 8 inches. Then drop test 50 more
primers at 9 inches, at 10 inches, etc., until a height is reached
at which all the sémple of 30 fire. 1f the test is run to 13 inches
and misfires still occur, reject the lot. Then for all other lots,

test 50 primers at 7 inches, 6 inches, etc. until a height heas

been reached at which none of the samples fire, If the test is

run to 2", and fires still occur, reject the lot. The test procedure
_is terminated as'soon as & height at which none fire hag been
reached" : : ‘

When the striker, firing pin, or hammer hits the primer, the
primer pellet is compreszed beatween the anvil and the firing pin
tip. This blow must be gharp, so that the firing pin energy
will not be dissipated, causing misfires, The fixing pin tip should
not be too large in diameter oY the resulting pressure force will
shear the primer cup into the firing pin recess, either plugging
the hole or severely eroding the breech face by high pressure gas
leakage. : '

The primer strike is one end -of the firing mechanism, while
the other end, which starte the train of events i1s the trigger
pull. Here is where & firing mechenism is €0 unique with respect
to all other mechanisms and devices, The trigger pull must be &
gmooth, carefully gauged motion, Or "feel", Trigger pull is in the
order of 8 1b. = 2 1b. and the trigger pull is usually tzken in
two phases, a slack, and a squeeze, The mechanicel motion must be
smooth, and not gritty, 80 that the marksman does not know when
the hammer is releazed. 1f hz did know, he would flinch, quite
involuntary, and thus miss his shot. 1If, at any time during the
trigger pull, the shooter changes hiz mind &nd decides nof to
shoot, the linkages ghould return.to their stearting position,
and not be "hung up'" partway along the sear surfaces. :

-1on, the Ml4 firing mechanism,

1 bz discussad in detall. Mezhanically,
5, as well as all of the required

yE gny typical firing mechanisem,

For purposes of demonatrs
derived from the M1 Rifle, =
if contains many idesl £
elements and characterisic




Outwardly, it is compact, modular, rugged, foolproof in ass
contains few components, and is accessible for cleaning and insp
It contians one coil spring and one formed wire spring; and two Cross
pins, both of which are arrested from cxoss motion during firing, by
the receiver.

The safety lever is jdeal, in thet its position is instantly
recognized by sight or feel, Further, once the safety is epplied,
it is not easily unsafed by accident. The trigger finger "safes"

-.or "unsafes' the weapon, minimizing motion of the shooter 's hand or
ari. !

The components, or elements, required in a typical firing
mechanism, and as contained in the Ml4 firing mechanism, &re as
follows: :

1. Housing - This is the form of a three-walled box-type
structure, and is highly rigid, supporting the lower réceiver bridge
and magzzine housing. In conjunction with the trigger guard, it
clamps the stock tightly to the receiver. This is important, in
that it eliminates looseness in the housing, receiver, and stock groups.

2. Trigger Guard - Made of sheet metal, it cam=1ocks. the housing
to the receiver, clamping the stock up tightly. It is formed 50 85
to be spring-tight in the latched pozition, with & bullet tip hole
provided for use with tight samples. As the trigger guerd is swung
oper, the hammer is automatically cocked. :

3. Trigger - Simpie, rugged, and comfortzble te the finger.
The spring moment-arm is extremely short, in order to reduce loads
to an acceptable level. After hammer release, finger follow-
through motion is short and comfortable,

&4, Primary Sear =« In the M14 mechanism, this is ‘integral with

the trigger. In many other mechanisms, it is the cempenent that
the trigzer moves to releasze the hammer. The hammer "claw',
"hook" or "motch' must work at a slight pulling angie when the
primary sear is in motion. In this way, the hammer/sear will
not slip or creep due to vibratien, but kinematically is self-
holding. :

w

5. Secondary Sear - This is the compenent that engages the hammer
during the'cycle @fy@perati@mmvaft&z‘fiﬁimg.Whilewmhm;&riﬁgeruia‘\s
stiil pulled. _The gécondary ear  ehould hold:the hapmer in a lower .
positien then.the primary sear. When pressure on the trigger is
relzxed, control of the hzmmer then passes from the secondary sear
to the primary sear. During trigger pull, the primary sear
moves partway from the hammer clsw in the 'slack" phase. Then the
back of the hamaer ¢+ the secondary sear for
increazed pressure zze., An extenzion on the

"side of the second bezring surface for the sear
relezze, in full auto

4

=

j22]




ge = Mounted on receiver, in the M14 rifle.

6. Sear Releas
this component functions to release the hammer

In automatic fire,
upon the timely traverse of the operating rod. That iz, the

hammer is held until the bolt has been closed and positively locked
by the operating rad,

7. Connector = Mounted on receiver. In automatic fire, this
component is aotuated by the operating rod to rotate the sear release,
firing the weapon. The timing cf release is a function of cperating

rod position. (Bolt is locked, bounce under control

8. Safety - The gafety locks the hammex and blocks the trigger.
It cannot be engaged unless the hammer is cocked, This is important,
as a firing mechznism can be broken otherwise. That is, if a
safety mechanism is first engaged, then the hammer cocked, then
the cocking motion would cause the hammer to interfere with the
safety. As the safety engzges the hammer, it cams the hammer
ljower than the primary or gecondary seer, This is necessary for
tolerancing purpoees SO that, when the safety iz released, the
primary sear will always be in position to re-engage the hammer.

9, Hammer - In this mechanism, the hammer can be repeatedly.
released in "dry firing" without breakage. The striking face is
accompanied by an extension that engages the base of the bolt,
camming it closed so that the weapon cannot fire in en unlocked
position. This is important. The ieft eide of the hammer alsoc
contains &n integral stop lug, 20 that the hammer is positively
stopped during inertia travel, preventing breskage of parts. (cocking)
Note that the position of the hemmer claws is far removed from the
hammer pivet point, thereby minimizing loads on the hardened
gripping surfaces, thus reducing chipping, galling, and gritty
trigger pull. . . ' .

1ication of the hammer spring 1s such
is applied when the hammer 1s

Note that the point of &app
that the maximum spring leverage
striking the £iring pin. that is, as the hammer rotates to a cocked
position, the lever erm rotaetes to a lesser value, thus reducing
cocking forces. ) :

The hammer energy may beé taken dixectly as the spring energy,:
or FxS; that is, mean spring force times spring stroke.

Time for hemmer feall or firing pin strike is given by the
formulas

travel (ceg.)A

32,10

avg. spring force

Wgt. striker + 1/2 spring

= =109 W
98 0p 0B 00



1f at all pessible, a rotating hammer should strike the firing
pin at the center of percussion of the hamner, This is the theroce=
tical point through which the line of:action passes of the xesultant
of all forces acting on the bedy. 1t is given by the formula:

/g = Jm/xcM

distance (ft) from axis of rotation to center of percuszion

where

1

Jm

48 }

nass moment of inertia (1lb./g «‘ftz)

m = mass (lb./g)

distance (ft) between axis of rotation to center of gravity

L1 I

Xo
‘The center of percussion is correctly developed by re-distrib-

uting hammer mass.

10. Hemmer Plunger - & headed pin that bears against the
hammer notch. )

11, Hammexr Spring'- a plain coil spring. Spring design
will be discussed in detail in the chapter on "Spring Design!.

12. Safety Spring - a formed wire spring that firmly latches the
gafety in either the safe or fire position. Note that the bottom
leg of this wire form, in the ML Rifle, also functicned as the clip
ejector spring. ‘ LAFT y

13. Housing, Spring =~ This component is simple in appearance
but performs a delicate function, that of directing the spring force
on the tips of the secondary sear bits; Looking back at the trigger
assembly, a force on these bits produces a short counter~-clockwise
moment on the trigger, and a clockwise moment on the secondary sear.

To ensure that the bits engage properly for each assembly,
the housing is slotted on one side, so as to fit around the safety,
thus preventing reversed aszembly. Note the two sm21l holes that
provide seats for the sear bits. '

In summarizing the Ml4 firing mechanlsm, it is dis~assembled
only with the bullet tip, and re-assembled without any tools. It
permits dirt, -sand, etc., to work:through the mechanism without
any inside pockets for same to collect in it. '
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Note that the position and engagement angles betwsen the hammer
P BAg

claw and sear surfaces is a delicate balance between a self locking
grip znd trigger pull. The giignment plene of the sear and hammer
hook, ( extended longitudinally is just above the hammer pivot

9
point. If it were below, there would be a tendency of the hammer
to slip off. ’

, A perpendicular plane to this surface, , comes just forward
of the trigger pivot point, giving the trigger & counter-clockwise
moment, as requived. When the secondary sear is engaged, &
perpendicular to this suxface, , 15 just to the rear of the
gear's pivot point, giving it a clockwise moment, as required
for a self-holding grip.

Self-styled marksmen at times alter their sear surfaces in
order to lighten trigger puil, THIS IS A DANGEROUS
PRACTTICE, as the slope could be transformed to a creeping
gelf-release angle, which would be extremely dangerous.

The M16 rifle firing mechanism algo has all of the required
functions. 1If the bolt is held unlocked, the bolt carrier would .
hold the hammer head back from falling prematurely. The hamnex
has three distinct notches, in different locations, for the
trigger sear, the secondary sear, and the full automatic sear.
The secondary sear, here called the disconnect, is unlatched
by the trigger being returned to rest, while the trigger sear
enters its ouwn notch. The' automatic sear is released by the
bolt carrier. ' '

At times a firing mechanism ie¢ required to perform additional . .
functions, such as in the SPIW program, where é&n automatic burat
counter was specified., In this, the weapon would fire three
rounds end automatically stop. A counter mechanism was incorporated
which would autcmatically trilp off the sear when the thizd segment
of its travel was executed. ‘

Then it would re-cycle itself for the next three=round burst.
1f the selector was then set for gemi-gutematic fire, and only
one or two rounds fired, then the mechanism re-selected to
controlied burst five, and the counter wheel has to discriminate
this fact and re-set itself.

Machine gun firing mechanisms are quite simple, ususlly requiring
only a primary sear and a safety. Trigger squeeze is not a R
significant factor, ond the minimum of parts insures ease of maintenance.
The most critical problem may te in sear bounce, causing run-away
firing. This may be resolved by ghaping the notch to a self-
locking angle of approximately 5, and permitting adequate dwell
travel in the notch length so that the sear has sufficlent time to
assert itself. :
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TABLE_OF PRIMER ENFRGY

TYPE FI - IBS, %

Small Pistol 500 | 5.5

Small Pis£0m Magnum 550 8.8

Small Rifle 400 60

Small Rifle Magnum 450 7 ot

LargelPistol 300 7/t

iarge Pistol Magnum 350 9.15

Large Rifle 200 ‘ 952

Large Rifle Magnum 250 9.45 . -

% Energy imparted to a piston in a test cylinder.

A uniform striker energy of .45 ft., - 1b, was used for
all primers. i

The pressure in the cartridge case is raised geveral
thousand psi by this primer energy. ;

Feeding

 Feeding is the actien of placing each cartridge, in turn, into
the receiver at & position in back of the chamber. The forward,
or counter=-recoil motion of the bolt then pushes the cartridge into
the barrel for firing. This very eimple process ig the most critical
in the design and development of & weapon, as "Ef" (Fellure to Feed)
“4s the most frequent type of stoppage encountered in the development
tecting of an autcmatic weapon. This is because there usually is
a-portion of the feed progess in which the cartridge is not contzolled
This may occur at the following points of the feed cycle:

A. TFor & magazine feed automatic rifle:
(1) BRolt over-ride may cccur because the spring-liased

stack of rounds was surging and the base of the top round
bounced below its pick-up position.
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(2) 1In pushing the top cartridge forwzrd, the
cartridge rim rides along under the magazine 1lip.

At the end of this lip, the cartridge base iz suddenly
released upward. 1f the cartridge is not controlled in
the barrel mouth, receiver, and/or bolt face, a jam ma
occur .

B. for a bélt-fed machine guni:

(1) The leading linked round can bounce ebout in the
feed tray, unless it is controlled, usually by depresscy

pawls and a holding pawl.

(2) At the point where the round is freed of the { push-
through) type of link, the round bzse is subjected to &n
uncontrolled transverse force.

(3) When the cartridge is being pushed between the feed
tray end the cheamber, it may be free to bounce laterally,

e so that the bullet tip can jam against an inside contour
or corner, jemming the action in a half-open position.

c. Sprocket-fed machine guns:

(1) The linked round entering the feeder should be
controlled so that it does not bind upon entering the
sprockets. This is because of some tendency of the belt
to "fishtail", Control is facilitated by pulling on

the center-of-gravity of the linked round.

(2) The cartridge, in being "passed off" from Sprocketv
to bolt face is usually held in a mementery “finger-tip"
position, and may be gubject to "bounce! caused by
vibration, : ' ' :

These "danger zones'' are aggravated by external vibrations of
the vehicle, such as truck, tank, helicopter, fixed wing eircraft,
tripod mount, or human shoulder, The importance of meintaining
mechanical control over every phase of the cartridge traverse
cannot be over-emphasized, if a low stoppage rate is desired,

Usually, the cartridge feed stroke into the chamber is compli-
cated by the fact that the mouth of the magazine or:fecdway is not
in line with the bore,; so that the cartridge must be fed in
compound directions. In this case a ramp is constructed between
the feed tray or magazine and the chamber., ]

For best results, the cartridge should be fairly close to the
chamber, and the xramp angle, particularly for magazines, whould
not exceed 40°. Machine guns are vevally found to have longer
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ramp distances, €0 the ramp slope is shallower, A series of layouts
ghould depict, in small increments, the cartridge mution., In doing
this, avoid any inside corners in the receiver or barrel extension

in which the bullet tip may stub if the bullet deviates from the
predicted path.

In feeding a machine gumn, the cartridge is uszually placed in
the feed tray in the vertical axis of the bore, but in a rifle,
because of the double stack magazine, the cartridges zre .
alternatively to the left and right center. Layouls of bullet ramps
from megazine to ¢hamber should reflect this compound angle.

The starting point for a weapon degipgn is in placing the
cartridge in & favorable position for feed. This affects the
bolt design, bolt lugs, barrel extenzion, anu receiver, 7TCO
often the locking system is designed first, then the feed system
designed aftervard. They ghould be integrated. The radial
distance from bore to cartridge should be minimized., This is
why multiple chamber revolver guns are more reliable: because
the cartridge is -already in 1ine with the bore for the critical
ramming step. :

The Browning and Maxim families of machine guns draw the
cartridge rearwardly out of the belt in recoil end transfer the
cartridge to the bore axls in c'recoil. This places a greater
demand upon the feed system, as 1t requires that the round is
already in belt lead position during the recoil stroke. As a
result, the belt feed stroke must occur during the counter-recoll
motion. Eelt feed ig the advancing of the entire belt (or
portion thereof) one pitch distance. The feeding of the belt
ie the portion of the weapon cycle that requires the greatest
amount of energy to perform efficiently. Paradoxically, the
weapon has more energy in its recoil motien than in countexr=-
recoil, therefore, eveilable energy for the Browning ox Maxim
system iz limited. In the M60 machine gun, the belt feed occurs
during recoil motion of the bolt. ' :

Revolver-type machine guns euch as the M61 end XML34 have

" continuous motion feeders, as does the XM140, which is ideal im
this reepect: The Feed System Should Be Designed To Feed During.
A Maximum Portion Of The Weapon Cycle. :

Since the belt feed requires the greatest amount of ‘work in
the weapon cycle, this work should be distributed over the widest
time frame, in order to veduce peak loads.

In Chipn's '"Machine Gun" vol. IV, a wide variety of feed
mechanisma is shown in an excellent arvay of sketches. However,
study only those mechaniems that were in an actual weapon. '
(See Appendix A.) Those designs designated as scmeone's "Patent"
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should be disregarded, since feasibility is not proven. Before
designing a feed system, it is well to review these mechanisms,
" conveniently displayed as to mechanism group, such az lever type,
. cam operated, sprocket type, etc. Note that, particularly with
the lever type, the belt feeding is accomplisked, in many designs
during both recoil and counter-recoil motions. A common form is
a dual lever (scissors-type) that provides 35% to 50% of the
feed during recoil and 50% to 65% during counter-recoll,
depending upon deszign philozophy.

The lever form or cam shape that controls feed vel ocity should
be designed to prcduce 2 minimum belt velocity at all times. The
ideal form of constant minimum velocity feeder is incorporated .in
the XM140, XM134 and M61; the feeder operating during 100% of the
weapon cycle timz. The resultant velozity diagram then is
constant velocity. This philosophy is unique to the design
of feed cams, and will result in minimizing belt surge, belt
loads, and belt separatlon or breakage. Minimum constant velocity
produces a more "even' pull on all of the rounds in the belt.

Other cam forms would produce higher loads on subsequent rounds

in a bélt. That is, during a feed stroke, not all rounds are pulled
at once., This varies from:shot to shot and depends upon the )
condition of the belt in, and edjscent to, the feed tray.

Initial ascceleration is not as high as supposed, because of the
flexibility of the belt, feed levers, cem path backlash, etc. i

The 1ink should not be too stiff, then, in. order for the linked
belt assembly to function somewhat &s a shock zbsorbing spring

during any peak losding. The formula for belt load (max effect
of acceleration) is given as: ,

W N -
W+ Ew/z)l2 + Wp K v ]1/2
» g |

W = Total weight of belt

o
ot

W.s Weight of linked rounds being accelerated

K = Spring rate of linked belt (Ib./in.)

Maximum veloclty of belt
g = 32.16

Note how the force, which is the feed mechanism loeding factor,
incresses with Velocity squared, and with K, belt stiffness.
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The formula is developed o3 follows:
Consider the energy imparted to the ammunition belt:

2
(2) Ez WoV + W (X4 = Xg)

. 2g
e

d dynamic deflection of belt
X

A
g = static deflection of belt :
Alsos ;
(3) E =KX, 2./2—1<x62/2 d
therefore: vV F

<

?

S

() Wp V2 4+ WX, -WX =K (xdz-x
d S 'i

2g
SO

SOV SR ,
(E5) xd XS = WT \Y & ZWXd - ZUXS
gK K K

transposing;
2 2 2
(6) X4 - 2WXg z WV o+ Xg© - 2WXg

K gk ] K

completing the square:

(1) xS - 2wy 40Nz w2 e Xg2 - 2K, +Q»{)2
. K K /

- K

[

gk

factoring:
(8) (xd . 31_)2 = Wy V2 +Q<s -_&)2 |
: K ———— K
fﬂ.\

Taking the square root:

(9 Xg-U = ‘\’TV2+XS°H. &
K et K

gK
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Now, by definition, static deflection equalé W/2K.,

therefore; X_ = W/2K
i 2
(10) Xy = W+, W, V2 +Q w)
e T =
K L) 2K
gK

The load developed is simply the dynanic deflection times
the spring rate of the linked round,

(11) P = Xd K

Therefore, combining the above two formula

(12) Pz W+ K, [V v2 *CQLL.Z

N
)]
oo

(13)-(1) , """{‘ "
I P zW+ WT Y | WORKING
; 2 : FORMULA

This load should be considered in calculating the strength of
every component(the feed mecham#sm) such as shear strength of feed
pawl pivot pin, compressive stress between roller and cam, etc.

The preesure fequired to dent the cartridge case should alsc
be considered, and may determine the required bearing area thwecn
feed pawl and case. (eep, caseless ammo.)

E = modulus of elasticity of cart-
g ridge brass

Por, 3 Eh . 3 h = wall thickness of case
4 (Lepl) R |
U = Poisson's ratio, = .28

R = outside case dizmeter at contact

Link Desipgn

The link design is integrated with the feedsystem, and links
are generally classed as side~stripping, push-through, or pull-out,
depending upon the type of motion used to separate the round from
the link, There is &n excellent display of link designsshown
in Vol. IV of '"Machine Gun" by G. Chinn, page 286.

Links should have the following characteristice:

(1) Pull the cartridge et the linked round center of gravity
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(2) Lock onto the cartridge, so as to prevent "walk-off" or
a progressive vibrating off its position on the cartridge
(axially) ‘ ‘

(3) Be tight encugh to grip the cartridge so that during maximum
belt pull forces, the round does not loosen (radizlly)

(4) Not be tight encugh to prevent easy round stripping in feeding
(5) Bélt be flexible in a butt fan radius

(6) Bé flexible in a nose fan radius

(7) Be flexible in twist

(8) Ee able to fold in parallel layers in an emmo can. (fronﬁ & béck)
(9) Must permit the layers to stack eveniy.

(10) Linked belt must not disintegrate whén armorer handles
belt ocutside of weapon and chuting (Infantry load)

(11) Links must disintegrate upon ejection from weapon
(12) Linked .round must not have protrusions that cause belt
to snag in ammo can, chuting, feeder, weapon, or ejection

chute '

(13) Links must be re-usable (for development test purposes)
without significant chenge 'in chavracteristics upon re-use

(a) stripping force
(b) gripping force

(14) Capable of long term storage without change in gripping force
and without corroding. .

(15) Cost should be low

(16) Adaptable for either left or right hand feed
The link, in pulling cn the center of gravity, should have cartridge
gripping sections that straddie the grip area, without being. loosened
as belt pull increases, The gripping force between link and round

is calculated by treating the gripper as a cantilever beam extending
from a fixed end. Apply the formulae for stress and deflection,
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the deflection being the interference between cartridge and free link,

i i

S = Mc and of = W,&3
I

I = mcment of inertia of tab section

This is a good approximation, with more detailed gnalysis given in
Roark's "Stress and Strain" on curved bgams,

Some linke have been designed with separate "Cap" sectionz so
that the belt pull forces do not tend to epread open the link. The
cap is stripped off the link during entry into the feeder,

The M75 weapon utilizes an extrerely lichtweight 1link in
relation to the cartridge size because the link iz a closed loop
encircling the cartridge. In this way, belt loads tighten the
grip between link and round, rather thsn loosen it,

The linked belt pitch distance should be as small as possible
for maximum efficiency in feeding, yet be long enough to permit
parallel stacking of rows. (particularly at the row endg) A short
pltch distance means a short stroke of the feed system {levers,
cams, etc,) and reduces the weapon profile. For 1inks that pivo
on a gucceeding cartridge, the pitch distance is approximately 1.3
times the cartridge body dis., while for 1linke that pivot in the hooks
between rounds, the pitch distance is approximately 1.4 to 1.45 times
the cartridge body diameter., F :

Linklegs helical.drum type feeders are also employed in some
weapons such as the Lewls machine gun (radially stacked drum) and
Thompson subemschine gun. (axizlly stacked drum) . Large capacity
linkless feeddrums sre also used (M61 end XM124) which control several
thousands of rounds with a conveyor system. - This ftem is & epecial=
ized subject of its own,

A recent problem hes avelved in which electric primed ammunition
becomes over-sensltive in the presence of elestronic equipment over
a period of time. To prevent the primer from forming an induced
electro-magnetic field, & tab of the link is incorporated as an
integral shield. : ‘

Magzazine Deasign

ely was conceived as a cheap, throw-away, .

one-time-usge item, and, accerdingly iz const r 11

gauge eheet metal, which is8 subject to dar andling.,
Unfortunate, because the magzzine 1lip 12 one of the most critical
surfaces in the e ‘a2 rifle. Attempts have been made to incorporate
a fixed machined 13 1 integral part of the receily in ordex

to elimi this & the system,




The magazine should be as high as possible intec the receiver,
commensurate with bolt configuration, in order to optimize cartridge
ramping. The magazine feed 1ips should wrap around the top cartridge
80 as to prevent certridge pop-out in handling. This is usually
an angle of 709 to 75° as depicted in the following sketch,
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The magazine 1lip length “}Z” should be long enocugh to contain the
cartridge center of gravity, yet short encugh so that the following
cartridge, or follcwer, can give the base an upward moment upon
cartridge release, preventing jamming between bolt face and ramp
area,

The inside magezine width,'W'for & double stack, should be
approximately equal to the cartridge diameter plus cosire 30° times
cartridge diameter. If the width is greater than this circle contact,
then greater forces are transmitted to the magazine side wall, )
causing hard feeding and subszequent binding. If the width is
shorter, the magazine depth becomes unnecessarily longer.

The magazine side wallg should have longitudinal ribs "r" as
a cartridge bearing surface to permit eazier feeding. Sand, grit,
and other matter will then collect harmlessly in the void between
the ribs. Secondly, the ribs reinfcrce the sheet metal wall, greatly
increasing its section modulus against deflection.

‘Inside length "L" should be minimized in order to reduce
impact of the bullet tip during autcmatic fire.
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In summary, when designing a magazine, first study other guccessful
magazines in detail, in order that all required characteristics
are incorporated. Magazine 2pring design will be discussed im the

gez

chapter on "Spring Design".

Magazine depth must be carefully controlled. This should not
be 8o from an engineering viewpoint, but for practical reasons is
necessary. For exzzmple, in a 20 round magazine, if the user can
_8queez2 in a twenty-first round, he will do so. Them when this ies
inserted in the rifle it may csuse hard stripping, or, in bearing
tightly against the bolt, may cause a short recoil, or may spread
the magazine sidewalls, deforming ir enough. to cause subsequent
jems. The accunulated tolerances of max/min cartridges plus magazine
tube tolerances are involved, ‘

The magazine follower and spring &5 usuvally designed so that
the load is concentrated approx. 35% of "I" from the cartridge base,
This is to prevent certridge base drop during surging of the stack.
Also, it helps in lifting the full stack properly, since the bottom
cartridge will be inclined approx 15° due to body taper accumuiation.
For a thirty round magazine, the accumulsted incline iz so kigh that
the magazine body usually is curved to compensate for this inclinsztion,

I}

Ammunition Storsge and Booszters

Weapen systems on alreraft ususlly heve such a large ammunition
supply, or such a long, torturous path from ammunition can to weapon,
that the weapon feed mechanism cannot pull the loazd without reducing.
firing rate or ceuslng excesaive wesr of cam surfaces and components .
For this reason, boosters are used; that is, auxilisry feed devices
usually in the form of a motor driven sprocket. '

The main problem iz in correlating booster delivery with weapon
rate of fire. This is not sivple, éince weapon rate of fire is
not constant, hence a sensing device must be incorporated that will
control the booster spesd and delivery. £

A. One method 1 to used a mechanical pitch sensor. When
ammunition is bunched wp between booster and gun, the belt pitech will
shorten and a mechanicel device will stop the booster. Ae anmunition
1s used, the belt will stretch out snd incresse pitch, so that the
sengor gwitches the booster on., The responge has to be quick,
becauze as the pitch is incr&agimg;the weapon i3 firing: the slow
inertia of the boosster motor and dfive pay not supply the next
rourd that the gun demandsz, Consequently, bélt pull will be high.

B. The same approach as shbove, but based upin belt catenary.,
Catenary is the droop of a length of belting cauvsing a switch to close,

controlling the booster,



C. A dual speed booster; where the sensor switch does not shut
off the booster, but switches in a resistor that siows the booster
slightly., Here response time 1s quick, becausze the booster does
not have to build up epeed from a zexo start.

D. Time delay may be & criticel factor, as in intermittent
fire, when firing stops, the booster has sufficient inertia to
feed a frezction of a round more. A few spasmodic bursts will
soon "overfill" the feed tray cauvsing a gun.jam. A short-time
" delay control ie incorporated in the booster circuit on situations
of this type in order to clear the pile-up.

E. A round counter mounted on the feedexr that pulses a feed -
station on the booster sprocket.

- Spring Design

In designing a spring, usually a helical compression spring,
for some part of a weapon mechanism, it usually happens that only
a minimum of space is left for the spring; that is, if the spring .
is not carefully designed, it will be vulnerable being over-
stressed in sexvice. : :

Firetly, the mechanical requirements of each component, then-
the strength and durability levels must be satisfied. Secondly, the
load requirements of the spring are specified, and, finzlly, the
amount of spring stroke is determined. For the reason that the stress
levels of weapon mechanism springs are high, the material to be used
is music wire, which has elastic limit stress values of 150,000 to
180,000, depending upon the wire diameter. The smaller the wire-
size, the greater the permissible yield stress. Springs gubjected
to high temperature levels are usually stainless steel; such as.
"Elgiloy". Common spring steels are-reliable when stressed up to
80,000 psi at temperatures of 350%F - 400°F. or less.

The use -of square, rectangular, or other than round, wire shapes
should be avoided for several reasons. Firstly, the stock is not
readily available to most vendors, therefore the cost will be higher.
Secondly, these apecial shapes are not produced in tennage, as ccmpared
with round wire, hence have not had the refining development which has
been given to round wire, The resultant yleld strength 15 not equal
to that of good grades of round wire.

In specifying spring wire, a number of standard geug: series
are commonly used, therefore, in ordér to avold error, the wire
size should be specified in decimals,



The starting point for designing & coil spring i3 to determine
the outside wire diameter permissible, commenszurate with avallable
space, and the minimum operating height of the coil. -Then, calcu-
‘tate the lozd end stress levels 0f a sample coil that will have a
D/d ratio of 6.5 to one, and & number of colls that permit only 3
to 5 thoueandths inch between colls. '"D'" is the mean coll diameter,

while "¢" 1g the wire size. The compression of a coll spring is
technically, not "compreseion', but "torsion'. That is, he coll of
wire 18 being subjected to & t.:u onal, or twisting, force. As the
ratio of D/d decreases, an add ft“uﬁfl ehe»v gtress aute, and this
becomes dis=proporticnally higher, as the coll becomes tighter. A
D/d ratio of 6.5 18 quite B“Tinfdftw_y, but this may be adjusted

between 5.5 end 7.5, depending upon load desired end requﬁuin

stress., In no case should the D/d ratio be lower than 4. 7The component

of edditionsl shear stress due to curvature is known es the "Wahl!
factor, and is well covered in any stendard work on spring design.

- Typical values of "X", the Wahl factor, zce:

D/d : IIKII ] ’ npn
/ Q. 5 1:.15 1,07
& 7. ! 1.21 1.1
’ Bap . o0 o 125 - 1.12
' 5. ) 1.32 1.16

4, 1.4 a2
355 1.47 1.23

The celeulated epring etress ls multiplied by "K'". However
in gun design, & spring does not cycle for hundreds of thJUbandS
of cycles, therefore, the level of fatigue deces not approach that
of other filelds, such as valve, automotive, etc., Therefore the
factor "R" is more real stic, being midway between 1.0 and "K".

The basle formuls fo: stress in torsdon for round wire 1o
S = Mo
I
in which M = torsional moment =z PR=ED
2
C .- d/2
1 = p").‘lc"’?" moment (f inertia =ISL“
32
so 5= 8 PD
ds
However, this static estress 1s wt 2 »ncwui\c 1Fd1Patu of the

dynamic perfor

higher set in ep:
with the same d

can cause a much
38 A testing machive
&4
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The other principal spring design formula is that for rate of
deflection, or spring rate

R =G d% 1b./in.

P

8ND-
G = torsional modulus of rigidity, of steel wire, or 11.5 X 108

Note that the lLosd/Stress formula deces not contain a factor for
number of coils. This is because the coils are in series and the
load required to deflect one-coil to solid height is the same required
to deflect the entire spring to qol1d height.

In designing a spring, the formulae for stress and rate are
worked together. For example, if a lower rate spring is desired,
either "d" is decreased or "D" is increased, This, in’ turn, reducns
the peak load for a given stress, each to a varying degree, Use
or a commercial "slide rule" type of spring calculator permits rapid
trials of various combinations.

The spring rate should be as low as reasonably attainable.
One reason is that stress and stress range govern the life of springs.
The wider the stress range, the quicker the spring will fatigue.
Comparatively high strezses can be used where the working range is
short, and reducing the spring rate accomplishes this. Spx ing rat
is reduced by maximizing the number of colls. This, in addition,
reduces the deflection range of coile during spring surge. That
is.the, free distance that individual coils of wire can deflect. For
this reason, the spacing betweeu coils, at ninimum operating height,
is .004 inch,-and may even be reduced to .002 inch..

The factor "N" is the active number of coils. That is, springs
with squared, or squared and ground ends have one inactive c041 on
each end

Springs are generally wound right hand, but when one spring is
inside another, they are wound opposite hrnd in o*dc* to prevent
¢laghing, or pinching, of coilz.

se;:d9 the outside diameter increases, due

As & spring {2 compres
olls, The formula for calulating diameter

to the closing of the c
increase is: C

1/2'1/ P2 + & D2 £ dz

D; =

D" s man d.j_\o

D1 = mean dia., solid height
p-~= pitch at free lengt!

d = wire dia.

The gpring natural frequency should also be checked, and should
be at least 11 to 13 times higher than the weapon rate. If not, the
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spring will surge and the stresses greatly sugmented. Scme surging
can be absorbed by having a few closed coils built-in.

One generzl formula for determining spring frequency, n; is;
n = 826,500 d/ND? cycles/min. :

The surge wave of a epring, when loaded, requires a speclfic
time to travel from one end to ancther. Velocity 1z constant for a
particular spring and dozs not depend on the load or velocity of
.the load. However the magnitude of the wave is affected by the
velocity at which it is struck. - :

The surge wave of a epring, when loaded, requires a’ specific
time to travel from one end to another. Velocity is constant for a
perticular spring and does not depend on the load or velocity of
the load. However the magnitude of the wave is affectéd by the
velocity at which it is struck.

The equaticn for the surge-wave velocity "C" in e compression
spring is: .

c= d J 62 (in./sec.)
D 2Y :

wire dia.

mean Coll 6di,a.

1L.5 X 10

,283 1b,/4in3

@ g €8 23

d
- D
(€
~

thus 88,600 (d/D) in./scc.

ce

the surge time T:

Te 3,17 DN sec.
C
2
or T s ND'_  86C.
27,900 d

When (he ratio of the load vs, the spring weight is reduced to
4/1, then the spring weight begins to affedt the calculation for
energy stored in the spring. The load is then modified by adding
1/3 the weight of the spring.

The limiting factor in the velocity that a spring can drive
a component is not the energy stored, but the rate at which this
can propagate down the turms of the spring. This velocity is
related to speed of souird in the spring materizl and is limited
by the allowable stress in the material.
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This ultimate velocity is:

'V max = S in./sec. (steel)
131

This is about 115 ft/sec,

At times, the behavior of some springs camnot be predicted, but
can be observed by using a stroboscope.

Of course, proper heat treatment is necessary, and modern equip-
ment in most facilities assures this, but if springs are over-heated
-grain structure will be coarse and the fatigue life poor. One simple
method of determinipg proper spring design and heat treatment ie
to close a spring to solid height three times and measure the fiee
length. Any '"set", 0% permanent deformation, should then be apparent.

Compression springs must be guided, either by means of a rod
inside the coil, or the coil inside a hole, if the free spring length
is 4 or more times greater then the mean coil diameter. Otherwise.
buckling would be likely to- occur.

When dual (inner and outer) springs are used, one spring is
wound right-handed while the other is wound left-handed, as mentioned
previously, but the outer spring should be designed to carry approx.
2/3 the load, the inmer 1/3.

When designing odd shape compression springs, such as a magazine
tube spring, two methods may be used. The firet, is to take each
segment of a single coll and treat that as a cantilever beam with
a flexible support, and summing the load and deflections for the
four segments (of a rectangular coil) of the single helix. The load
will be the same for the total spring, with the rate varying inversely
as the number of coils. This method is tedious, but a simpler method
is to add the total circumference of one coil of wire and convert
that to a round coil of the same circumference. Use the szme wire
dia,, number of coils, etc, and solve for leoads and stresses. This
result will be within 5 - 10% of actuzl loads and stresses.

Extension Springs

In designing extension gprings, thé factors are the same as
in the design of compression springs except.that extension springs
can be wound tightly with an initial tension between the coils so
that a load must be applied to separate them.

The types of ends vary widely, depending upon locp, hook, or
end desired.
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Extension springs are not usually found on wespon mechanisms,

because the stress concentration where the end codl is turned to
form the loop, or hook, is vulrersble to breskage. Also; for a
very practical reason, when an extenzion spring is being assembled and/o
disassembled, there is no pesitive stop as there is in compression
springs (eolid height) and thuz an extension spring can be very
eagily over stressed in handling.

A gpecial form of a2 compression spring is a so-called "garter
spring'" in which a close-coiled spring is zzsemblaed into the form
of a ring. This was done in a rifle grenade .launcher where the

spring acted to retain the grenade.' gut after it was sét'inte pesition
twist buckled all the spring coils so that they locked the grenade
tube to the muzzle device., Thiz caused a seriocus sccident, which
pointed out how dangerous that type of spring could be in practice.

Torsion Springs

A torsion spring can also be quite useful in weapon mechanisms,
being a coil of wire subiected to torque, that is & wind-up of the
eoil,.as in a common "rat-trap" spring. The ends mey be configured
in a variety of styles, and thisis usuvally useful in reaching out
to remote distances to perform load, or retaining, functions,:

It is most useful in rotating componente, or to cushion shock
on rotating parts.

A torsion spring should always be actuated in & direction that -
would tend to "wind up" the coill, or reduvcing the diameter of the coil.
Otherwize, the end coile would tend to bend cutward; carrying all
the load. Also bear in mind that when-a torsion spring is lcaded,
its coil length increases, as conme full turn maskes the coll one wire
diameter longer. Allow clearance for this increzse in length or the
coil will bind or bteck. The spring leg will also shorten, and if
not contained, will snap free.

There is almost no limit to the possible configurstions of a
torsion spring, but bear in mind that designing shapes beyond those
commonly todled incresses cost astronomically.

The specifications for a toreion spring ¢hould include the
load as a torque in inch-pounds, as well as the mechanical dimensilons,
including right or left hand coiling. If possible, the spring should
be reversible in ezsembly. :
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Two formulae required to develop a torsion spring are as follows:
(1) Equation for deflection (round wire):

M= Ed* 7

e

10.6 D

M = Torque (in.-1b.)

N Number of colls of wire

T = Number of turns spring is torqued
E = 30 X 10

D = Mean diameter of coil

o 0

(2) Eguation for stress:. IS e R

§ 2 32M
" fds
M = Torque (inch -~ 1b.)

d wire size

As in coil springs the ratio of D/d must also be considered,
since the stress for a straight beam must be modified for the curvae
ture of the coil. For torsion springs, the stress correction factor
(K) increasesg sharply as the D/d ratio is reduced below 2.5 to 3.0.

In general, the lower the maximum stress, and the shorter the

range of stress between initial and final WOfking positions, the
longer the service life,

Flat ‘Springs

At times,.limitations in space prohibit the use of coil springs,
and a flat "strip" type of spring may be utilized. Flat springs
have the added advantage of being able to perform a combination of
functions.

Special blanking and forming tools are used to produce this
item, end a number of specialty vendo*s are able to produce these
quite economically.

traight carbon steels are used in these springs, with ,70 - .80%
carbon lending itself better to sharp bends, while the .90 - 1,05%
carbon exhibiting higher elastic limits. In some cases alloy steels
are also used. Sharp inside corners should be aveided at all times,
with holes punched at the ends of slits.

The controlling factor on the loads of small flat springs is

the thickness of the material;, as the deflection formula shows the
10cd to be a3 function of the thtcknees of the material cubed.
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Calculations of flat springs are similar to those of beams, and
the comparable form should be selected, such as cantilever with
fixed end, free end, etc., or beam with distributed lozd, cr concen-
trated leoad, etc. '

For example, consider a cantilever beam c1~mped at one end
with a concentrated load at the other,

The formulae for stress and deflection are worked together,
" such as:

S=zM =-6PL h » thickness
I b ¢ b = width
F - deflection = PL3 = 4PL?
3EL Ebh3

Of course,stress raisers, such as holes and sharp inside

corners, must be minimized, particularly where the base of the spring

(max. stress) is bending.

Bends in the spring also affect snvess, generally aCﬁoﬁding
to the following table:

Inside radius of bend , Stress féctors it

.5 X metal thichness -
5. " L s

. . s e
=N WS oNO
N

COOuUITN O
el e e g Ry U

N OO N

Theoretically, the shape of & flat spring can be modified to improve
its efficlency, such as the uniformly stressed spring and the built
up (leaf) epring, but this advantage is offset by pr OdUuti“Q costs,



Belleville Springs

This form of washer~type spring is quite common in gun mechanisms,
particularly buffers, and have the advantage of being dquite compact,
the range.of motion being quite short.

A series of empirical curves are used to calculate this type of
spring, and may be found in most up-to-date spring design nanual‘
(Associated Spring Handbook). Otherwise, one would have & formula
with 4 variables, regulting in extensive work, g

A typical solution of a Bollcville Spring conflcucation is as

follows: :
PaEf bel KE& - £) (h - £) t+ téi&
(1 =@ 2) Ma™ = 2 .
- Joad
30 X 106

deflection = ,004
Polsson's ratio s .3
_free height minusg thickness = ,005
thickness = .084
730
.380 .
1/2 p.D. = .365
Constant taken from chart relating Q.D. /I D. ratio to
stress constante Cj and C2
Ci= 1.21
Cpa 1.35
= -,675 .
o, P = 867 1b.

%
™o o +h ™
= 5‘5\ e
g5 00 00 @

e €8 8¢ 03 03

Likewise, the stress equation is:
'S = Ef [?1 (h = £/2) +C, {1 ‘

), S s 172,000 psi

The spring rate of Belleville eprings is controlled by epecifying
the method of stacking and the number of elements.

Belleville epring packages are usually used as buffers, to
absorb shock, or to take up slack, somewhat as a spring washer., 1In
a commercial application, Belleville type springs are used as pressure
disks for power brakes, g0 the range of application is wide.



As may be expected the thickness of the plate greatly afiects
the lcad characteristics, also the ratio of hft; that is, the free
height vs. the thickness. This ratio affects the load deflection
curve, and for certaincurves, the springs have a near zero rate
for & portion of their travel. Thus,changes i gembled hedghts
(tolerznces, wear; etc,,) would not change the load.

23]

Ring Springs

Ring springs have also been used extensively in ordnance,
particularly as barrel buffer springs for short-recoil operated
weapons., Ring springs conszist of a series of inner and outer
elements that utilize friction as the means of absorbing load,

In compression, the outer elements expand while the inner elements
contract, with high frictional loads bearing on the mating surfaces.
o = ‘ - : -

M e

Ring eprings inherently have a high load capacity for their
size and weight and can absorb shock with low recoil,

The epring elements act as inclined planes through the angle
€. The force F is uniformly distributed throughout the circumference
of the ring. The resultent force acting om the wedging surface of
each sector can be divided into two components, one normal to the
surface Fn and the éther tangential (friction) egual to Pn times
u (coef, of friction) :

Charts of ring spring compreseion constants and recoil constants
in terms of taper angles and various coefficientz of friction i
(dsually from (.10 to .18) have been prepared and include taper
angles of from 109 to 309,

The axizl load is less dur
3

ing unloading than during loading,
of course, but the radial loads ar &

re the came.,

-y
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Some recommended proportions for ring spring packages are:

(1) . The ccompressed height should be at least 4 times the
deflection,

(2) The ring height should be 15 to 20% of the cutside diameter.

(3) The cutside diameter should be as large as .space permits.

(4) ~ Normal ring taper is approximately 14° (&)

(5) Allowable stresses are usually 160,000 psi for steel not .
nmachined after heat treatment and 200,000 psi for those
machined after heat treatment. The ring spring can continue
to function even though several of the rings are broxen.

The lowest capacity commercial ring spring is in the order
of 2 tons.

Another variation of the ring spring is the split ring spring
in which each ring is slit on cne side. The spring rate is
greatly decreased, while the frictional action is retained. The
contour.of the spring is modified, so that the ring thickness is
maximum 1800 from the elit and tapers toward each side, The spring
package is then erranged with alternating slit end thick sides.

Strearded Wire Sorin

:‘
u
s

When an axial load is applied at the ends of a stranded helical
spring, the material forming the helix is subject to a twisting moment.
In this respect the stranded spring is not essentially different than
2 conventional spring (helical) made from a single homogeneocus wire
element. The outstanding characteristic of the stranded spring is an
inherent tendency for the damping of high-velocity displacement of its
coils, a cheracteristic not shared with the conventicnal spring. The
damping in the gtranded spring 'is die to a binding action existing
between the twisted wires in consequence of the twisting moment acting
on the strand.

In the stranded spring it is essentizl that the helix of the strand
be opposite in direction to that of the coils of the spring. An epplied
load causes a twisting moment which tends to cause a w*nd=‘n of each
helically formed wire, The wires of the strand are in contasct with
each other even in the unloaded state; and since there can be no
appreciable wind-up, binding between the wires results. However, if
both the strand and the coils of the Qpring have the same turn of
helix; the twisting moment tends to unwind the etrand, in which
case the binding actiom is lost end the spring derE\wv'as though
it had a subnormal valus of shear modulus.

For the purpose of load-deflection computations the stranded
wire spring may be resclved into as many partial springe acting in



parallel as there are wires in the strand. The rate of deflection R -

Kn §g4_
8DI N

R

a factor = 1.05 for 3 wire strands
number of wires in the strand
shear modulus = 11,500,000
dizmeter of wiré in the sgtrand
pitch diameter of spring coils
number of active colls

=l = o Rl I = -
02 oo 0¢ 85 1@ o¢

‘Stranded springs usually have one coll closed at ends but the ends
cannot be closed as effectively as they can in.conventional springs.
For such unground end construction the number of active coils "N" can
be estimated as the totzl number of ceoils less 1.2.

An accurate computation of the numerical value of the shear stress
in the stranded spring is a complicated affair. However, if the spring
is resolved into partial springs acting in parallel, as 1s assumed for
load-deflection computations, an average value of the shear stress "§"
may be cobtained for each partial spring from the following formula:

S & Gdf
DLN
G = shear modulus ;
d = dismeter of wire in the strand
f = deflection of the sgpring
D = pitch diameter of spring coils
N = number of active coils

For a given application in which the spring coils have a high
velocity of displacement, springs which have relatively low values
of statically computed stress at solid compression fail earlier than
springs in which the stress at solid compression is relatively high.
The performance of the gun driving springs apparently cannot be
predicted by stresgs computations based on static assumptions. Driving
springs should be designed to have the lowest possible mass.

Neglecting the effect of a difference in end coll construction and
in the number of inactive coils; a 3-wire stranded spring, having wire
diameters which are 68% of the dlameter of the wire in a given .
conventional spring, will have substantially the same rate, pitch
diameter, solid height and average ccmputed.sztress as the conventicnal
spring. Maximum fatigue life will result, when 3-wire strands are
uged, the strand being so proportioned that the ratio of the length
along the strand axis in which a single wire makes cne turn, to the
strand diameter is between 5.0 and 5.5.°
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Two wire strands have a longer fatigue 1life than conventional round
wire helical springs; but the results were very much inferior to those
of 3~-strand springs. Four or more wires are not stable unless a center
wire is used. :

The diameter which circumscribes the three round wires woven into
a strand (a2nd in contact with each other), will be 2.155 timez the wire
diameter; sssuming the wires to lay on the corners of an isomceles tri-
angle, Three wire strends having a ratio of twist in the strand to the
strand diameter of 5. and 5.5, it is found that the strand dismeter is
very close to 2.18 times the ‘wire diameter. ' '

For either a conventional single-wire spring or a stranded spring
in which the pitch angle of the coills is not substantially in excess
of 10, degrees, a fair approximation of the time in milliseconds for
the wave to travel from one end of the spring to the other can be
obtained from.the following formula;

T = .0354 DN

d
D = pitch diameter cof epring colls
N = number of active coils
d = diameter of wire

As the wave of displacement passes thru the colls of the sgriqg
immediately after firing, each element of the spring scquires the ve-
Llocity of the' free end upon the arrival of the wzve at -the element.
The elements then tend to move ac¢ the acquired velocity until the
moticn is affected by the reflsction of the wave from the fixed end

of the spring. The initial reflection of the wave at the fixed end

of the spring and the subsequent reflection from the free end are

the causes of the exiremely high dynamic stresses imparted to the
spring. ' :

According to transilent weve theory the change of stress of an
element of a spring varies directly as the change of velocity of the
element., The demping effects of stranded springs become more
effective as the velccity is Increased, Stranded eprings have little
damping action at low veleclties of displacement, and hence, compare
most favorably with wonventilonal springs whem the displacement velocity
is high.

It is believed that the greater damping action of stranded
springs is effective in absorbing energy so that the reflected wave
in a stranded spring has much lower énergy content than the wave in
a conventional spring. The subatantial decrease in the emergy content
of the reflected waves decreases the dynamic displacement of the coils
of the spring, proporticnately reducing the stress in the spring.

2]
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The stress range is more critlical factor in the £2
of springs than the stress level, or the mean stress in ¢
cycle,
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Music wire is currently the most satisfactory stranded spring material.
The fatigue life of pretempered chrome-silicon wire was distinctly in-
ferior to that of music wire. The relatively low yield point of music
wire enables it to yield end adjust itself to the strains ircident to
the stranding and coiling operations in making a stranded snring.

So long as the ratio of the pitch diameter of the coils to the
diameter of the wires in the strand is not gsubstantially smaller thsan
epprox. (13.) thirteen, stranded,springs can be coiled automatically
on standard spring colling equipment,

As in the case of contenticnal music wire springs, it is
essential that the stranded springs be stress relieved after coiling-
heated to approx. 450°F for a minimum of 30 minutes. It 15 also
essentizl to coil the stranded springs somewhat longer than finished
length, and to remove the excess length of pressing the springs
from free to solid height a sufficient number of times to azsure
that subsequent compreszsion to solid will produce no further
reduction in spring length. :This pressing operation produces a
beneficial residual stress pattern across the wire section in
the 'unloaded spring; and &g the operation promotes a minimum of
set during the subsequent cperation of the springs, it 18 just
as vital where stranded springs ere concerned as it is for
conventional single wire springs, ; :

The wave motion of the coils of a driving epring generates stresses
which may exceed the stresses produced by static compreseion to solid
height, If so, the epring will teke additional set during the gun
firing, especially during the first few rounds. ‘

Shot peening increases the life of conventional single wire springs

by up to 60%. Shot peening is not effective in increasing the fatigue
life of stranded drive springs.

The Neg'ator Spring

This is a flat strip of coiled mstal that has & nearly
force level, at times even decreasing in force with defleet
congtant force had previously been achieved with dead weigh
intricate cam or lever systems. Neg'ator is a trade name ps
by the Hunter Spring Co. of Lansdale, Pa. that fabricates ¢

Principal features of this spring ave:

1. Fila

jay]
o

. force - deflection curves

2. Extremzly long deflections, or extensions; up to 50 time
the length of the original spring

m
0

3. Ability .to asct without losses arcund corners
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The importsnt consideration in attaching net to thﬂ muzzle 1s
the effect upeon accuracy, as well as strength, ingz with
and without & bayonet attached ?hoq a definite center of
impact, due to the eccentric mass. Close fits importance.
The bayonet.latch should be concealed; so that . be inadvertant-
ly relsased when sparring. Barrel strength sh ﬂﬁqw'°¢ to sustain
severe thrust and chop loads via the bgyonet.

While on the subject of muzzle &nd barrel, a dizcussion of barrel
length will be followed by muz le devices, such ag muzzle boosters,
st, muzzle brakes.,

9
flash hiders, silencers, and of most interes

Barrel Length _ ,

The longer the barrel is in proportion to the bullet diameter,
the lezs powder will burn at the muzzle. The .256mm Jap rifle with
31.4 inch barrel offers practically no f£lash and 1little smoke because
powder burning is essentially completed before the bullet resches
the muzzle., Tests conducted: of a 36 inch cal..30 barrel (M2 ball
ammunition) show sbzolutely no flash and little emoke. Of course,

a hot gun incresses flash, and not even a 40 inch barrel was effective
in eliminating flash, when firing long bursts,

Berrel lengths do not vary widely among commercial as well es
mﬂlﬁﬁﬂ*y models, Theyusually conform to an original barrel length
uvsed in standardizing the cartridgs., Of ¢ o”*ae, barrel length in
hendgune vary widely, end this is due to the intended use of the gun.
Target models require.a long sight radius, police models require
lightrness, and concealed wespons shortnees. Veloclties are not sig-
nificantly effected, a 6 inch cal..38 barrel being 3 to 5% higher in -
velocity than & & *wch barrel, end 107 bigher than a 2" barrel,

For riflne the logs in velocity (for several inches) iz quite small,
and can be ouer:had wed by other vaqutlpﬂ such as tolerance in land
end groove, powder terperature, powdex maawu*e» etc. The only relisble
method of measuring effezt of berrel length on muzzle velocity
is to take one barrel, ahd using carefully messured losds of the
game lot of ammunition, measure the velocity of & sample (at least
32 rounds) then cut.the barrel off en inch (for example) at 2 time.
This data should also cmwfi;m the interier bellisites theories formue
lated for that cartridge.

A typlecal table of muzzle velocities versis length of barrel is
given as followa: '
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Music wire is currently the most satisfactory stranded spring material.
The fatigue life of pretempered chrome-silicon wire was distinctly in-
ferior to that of music wire. The relatively low yield point of music
wire enables it to yield end adjust iteelf to the strains incident to
the stranding and ceiling operations in mazking a stranded enring.

So long as the ratio of the pitch diameter of the coils to the
diemeter of the wires in the strand is not substantially smaller than
epprox. (13.) thirteen, stranded  springs can be coiled automat cally
on standard spring coiling equipment. .

As in the case of contenticonal music wire springs, it is
essential that the stranded springs be stress relieved after coiling-
heated to approx. 450°F for & minimum of 30 minutes., It iz also
essential to coil the stranded springs somewhat longer then finished
length, and to remove the excess length of pressing the springs
from free to solid height a aufficient number of times to &aszsure
that subsequent compression to solid will produce no further
reduction in spring length. 'This pressing operation produces g
beneficial residual stress pattern across the wire section in
the 'unloaded spring; and ag the operation preomotes a minimum of
set during the subsequent operation of the eprings, it is just
as vitel where strended zprings are concerned as it is for
conventional single wire springs, ] :

The wave motion of the coils of a driving epring generstes strezses
which may exceed the sgtresses produced by static compreseion to solid
height. 1If so, the epring will teke additional set during the gun
firing, especially during the first few rounds. ‘

Shot peening increases the life of conventional single wire springa

by up to 60%. Shot peening is not effective in increasing the fatigue
life of stranded drive springs.

The Neg'ator Spring

This is a flat strip of colled metal that has a nearly constant
force level, at times even decreasing in force with defleetion, A
congtant force had previously been achieved with dezd weights or
intricate cam or lever systems. Neg'ator is a trade name peatented
by the Hunter Spring Co. of Lansdale, Pa. that fabricates this ftem,

Principal features of this spring a

=1

e
1. Flat. force - deflection curves

2. Extremaly long deflections, or extenslons, up to 50 times
the length of the original spring

R - Ehamt D mecas  Svms e T
3. Ability teo act without losses arcund COrners
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4, High initial force

5, Ability to store and deliver twice as much energy &5 'a common
oil spring of the szme initial volume.

The flat strip oi metal is prestressed so that it posszesses a
strong natural curvature, and force must be exerted to straighten it,
The spring gradient may be varied by the amount of prestress
to each section.

The varisbles that affect spring force are;

1. Modulus of elasticity

2. Thickness of strip material

3. Width of strip materizl

4. Natural radius of curvature

This type of spring wzs tried as a magazine follower epring, .

for rifles, and as a drive spring for the T148 snd T148E1l semi- Bl
automatic 3-shot 40mm grenada lsunchers.

- Muzzle Devices

In the firing of & typical small arms cartridge, up to 42% of the
potential energy of the propellant is exhausted at the muzzle, The
topic of this su%ject will be on methods and devices utilized to either
teke advantage of this energy or t@ control it.

Items of mechani cal , such as front sights, bnpmsD bayonets,
grenade launchers, etc. ar stine in nature and need not be covered

in detail, Gremade 1@un;%e g are usually powered by blank cartridges,

and the grenade weight ceauses the gas pressure level in the bore to be
maintained at a higher level for a muchlonger period of time, therefore,
for gas operated automatic weapons, the power delivered to the operating
rod is aubqt3:~’llly higher, In the Ml4 rifle this is controlled by e
closure valve that -blocks the ges orifice when grenades are tn be launched,
In the Ml rifle, the grenade launcher body includes a solid pin that

opens & valve on the gas cylinder thereby sutomaticall y venting

some of the gases. Recnll fmpulse to the weapon structure, particularly
the stock, barrel, and zec g

C@nverﬁelys for firing blank cartridges (without launching
or other missiles) the bore pressure is exhausted all too quickly to pow
the zutomatic weapon, so & "blenk firing attachment" 15 added to the

muzzle, In its simplest form, this is a3 muzzle cap with an crifice
restricts the ocutflow of gsges. Rlank firing attachments are usuall
e

Y

colored bright red with 2 flag section visible zlong the azgnt line fo
safety purposes. It must be vemoved when firing ball smmunition, or t
wWeapon v-lﬂ be severely damaged



The importsnt consideration aching & bayonet to the muzzle is
the effect upon accuracy, as wal rength, Accurescy firings with
and without & bayonet attached sh efinite change in ths center of
impact, due to the eccentric mzzs., Close fits ar: gdded impertance,
The bayenet: loLch chuuld be concealed, go that it ot be inadvertants
h should adequzte to sustain

bl
ly relsased when sparring. Barrel stre
severe thrust an \d Chup loads via the bg

While on the eubject of muzzle &nd barrel, a disc
n

length will be followed by muzzie devices, such as 2 o
flash hﬁdere, gllencers, and of most irtCV&bL, muzzle brakesg

Barrel Length _ .

The longer the barrel is in proporticn to the bullet t diameter,
the lezs powder will burn at the muzzle., The .256mm Jap rifle with
31.4 inch barrel offers practically no flash and little emcke because
powder burning is essentially completed before the bullet rezches
the, muzzle, Tests conducted: of & 36 inch cal,.30 barrel (M2 ball
ammunition) show ebsolute 1y no flash end little smoke., Of couzese,

a hot gun incresses flagh, and not evern a 40 Inch barrel was effective
in eliminating flash, when firing long bursts.

Barrel lengths do not vary widely among cdémmercial as well
military wde“* Theyusually conform to an original barrel length
used in standardizing the cartridge, Of course, barrel length in
hzndgune vary v‘dely, and this is due to the intNJded use of the gun.
Target models requirs.a long 5igbt radiug, police models requtre
lightress, and cuuuaaled veapong shortness. Velocities are rub slg-
nificantly affected, 2 6 inch cal..38 barrel being 3 to 5% kigher in
velocity than & & *nch barrel, end 107 hi gh?v than a 2" deKGlo ’

'|'\

For rifles, the loss in velocity (for geveral inches) fs quite amall,
and can be overshadewed by other variables, 5Lch as tolerance in lan
end groove, powder temperat: wA, powder messure, etc, The only r eliAEle
method of measuring effest of berrel length on muzzle velo city
is to take one bzrrel, and Lalwg carefully mezsured lozds of the
same lot of cmﬂmnﬂtﬁJn measure the velocity of a sample (at least
32 rounds) then cut. tﬂ\ barrel off an inch (for example) at & time.

rm the interier bzllisites theories formu-

This data should also confi:
lated for that cartridge.

A typical table of muzzle velocities versis length of barrel is
given as followas ‘ ' '

-
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Barrel Length 270 Win, 150 gr. ,30-06 180 gr, .300 Szvage 150 gr.

24 2800 2700 » 2670

23 2770 2690 2655
22 2740 2675 2640
21 2705 " 2660 ' 2620
20 2670 2640 2600
19 ; 2635 2620 2575
18 } 2595 2590 2550
13 2550 : 2560 2520
16 2505 2525 2490

Shotguns, 12, 16, and 20 gauge were found to lose velocity
"linearly by 7 feet per second per inch, from a length of 27 in. to
Z20Nin: ' '

While we are on the subject of effect of barrel length on muzzle
velocity, it would be well to discuss other factors that affect muzzle
velocity. One particular fecet is the constant demend for higher

performance, in this case, a higher veleccity.

Consider the question, '"What is the liwiting velocity cbtainable
in the smell arms cless?" Of course, this means ‘increasing the charge/
mass ratio to unusually high levels. Theoretically the absoclute
upper limit is approx. 13,000 feet per second.. However, a number of

penalties would have to be paid to achieve this., (For nitro-cellulose
powder, it is approx. 9100 fps.)

An experiment was conducted to determine the effect of changing.
the cherge/mass ratio upon muzzle velocity., To assure nesr-instanta-
neous and ccmplete powder burning the greins were ground to a fine
dust. (This is normally 2 dangerous practice). Pressures were in
the order of 100,000 psi, and for high ¢/m ratios, extremely small
bullets were used. '

Accordingly, the following table was compiled:
P

(Note how the ratio of powder weight increzse comparés with the

rate of muzzle velocity in

¢/m Ratio Muzzle velocity
' (upper limit)
2 2600 fps
o3 3000 fps
=8 4200 fps
3.2 6400 fps
5.8 7400 fps
1150 8000 fps
22.0 9000 fps
44.0

9200 fps
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Then, taking a typical commercial cartridge to correlate powder
burning rate with c¢/m retic vs. m.v.,

Powder ¢/m RATIO S 75 2V
Fast burning 295 2800
Med. burning 230 2800
Slow burning 347 2800

As a practical example of extreme velocity effects, a clazsic
example is the so-called Paris Gun of World Waxr I. The Germzns were
bogged down on the Hindenburg line 75 miles from Paris, and developed
three samples for the purpozse of gpreading panic among the civilians,
These were reconstructed 15 inch 45 caliber artillery pileces tubed
down to 8.26 inches. It is reported that the projectiles were waist
high énd the powder bags per shot twice az high a@ & man. The gun
was set at 509, fired at & muzzle velocity over 5200 £pz and went
about 12 miles up, go that epprox. 3/4 of the trajectory was inm nezrs
vacuum,

One gun blew up, and the other two soon wore out, to be reebare
relled, A total of 200 rounds were fired. '

Summairizing the three methods of echieving high velosity:

(1) Use of light projectilie: This i8 inefficient due tc_ the
' extremely poor bellietic coeificilent.

(2) Usze of long gun with lazge pcwder charge: The barrel tube
~1is too long.to be practlcal, with eerious barrel ercaion,
‘high pressures. and recoll.

The ratio of bullet mass to gun volume must be emall, and
reviewing the interior balllstiecs theory that the muzzle
energy is equal to the work done on the projectile,

(P avg) X AL =-1/2 o V2

A = bore area

L= bar~el length

P avg, = mean bore pressure

The smaller the m{Vy ratLov the higher the velocity,
Vo = Bore volume

(3) This brings us to the third methed of schieving a high
velocity, that of a small czsliber projectile in a large
caliber gun, made possible by Lwlm% a sabot of lightweight
material.
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One methed of removing the sabot at the muzzle is by -using

a muzzle attachment called a "stripper". The bore is smooth,
but the stripper is a short length of rifling, that imparts

a spin to the segmented sabot, centrifugal force causing it

to break apart evenly. Alloys of exotic metals are required
for strippers of any endurance, The stripper length is approx.
4 to 6 calibers long.

Muzzle Booster

Muzzle boosters are used in recoil operated weapons to augment
the energy delivered to the recoiling mass. For a conventional recoil
cycle, the recoil mass is accelerated rearward while the projectile is
accelerated forward. If the recoiling mass is too heavy, it will not
have enough energy to complete the cycle satisfactorily for all firing
conditions, particularly in adverse conditions and in extended firing
schedules, '

0f course, the weight is necessitated for strength and "heat sump"!
purposes, so a muzzle booster is inceorporated inte the barrel jacket which
is fixed to the weapon receiver or frame, and dees not recoil with the
barrel. It traps muzzle gases juat &s the projectile exits, so that
the pases impinge between the capped end of the barrel jacket (mizzle
booster) and the barrel muzzle face, thus adding to the recoil impulse.
In this way, some of the excess energy that normally escapes at the
muzzle is trapped and put to work. Critical dimensions include the
follewing:

A. Ezxit bore diameter, which must not interfere with maximum bullet
yaw angle, nor be too large.

B. Inboard length, which mus&-éompeﬁsate for increase in barrel
length due to thermal expansion in prolenged firing.

C. Barrel bearing diameter, which should not be too small, thus
binding when barrel muzzle expande thermally, nor should it be large
enough to permit excessive barrel vs., jacket mig-alignment during muzzle
vibration, causing interference of bullet with dia, "A",

D. -Thickness of jacket, to provide tensile strength sufficient
to resiststrain caused by gas pressure acting on booater cap, without

being overweight.
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Flash Suppression

Muzzle fla:
of muzzle gsse
to the propell
salts of alkszl b
the most commonly uzed are galts of potassium

ssh i caused by excessive temperature and pressu
o A number of chemical additives have been added
ant to reduce the tendency to flssh. Most have bzen
i metals. The most effective was desium lodide; but
or potassiuvm sulfate

v

Mechanical flash suppressors are most effective. A cone type
flash h&der was first used, but is limited in effe ﬂtive flzsh sup-
pressive action. The average cone type flazsh hider hag a 12 to 18°
included angle, and a length of 3 to € inches. (7.62mm) :

The bar type flash suppressor iz most effective in the manner
that the gases expsand through the slote, breaking up the contimuity
of the flow, thus preventing shock formatlon. An odd number of bars
is usually necegsary, and the end of the slot nearest the muzzle iz
at right angles, because ges increasss In velocity whenm it turns at
right angles, externzlly, mixing quicker with the air, for & cooling
effect. :

The width of the bar ie slightly wider (spprox. .02 inch) than
the slot opposite it, on symmetricazl designe. For rifles, the lower
bar iz usuzlly widelr:s in order that it may function zs compensator
in reducing muzzle clilb, J

The sl@b ares facxmg the bore should be at least 20 times the
bore area, The suppressor 15 usuzlly open-ended, except on ground
weapons, in which & closed end i3 used to prevent brush-sgpearing
discomfort. .

Silencers - d :

The use of Uilrnwera ig uvsually limited to low powured wrapmns.
A silenced weapon haz sdventages on certain applications where firing
is necessary without revezling one's p@ﬁltiuno

The principle of & sllencer is simllar to that of an zutomoblle
muffler, in which the ensrgy of the gases is reduced by an expansion
chamber and baffle system, Sil ncers gre usually cylindrical in shape
and project in fromt of the barrel az well ag sround it. The weight
and bulk increszses &s a function of the dagree of n'!”ﬂ suppression.
That is, there may be & compromise between silencing and volume,

trawalimg at subesonic velocities

b
ctile at le velocity se
u:eatﬂwg cracking soun

ty drops to sub=gonic.

2lis 8 can he completely
silanced, &: ts up a shc*k
d

wave In 1' He

jectory uvntil tkh

ed; and, cf course,

_._;3ale PrEeEBUTE .
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Silencers are usually fitted to weapons with fixed barrels. This
is because the weight of a recoiling p*’m""y mazs withf/without the
<i10nruv would vary too greatly, In thils case, the silencer could be

ounted on a non-recoiling barrel jacket. '

The common revolver cannot be completely silenced due to the gas
lezkage at the barrel/cylinder interface.

One typicallsilencer igcsghgwn in diagram A,

An initial chamber allows muzzle blast to be reduced and the
following smaller ones dissipate gas energy, so that nolse is reduced.
The bullet hole should be as smzll as po:aible commensurate with bullet

yaw, In some cases a selfuseallng rubber pad is inserted, but this
eventually burns, and is limited to & few rounds before replacememt9
if desired.

The muffler, or silencer, will act az a muzzle brake, become
overheated in extended firing, and requires freguent cleaning,

=
=

In.diagram B the sharp muzzle blast peak is reduced; being vénted
about an additional baffle. Muzzle V@YQCity is ncﬁ~ apDM&ciably changed.

In order to reduce veleocity of sta mdard su nrauqic rounds . (to
avold special zmmo) some of the gas may be exhausted into an expansion
chamber. For example, in disgram C the 9mm Parabellum certridge
(m.v.1330 fps). could employ. this system for optimum silencing.

By law, silencers are not permitted on-commercial weapons, but
certaln types of "sound moderators" 'may be available.

The nolse level attained can be measured by a nicvaohmne connected

to & cathode ray oscillograph, with photographe taken of the sound
waves .
Muzzle Brake i
A muzzle brake functions to reduce recoil effects by trapping
gas at the muzzle and causing a forward impulse to act on the weapon,
Uswally & series of baffles are formed in a muzzle breke so that
the gzses pags through end are diverted to thc rear.
The gases should not be completély revefcmd or & bla
he shooter's fa: eyes, or ears. The ports shou
al that the is not tu*ne¢‘ and should not
downward where they would railée a dust cm’ A nmuzzle b
algo be integrated with & compensator, to keep upward muz
a minimum, )
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Essentially, the action of the muzzle gases on a muzzle brake
is the same as that oI(for comparative and demonstrative pU?po:<5)
a jet of high pressure steam on the turbine blades ol a turviue,
The kinematic analysic of each is similar. The gas pressure reduces
quickly at the muzzle and the gases escape with a kinetic energy
equal to the pressure difference only in the case in which a Laval
expansion nozzle is fixed at the'muzzle. The gases must pass
with a high velocity from the muzzle to the blade (brake). The
design of the nozzle must accordingly not impede this flow.

|
\ :

Outflow velocities in. the case of simple parallel openings

reveal that the critical velocity is far surpassed,

The cross-sectional boundary where the gases are noct yet
mixed with the air is shown in the accompanying sketch, in graphic
scale, This represgents the "JeL border" within which rhe muzzle
brake must act, also shown in part b. of the sketch.

The time that the projectile travels fromthe muzzle to the
brake vane, or blade, is the effective period of the muzzle brake.
Gas mass is also significant, so the higher charge-to~mass ratio
(c/m) loads are more efficient.in muzzle brake action. .That is
weapongusing ammunition with low charge weights cannot effectlvely
benefit from use of a muzzle brake.

To determine the efficiency of the muzzle brake, fire the
weapon at 0° elevation without the muzzle brake, then with the
muzzle brake.

As the difference in the lengths of the recoils is only a few.
millimeters, one can assume in practice that in both cases, with the
maximum recoil velocity, the recoil lengths are the same, and that
the maximum recoil velocity occurs at the end of the afLer effect.
The brake force K, may have a constant value.

Kx = The constant brake force without muzzle brake,
K'x: The constant brake force with muzzle brake,
Gr = Weight of recoiling pazts.

I. Without muzzle brake: K, °*83 = « V2 max = E

Gz
2°g

(1) K, = 2 . 2 - g " 83. V? max
Gr



BOUNDARY OF EFFECTIVE JET ACTION
FOR MUZZLE BRAKE IMPULSE
(typical proportion)

G.5 7 717 jfE’EF.

107 (TYP.)

5 10 15 20 30

RESULTANT DESIGN O];? MUZZLE BRAKE ELEMENT

COTTERA TS
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IT. With muzzle brake: K'x_._53 =G'r . V'Z maz = B,
(2) ' K'y=G'r yt2 max

V' max << V max and in both cases the lengths of the recoile after
the after effect are equal beczmuse the openings through which the
flow takes place are closed only after the end of the recoil.

From this it follows that:.

(3) B! = K,
and the efficiency of the muzzle brake is; -
(4) y e E - E' 5(100)

; E

Since G; is almost euqual to G'y it follows that:

(5) y :[1 - V'2 max_ | . 100 - ~
L V£~max '

TEe also; 8y 5 9'2 ve may wrilte;
(6) . E-~E':zpPx . 89
. 2 )
length of recoil, projectile in barrel

Iength of recoil during the after effect
Length of recoil after the after effect

77
N
T

Consequently, the force of the muzzle brake is;

(7) Px = 2 . (E = E')

Here it was also taken for granted that

8, :bs'z and K, = K'y (until the'end of the after effect)

The Reducticn of the Recoil

‘Without the muzzle brake the total recoil length is:
(8) S ¢ sy + 82 + 83

The brake force on the path s3 is: K,q = Constant
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With the muzzle brake the total recoil length is:

T . a' 4 gt f
(9 S-ss &8, £58,

The brake force on the path s'g is: K'y3 = Constant

3

w

(10) and Kx3 77 K' g ; besides 53,0

The question now is how great will be the length of recoil (2"3)
when a2 muzzle brake is used, if the brake force K %3 is the same as
without a muzzle brake., We must have:

(11) K3 « 83 = K'z3 . 8'3 3 s"3 - R'x3 , s8'3
Kx3

And the reduced length of recoil is: Sy - s'y + s'2 + 8", = sy4+sp+s"
because up until the cessation of the after effect, the rgcoil lengths
are almost the same with and without Lhe muzzle brake. The amount of
the shortened recoil is:

(12) 0 = 8 = (Sl1+ 5‘2 %+ S”3) : (Sl A1 52 + 53) B (S"l + 3'3 -+ S"Sl ::r
s S Bg * %3 v 8,

Since:

(13) sl,v;s'i; sp~vE'y
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VI Weapon Analysis

This is the most critical, constructive, and informative phase
of the weapon engineering cycle. Here the designer learns to correct
his mistakes, adjust his theoriles, redesign his mechanism2; and join
with others in evaluating performance. The instrumented test vehicle
provides time and motion data so that velocites of moving parte are
determined, -and energy dissipation compared with the wezpon cycle.

In this section, the time-displacement camera and resultant
capabilities are demonstrated followed by an actual analysis of a
recoil operated machine gun under development. Finally, a visual
analysis of the Soviet A¥~47 aszault rifle is given. Firing data
and time-digplacement records were not available, but the description
will reveal a number of features in this des sign ?hat should be of
interest to all small arms design engineers.

d
n
1

a
n

Time=Displacement Data

/ The time diap‘ﬂcemﬂnt record is one of the most useful
instruments that a wea pzq dasligner can use in the development of
an automatic weapongs A typical druw=type T-D camera is shown
in the accompznying sketch. With it, the following is determined:

(a.) Motion of selected component of wezpon in distance
traversed .

(b.) Time of component traverse

(c.) Dwell timz between shots

(d.) Ragé of component traverse during cycle éf cperations

(e.) Ccmporent bounce, if any

(£.) Deflection of mount, or semile-rigid receiver, during firing
(g.) Reproducibility of component travel in a burst of fire'
‘(h.) Rate of fire

(1.) Time required for mount moticn to dampen out.

From the tiﬂ"“uT :placement curve, the following is derived:

g,) Absolute motion of given comporent indeperde of
meunt deflection,

b.) Velocity of a given component through out its traverse,
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cs) Acceleration and/or deceleration of the same component,
'd.) Energy balance during recoil and counter-recoil motion,
e.) Coefficient of restitution of buffer mechaniem,

= Er ~ Ec'r
Ex

In a typical test, the weapon is mounted in & cradle, or
test fixture, and a reflector pin attached to the desired
component, ssy operating rod, and another reference pin mounted
on the receiver, or mount. The T-D camera is pocsitioned
perpendicular to the weapon, in a brace of pwulight 1, 8o that
the reference pins reflect light onto the camera's lens

Within the cemera is a 12" dis. rotery drum that will be
revolving at a high constant speed at the time of firing., A
series of timing mzrks (indficating milliseconds) will be printed
on the roll to indicdete the exact speed. A test exposure is made
to determine the linesr sczle, called "inch marks",

On firing, the light reflected from the reference pin will
automatically print a curve of operating rod motion with respact to
camera drum rotation (time) end a companion curve of mount deflection,

After development of ths print, the T-D curve will be a permanent
record of theé operating rod motion diagram. A brilef visual inspection
will immediately determine whether or not opexating rod motion was
smooth end efficient, or "jerky". By viewing with thé eye tangent
to the curve, discontinuties in motion sre readlly apparent,

Several single shots or a burat of fire may be reccorded on a single
gsheet, so thet the slope of the T~D curve can be readily compared

- for &ll rounds as well &2 time &pan to recoil and counter-recoll
motion.

SdePn shifts in slope indicate change in velocity, energy
logs, or work dons. Thia is axﬂmplified in the dizgeam showing
recoll motion end attendant velocity diagram of the 7.62mm MGO
machine gun. Note how the velocity drops suddenly when the operating
rod picks up the relatively h;avy bolt and dozs work in extracting
the cartridge case. Then & velnclty increase indicates e‘fnct of
residval chamber pressure (bl@wback action) .

The 011u ring data sho *11 be marked on one corner of the
T=D record for reference:

A) Date of test

B) Weszpon model and gerial number



C) Number or rounds fired

D) Ammunition lot number

E) Weight of recoiling parts or other components of interest

F) Purpose of test or J.0, #

G) Curve Number

Before evaluating the "operating rod" motion curve, remember
that the indicated curve ig a result of opc“'rfng rod muthﬁ '
plus or minus mount motion, depending upon the mount motion

diagram. Therefore, a ''corrective" cperating rod motion d
be constructed. This is done a3 follows:

apram mu

‘@) Layout a series of vertical evenly-spaced increments,
e.g. 1 inch apart, so that they pase through both the mount
motion diagram and the opers tﬂﬁn rod motion diagram.
/ A
; b) When both curves are in recoil, subtract the mount
-motion at each increment from the operat{ 1g rod motion.

c) When the mount hee gone forward pa st the starting plane
then add the mount motion at each increment to the .eperating
rod motion.

The resultant series of points will form the corrected curve
of cperating rod motion with respect to the receilver., The slope
of this curve at eny point f8& the veloclty at that p”in?. That
ig, the tangent of the engle, when correct for time and lirear
gcales, is thP operating rod valocity, as follows:

a.) To drte*miré the time scale, measure the length of
msec, (21 lines) and divide by 20 (Never use a single spac i

a3 th

20
ig)

$a

b.) To determine the linesyr scale, meszsure the 1tstance

between "inch marks"',

¢.) Remembering that velocity equals "distance" divided by
“"time", then:

For example, in a T-D curve where the "inch marks" are 2,03
inches apart, and the "timing marks" are .261 inches apart,

V = 1/2.03 = 1/12 ¢
1/.261 % 10

n€ = 10.7 tan &
B s

a
=
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tan @ =z tangent of the curve at any selected point,

d.) Therefore, to obtain a velocity diagram, measure the
slope at each increment, and multiply the tangent of the angle
by the constant (in this example, 10.7)

To restate the example, calculate the velccity for a slope
in which the angle is 45°. The tangent of 45° iz 1.0, therefore,
this will be the constant that corrects for linear and time scalesz.
- | N .
Velocities at any other slope is then merely the tangent. of
the angle times the velocity calculated for a 45° slope.

If a time-displacement record shrinks or stretches in time, the
scale will also meve accordingly. Therefore, the record will
remain accurate,

An acceleration curve may alsc be obtainnd for the operating
rod motion as follows:

a.) After laying out the velocity curve, to some suitable
scale, say 1" = 10 feet/second and smoothly connecting the
points plotted, the slope of the velocity curve 1s an indication
of the acceleration. :

An increasing velocity curve shows positive acceleration,
while a decreasing velocity indicates deceleration, with attendamt
forces.

b.) Since a = v/t,

a = tan @' X veleocity scai;/ﬁ?ltime scale X 1073

As in the previous example, where in the velocity scale,
1" = 10 fps and in the time scale, 1 msec. = ,261 in. This could:
also be stated as 1" = 3,83 ms, so thet the inverse time function
would be used in the above formula. g - tan @' x 10
1/.261 x 10 -3

. a = 2610 tan &'

Therefore the tangent of Lhc cbserved angle X 2610 = the
acceleration at the point observed.

The firing rate is easily calculated by measuring the horizontal
distance on the T-D curve from a point on one round to a similar
point on the succeading round and applying the time scale.



This may.be done two ways:
| a.) meQSured distancﬁ/ in/megec. = time,
cr b.) measured distance X msec./in z time,
depending upon how the time scale s factored.
In the examplé noted, "X"/.261 = cyclic time.

Rate of fire = 60 (in rpm)
cyclicitime

Working from layouts, the. positions of key events should be
marked on the T-D curves; notably the position where the operating
rod picks up the bolt, o: where the accelerator works, or where
the feed gystem operates. ¥nowing the masses involved, then
energy used for each function may be determined. This can be
compared with energy required to do the work, sukh ss feeding, etc,-

|  As an example, the following dzta iz taken from a study in
recoil operated weapons described in Chinn's Vol. IV of "The
Machine Gun" pg. 112, Here Time~Travel and Time-Veloclty Curves
of a Barrel - Accelerator - Bolt function are illustrated,

With the given velocities, Energy valuez sre determined
by the formula E s W V*®
Z g

Accordingly, the following was determined:

Bolt, 5 1b. _ Barrel, 45 1b.
At Uniccking 18'fpz « 25.2 ft. - 1b. 18 fps. = 226 ft, = lb.
Start of Ace. . |38 fpa = 112, ft. - lb, 17 £ps. = 202 ft. = 1b.
End of Acc. 60 fps = 280 ft. - 1b. | 7 fpe. = 34 fﬁ. = 1b,

Thus, the bolt gained 168 £ft. - 1b. energy while the barrel
lost 168 ft.-1b. during the period of acceleration.

Actually, there would be other losses that wexe not shown here,
gsuch as friction, ete,

The bolt energy griv between unlocking and art of ecceleratior
is intc;su ting, and iz aascribed to the effect ¢f blowback action.

3 theory to the chamber forces, we have the
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Given an increase in bolt energy of from 25 to 112 ft., 1b, =
87 ft.-1b. '

I" 22EW = 870 = 26.4
g 32552

. Added Impulse = 5.2 1lb.-sec,
time = .002 séc.
Since I = F t, F ;'5.2/.002 = 2600 1b.
For the 20mm ﬁartridge, the case dia. (inside) = .9",
Area = .635 in. Residual pressure =z F/A g 2600/.635 = 4100

o
As an average pressure, this is reasonzble, since the pressure
] bl
the muzzle exit is given as 5000 psi.

psi.
&

In summation, the energy calculated for the moving parts should
be reasonably traced back to the interior ballistic datz for either
the chamber and/cr gas cylinder,

Analysis of a Recoll-Operated Machine Gun

As a typical exemple of weapon analysis, consider a 40mm
short recoil cperated machine gun under development which, in
recent firing tests at APG, displayed an undesirably high stoppage
rate, This weapon is designed so thet in its cycle of operations,
all of the required motions are in series, énd depend upon mechanicsl
"gipnals" at the completion of cne phase to initiate the follow-
ing phase in the cycle., Thie principle was employed to optimize
reliability, since the required rate of fire was low enocugh to
facilitate this approach. That 1s, the weapon cycle would not
require two separate mechanisms to function simultanecusly.

This is particularly desirable in the feed mechanism,

The analysis will correlate the cartridge inmpulse with the
recoil and counter-recoil impulse of the bolt and b2rrel asszembly
This will determine whether the principal motive power is being
efficiently utilized in operating the weapon. In studying a time
displacement dizgram, a study of bolt and baxrel weloczity and
energy dizgrams will reveal any inefficiencies in the distribution
of energy during the wezpon cycle.’

The cartridge impulse is 13.1 lb.-sec. This is taken from
the formula I = m V, where projectile welght is .532 1b.; and
velocity averages 790 fps. Gas impulse is negligible, since the
powder charge is smzll, end a high/low pressure system is used.
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Physical data tsken from the weapon is as follows:

Rarrel aszsembiy welght: SL07 S lihe

Teed can AP {RRNG
6.90

emily 1.10

Bolt assenbly
Feed szlide assg

Combined bolt and barrel weight in countere-x
linked round) iz 12.50 1b,, and in recoil (N;th l’

is 13.03 Ib.

Accordingly, ‘the impulses were compsred. Counter-recoil
impulse is 2.9 1lb.-sec. and recoil impulse’'i1s°10.3 1b.-sec. for
a total of 13.2 lb.-cec. which is in agreement with the certridge
impulse of 13.1 1b.-sec. Velocities were determined from avezaging
a series of times dis pls ement curves as shown. C'recoil velocity
is 7.0 fps, while recoll vélocity is 25,48 fps.

The data from these T-D curves was found to be quite regular

from shot to shot, and 13 as follows: (V] to Vg indicates velo-
cicties at prin:ipwl locations in the cycle) (ﬂﬂﬂﬂ' below) :

One time diSplacem@nt curve was analyzed in detall end
segmented into &I increments to show displacement, velocity, and
remaining cnevgy foér the full bolt-barrel traverse.

A 7he energy losz where the bolt picks up the barrel during
counter-recoll traverse iz cbvious, and indicates inefficiency
in the relationship between barrel unlatching and bolt locking,

.

Schemztic of T=D Cur
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The sharp velocity and energy fluctuations at points 31

and
32 where the feed cam iz thifting from a 28% glope to & 4L3-1/25 .

"glope are most irregular,

The rapid energy decline at polnts 41 end 42 indicate binding
of the bolt in the receiver during zecoll.

Feed spring loads were taken as well az feed cocking cam
mezsurements end the feed lever crank ratio. .The feed springs
heve an sssembled load of 16 1b. and a rate of 12 ib./inch for
each of the two springs. The cam has a dugl cemming slope of 28¢
for 1/3 of its stroke, then a slope of 43=1/2% for the remaining
The feed lever has a cam 2rm of 2.2 inches and a
feed slide srm of 4.3 inches for a ratio of 1,93,

During vecoil, the feed mechznism is ‘cocked by the above
cam snd arm. The feed slide is spring powered, and rem:zina cocked
until the bolt is fully opaned. The bolt t ign: d
slide to begin feeding. The bolt remains o
siide completes its astre thern
to begin its chambering ~q




Timz=displacement records show thst the bolt bounces zfter it
signals the feed slide, Therefore, the cartridge iz nat properly
fed and a stoppsge occurs,

The coefficient of enszrgy return by the bolt buffer is .60,
end could be improved to .80 by use of & hyd:auch buffer. The
bolt bounce is also sugmentad by drive spring surge. This can
be alleviated by the use of stranded wire drive springs.

A study of the fec d cen design is necessary beczuse of the
unusual behavior of the barrel velocity curve, cam pﬁuf4le, and
resultant feed slide velocity dizgram. )

The fead glide iz e"bje"tpd to en unusuzlly high acceleration
at the point where the cam ¢changes slope. The velocity changes
from 25.5 fpe to 42.6 fps in .3 milliseconds. This results in
an acceleration of 57,000 fps% s0 & high reaction load will occur.

= 1.1X%7,000/g = 1950 1ib.

F m a ; =
1950 X 1.95 (lever &arm ratioc) = 3800 1b,

,1
A

@ 0o

Aacordingly a simple modification of the cam path,  to eli-
minzte the sudden change in slopa is recommen ed

This is a radius tangent to the initial 28° siope. While
this {8 not optimum, it frees the feed mechanism of the high
acceleration lozds.

A complete radesign of the cam is in order, and a cycl@wdal

cam is recommended, of the form;

displacement Y =z h_ (0 = 1/2 SIN 2 )

: Fr‘- -

The cycloidal cem has ths lowest vibration, wesr, stress,
nolse and shock. The reszson for 1ts excellent p@rfufaance is
that there is no sudden change in acceleration at the intersection
of the dwall pericds and the rise curve., It is alsc easy starting
and the side hit&t of the trenslating follower is low,

A time dlsplecement diszgram of actual feed slide motion during
cocking was evaluated znd the erratic velocity diagram indicates
bouncing of the roller, and severe distortion of the feed sl ndf
arm, TFe peak velucxty is in the order of 52-54 fps. The ar
under the curve is 6.81 in. , while in the previocus dizgrem tL
area is 6.86 inchee., This irdicates that the totzl energy under
each curve ig efmllar; therefofe confirming the mathematical
Process .

noted that
high position
ridge center
nd B o= JL4F
to roll the cartridge.

In a further
the feed pawls en

on the per
) P
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The feed pawl should be pushing at a low point on the
periphery. This will result in lower operating encrgies of the
feed system, so that spring peak lozds can be reduced, cocking
loads modified to & move fayorable level, and more normzl feed
forces.realized.

The .45 inch engagement of fcad prl wlth cartridge should
be increased to (.53 te .56) resulting in drive angles of 219 to
18%, |

| ~ FEED PAWL

/\\ .
= T

oy i 8
: = o

4 ' \ S G H

Asd ~
R TR

At the same time, the feced egprings may be changed., This
feed system is limited in belt pull by the lcad available at the
end of the stroke. Therefore, the peak loazds at the beginning
of feeding may be reduced by using a sP"lng of a lower rate.

In the present fccdﬂ , the springs have a leoad (at the end
of the feed stroke) of 32 poundé, but in belt pull firing tests,
can pull a load of only 13 pounds. This indicates an efficiency
of only 40%, demanding the improvement in geomefry noted 1. suua,

abovey

The following spring is recommended, compared with the pxcsent
spring:

: _Present - Recommended
Qutside dizmeter 575 575
Wire diameter 080 070
Number of coils 43, 60.

ate 1B/fidva. , . 12 4.5
Assembly load, 1b. 16. 20,
Peak load, 1b. Sile 33

The bolt lugs should be re-designed to eliminate the high
transverse load that is causing the bolt bedy to crack. The
locking lug is an angled block that is pozitioned at an angle
18° to the horizontal. This cauzes a vertical component of force
of 32% of the load to act in the direction that previocus bolts
have cracked.

n
~d

Ft



sharp inside rail corner should 2lso be eliminsted by
a generous fillet. The sharp corner augments unnecesserily high
stress concentrations. )

The bolt cam plate should have both sides of the cam path
parallel to each other, to prevent bolt lock bounce duri ng function.

Further, the lest round sensor sheould be removed. This is
a device that holds the feed glide in a cocked position after
" the last round in the belt of ammuniticn is fired out. This
device creates a safety hazard in that when one raises the cover,
his fingers may well be in the slide path, and if the sensor is
inadvertently touched, the slide is released with devastating
results. This is very likely to occur during normal servicing.
Functicnally, the mechanisw.is not important.

Maximum recoil acceleration is shown az an 86° lift angle
in the velocity diagram. This is equivalent to an acceleration

of 42,000 fps?.

Using F = m a, F = 13,03 X 42,000/g.z 17,000 1b. This ;grees
with & chamber pressure of 10,000 psi, which dcv°1op9 a lﬂad of
20,000 1b.

Duraticn of the acceleraticn peak is .41 ms.

Also, considering that theoretically, recoil velocity is
inversely proportional to bullet mass, we have:

W, ¥, 2 Wy Yy

V. =790 Eps

Wh = .532 b,

Wy = 13.03 1b,

Ve = 332 X 790/13.03 » 32.3 fps.

This should agree with the total turn-ercund velocity, which
0 in countere-recoil and 25.48 in rececil, for a total of

is 7 i
32.48 fps.

Therefore observed results are in agreement with the general
theory.

A further study of the eritical feed sli de / ectuzating mass
reveals the following relationships:

a. With 2 feed glide of 1.1 1b., the reaction due to a

57,000 fps acceleration i3 1.1 X 57,000/gX 1.95 =
3800 1b. (from item 8.)
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b. The comparable barrel force at the same point:

13.03 1b.

24..6 fps

23.0 fps

«3 msec.

5320 fps?

ma s 2160 1b.

W

oD <<
¢g D¢ g4 03 89

1]

This is why the barrel mass does not have sufficient force
to drive the feed slide efficiently, but rather csuses a gharp
loss of energy in the primary mass.

¢. The energy absorbed by the feeder during the period of

high acce1crat10n

Ni{=

E=2g (24 62 - 23.0%) = 15.8 ft. - 1b.

Barrel stroke = .0079 ft. during this period
F = 15.8/.0079 = 2000 1b.

d. Energy transfer from barrel mass to feed slide (per
T-D curve)

t = ,00118 sec, (note increase from theoretical .0003 tiﬁe)'
W
2 g dvV = 1.1 (532 - 45.32)
64.4
Eg =_13.ft. 1b.

This agrees with the 15.8 ft.—1b. given up by‘tbe barrr-él‘z

e. An energy distribution chart was calculated for the
eleven millisecond time pericd after firing. This is
the critical portion of the cycle in which the area of
inefficiency predominated: .

Energy Distributicn for 11 msec after firing:

t _Mass Energy Diff Slide Travel Slide EEEAEX Sp*lng Eg Diff
1~ 45 +45, - )

2 123 +78. 0 2,45 » +2 45
3 143 +20. »35 26. 1.0 +24.5
4 98 ~——r—— =45, .9 37,5 ———— 3.2 — 41357
5 B2 ——~— 230 === 1.55 — 46.0 —— 6.3 —+11.6
6 70 —— 48, — 2.1 — -2 .5 e (O, S2Ns
7 81 411, 2.44 9.8 12.5 =10.
8 88 +7. 242 3%3 13.8 =3
9 G4 +€. 2.8 .83 15.3 =L
0 93 ~1. 2.9 0 16.2 0

1 g1 2. S

]",rra'rin in f[ - 1};4,
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The most significant relationships are:
At ms (4), 31% of mass energy is transferred to feed system

At ms (5), 32% transferred to feed system

At ms (6), 40% of slide energy ig transferred to mass (bolt & barrel)

Total energy relezsed from mass to feed system =z 49 ft. 1b.
Total energy absorbed by feed springs = 16.2 ft. 1lb.

Efficiency = 33%

In conclusion; the weapdn'appeaxs to be sensitive to the
following combinations: i

(a) Feed spring load vs. sear spring load,
(b) Drive spring lecad vs. sear plate. spring load,
(¢) Bolt bounce time at sear ve. time for feed pawls to
engage round and start feed,
' (d) Barrel unlpcking time vs. time for cam plztes to
initiate bolt locking,
(e) Gouging between feed lever roller and bolt, causing
sharp energy losses,
(£) Alignment of corner of link with cartridge stop red.

These critical areas must be eliminated if the weapon is
to be suitable for service.

18. Summarizing the recommendations offered:

(2.) Improve feed cocking cam contour

(b.) Feed pawls should be lowered :

(c.) Feed springs should be changed to reduce peak load.
(d.) Use stranded wire for drive springs

(e.) Radius the corners of the feed arm roller

(£) Impvove bolt lock geometry

(g.) Hard-coat guideways in aluminum receiver. (In the long

run, a steel receiver would be more favorable)
(h.) Remove last-round sensor

(i.) Relocate anti-surge pawl to a position nearer the bolt,

(j.) Finally, avéid sharp, re-entrant corners through the
weapon design. - ‘
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The Soviet AK-47 Assault Rifle

Brief History of Soviet Automatic Rifle Development

Prior to the Soviet activity in autcmatic rifle systems, the
standazd bolt action rifle was the 7.62mm 1891 Mosin-Nagant, in
several rifle and cerbine versions. Advances in automatic weapon
development led to the 6.5mm 1916 Federov, the 7.62mm Simonov Automatic
Rifle of 1936 and the 7.62mm Tokarev semi-automatic rifle of 1940.
The Tokarev is quite similar in principle to the Eelgian FN rifle.

!
These weapons did not prove to be suitable for service, so
the bulk of infantry weapony in World War II featured the PPD and PPSh
series of subemachine guns chambered for the Type P-7.62mm Piztol
Cartridge with a muzzle velocity of 1640 fps. Longer range firing
required extensive use of heavy machine guns.

Accordingly, since the effective range of the sub-machine guns
was limited, a family of weapons built around a more effective,
but 1ightwelvhh, certridge was required. This led to the development
of the 7,62mm M43 cartridge that apparently was a counter-part of
the 7.92 German Kurz (short) cartridge., The effective range is in
the order of 440 yards. Evidently, the trade-cff between "firepower"
as a matter of number of rounds cerried and "firepower" 'as a matter of
effective range, was well considered

The submachine guns of Werld War II are no longer used in the
Soviet armies, being replaced by the AK-47 types. A number of '
satellite armies still retain the sub-machine guns, of economic
neceasity. '

As discussed previously, the following analysis is only visual,
as instrumented firing records were not available.

Analysis of Soviet AK-47 Asgsault Rifle

The Soviet 7.62mm Model AR-47 is a magazine fed, percussion fired,
gas operated, semi/full automatic weapon. In its gecmetry, it has a
slight drop-stock, pistol grip, with the gas piston located above the
barrel, ramp-type open sights, with a battle range setting of 300
meters, and a mid-height front sight,

The thirty-two round magazine. curves forvard, to.suitethe accumulated
taper of 32 rounds, and extends approximately 7.0 inches below tne
receiver,

“l
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The selector lever also functions as a receiver dusgst cover when

the selector is in the safe position,

This provides good visual

reference for the shooter as well as "touch" reference at night-

time.

In general appearance, with a short barrel and pistol grip,
it may be first considered as a sub-machine gun, but the 7.62mm

cavtridge places it nearer the rifle cl
r

_—
458 .

Its principal characteristics, compared with the U.S. Ml4 rifle

are as follows:

Overall length

Barrel length

Weight without magazine
Magazine weight
Magazine capacity

Fire type

Bolt carrier dwell
Tqavel to end of unlock
Total bolt carrier travel

Bolt rotation to unlock

Ammunition Characterisitics:

Caliber

Round weight
Round length
Case length

Projectile weight

AR 47

34,5 in.

(no flash supp.)

16.37 in.
8.4 1b.
160 1b‘

32 rounds

semi/full auto

15} Al
.68 in.
5+32 dn.,

35°

M43
(AR &7)

7 .62mm

253 grains
2L8 ing
1.52 in.
122 égains

162

M 14

44 in,
(with flash supp.)

22.0 in.
802 1b0
3 1b.

'20 rounds

.semil auto
(selector cptionzl)

40 in,

.94 in.

NATO

(M 14)

7.62mm
375 grains
2.8 in.
2.01 in..

150 grains



M43 NATO

Charge weight 25 grains 47 grains
Muzzle velocity 2329 fps 2800 £ps
Effective range 440 yards 660 yards

There are five variations of the Soviet M43 cartridge (1)
Ball type with mild steel core, (2) Tracer type T-45, (3) Armor
piercing, incendiary, (4) Incendiary tracer, and (5) Blank,
with rosette style crimp.,

_Additional AK~47 Technical Data:

Weight of reciprocating masses:

Bolt assembly : .198 1b,

Bolt carrier assembly S:i) Al

Drive spring assembly (.066/2) w033 16,
Total - 1.221 1b,

Ratio of primary mass to

secondary mass. ‘ - 5.01/1

Firing Mechanism:

Firing pin weéight : ~.0139 Ib.
Hammer weight <101 1b,
Mass Ratio 7o 257 /N0

Gas System
Piston diameter A 548 dn.
Piston travel before bleed .70 in,

Gas regulator: none required

Rate of Fire Approx. 600 shots/min.




The breech mechanism consists of a rotating bolt actuated by a
reciprocéting bolt carrier. The bolt carrier rides in keyways in the
receiver. An internal cam is machined in the forward section of the
bolt carrier and rotates the bolt during the locking and unlocking
phases of the cycle. Two locking lugs are positioned at the front
of the bolt and are diametrically opposed. The lock cam lug is
mounted on the outside periphery of one of the bolt lugs; increasing
the moment arm for a favorable cam force leverage. This mechanism
is a further development cf the U.S. Ml rifle bolt mechanism.

Note the highly favorable mass ratio between bolt carrier and bolt. (5/1)

A\ slender cylindrical section of the bolt body is supported in
the bolt carrier. The bolt also contains a free-floating firing
pin and an extremely simple cylindrical extractor.

A single drive spring, mounted in a telescoping guide rod, drives
the bolt carrier assembly in counter-recoil. The guide rod base also
functions as a cover latch; therefore the spring serves double
duty. Also,when the spring assembly unit is removed, it remains as
an easily handled sub-assembly. The receiver housing may be
removed and the weapon function, for visual imspection of the
operating mechanism, may be studied.

The gas system is of the plain impingement system, with the
piston being an integral part of the bolt carrier. The piston
end is concave, as is the end of the gas piston housing. This
provides an initial chamber volume. The upper handguard is
also the piston housing, with gas bleed holes incorporated in
the gas cylinder extension. A single gas orifice is used, with no
edjustment for power necessary. The gas piston is ribbed, for
rigidity, snd the operating rod is easily accessible for the bolt
cam cuts.

The receiver also functions as the firing mechanism housing
assembly. The firing mechanism is not a modular unit, as in the Ml rifle.
The firing mechanism has eleven parts, including three retaining pins.
The automatic sear spring has a single long arm that groove-locks
these pins. Three sears are used in this mechanism with & double
claw hammer for the primary and secondary sears, and 2 single
(hammer hub) notch for the automatic sear, actuzted by the operating -
rod. The primzry and secondary sears are identical to the M1 in
principle. When the hammer is in battery position, the safety can
be applied. Thfzs would cause a jam when attempting to chirge the
weapon. However, the charging slot closure is a good visual indicator
that the safety is on. s

The selector shaft controls the functioning of the semi-automatic
sear and trigger.
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The front sight is a hooded post which can be adjusted by using
the combination tool in the tool kit, either by screwing up or down,
or moving left or right. The rear sight is of the conventional
V-notch tangent leaf, the sight radius being approximately 15 inches.
The upper forearm is retained by a latch on the rear sight. When
the upper forearm is removed, a latch for the lower forearm is
revealed. The lower forearm conceals a hiding pocket in the receiver.

The curved magazine tube is made of heavy gauge spot-welded
construction with critical areas, such as the feed lips and catches,
being machined. The magazine follower is a stamping, with a long
skirt to control tipping, by its close fit with the inside wall of
the magazine.

The magezine contains a number of highly desirable design features.
The extremely rugged magazine lips are most favorable for extended
field use. The magazine foilower does not have to be critically
balanced between ammunition stack and follower spring. No matter
where one bears down on the follower (the center, forward, or rearward
pesitions) the follower moves in the magazine tube smoothly. The
spring design, therefore can be simple oval coils, free of atress
concentrations, and free from binding along the magazine ribs,

The magazine follower design, together with the 5/1 mass
ratio between bolt carrier/bolt are the two reasons why this
weapon continues to fire in the field with old, corroded,
apparently unusable, ammunition.

A hole at the lower rear surface of the magazine tube is an
excellent visual indicator that the magazine is full., The user
merely adds rounds to the magzzine until the bottom round shows
up in the hole.

A three piece tool kit is mounted in the buttstock, with a spring-
biased pressure plate facilitating entry and removal. The kit contains
a cembination tcol, a bore brush, and a cleaning patch pred, or jag.
The combination tool provides a screw driver blade, a punch, and two
wrenches. The cleaning rod is stored under the barrel and through
the lower hand guard. The body of the tool kit is a tool handle,
and the cap can be attached to the muzzle of the barrel as a guide
for the cleaning red, and, presumably, as a blank firing attachment.

The cycle of operation is quite identical, in prinéiple, to the
M 14 rifle, except that a fixed ejector, integrzl to the receiver, is
used.

Weapon field stripping is accomplished without tools, by a

system of guide slots in the receiver, for the cperating rod, and
retaining latches for the upper and lower hand guards.
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The barrel iz rifled with 4 lands and grocves, with a right hand
twist. The muzzle attachment nut is threaded left-hand. The gas
port is at an angle, which simplifies cleaning. No parts other than
the gas piston and upper forearm are removed for this bit of maintenance.
Training in weapon maintenance is considered to te fairly simple.
While not convenient for bayonet fighting, the short weapon length
is handy for street 2nd house-to-house fighting. The:basic weapon
is 2lso equipped with a folding buttstock, for paratrcop and special
services.

Note that no flash suppressor is used, in spite of the short
(16.3 in.) barrel; however the powder charge is low, being only
25 grains.

An estimate of production cost was made, and based on a quantity
of a lot of 2 million riflas, the weapon would cost approximately $60.00
without product engineering or final inspection services. Also, it was
estimated that approximately 550 machine operations are necessary, as
against 800 for the M14 rifle. The weapon is almost completely made
from milled steel components, with few stampings being made. This
is a reversal of form, gince most World War II Soviet weapons used
stempings en masse. The receiver hzs relatively few complex milling
cuts, and an insert is used to cam the bolt into the barrel extension
at the start of the locking rotation.

This weapon is stendard issue not only in the Soviet Union,
but also in the satellite countries of East Germany, Rumania,
Hungary (with modified handgusrd and plastic pistol grips) as
well 25 in Communist China, which designates their production
as 7.62mm type 56 azsault rifle. This is supplied to North
Vietnam also. The Czech aszsault rifle is similar in outward
appearance, but is redesigned internally to a different mechanism.

In summary, the AK-47 weapon employs a compact, essentially
well-designed bolt mechanism, with the action suited to the short
7.62mm cartridge. Gererally, this cartridge is considered in
Europe 2s the "mid-'30" cartridge, that is, of energy legels
mid-way between the U,S. Cal. .30 carbine and cal. .30°0 cartridges.
It is conzidersd 23 2z further development of the German 7.92 mm
Kurz (short) cartridge. EHowever, for machine guns, the Soviets still
retain their old 7.62mm rimmed full length cartridge (as well as in
accuracy match rifles).

AK=-47 accuracy is nearer rifle class than sub-machine gun
class, as should be expected. The average sutmachine gun firing
single shots will przduce a group of from 12 to 18 inches diameter
at 100 yards. The AX 47 will group in € inches at 100 yards.

In full actomztic fire, the weapon climbs rapidly, when firing
bursts of 5 or more rounds, therefore a good gripping position
on the forestock and sling is necessary.

~
-
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‘ The weapon fires from the closed bolt position for either
the semi automatic or full automatic cycles of operation. There
is no bolt-hcld-open device to hold the action open after the
last round in the magazine is fired.

|

The AK-47 will eventually be replaced by the AKM, a modifi-
cation which is characterized principally by a sheet metal receiver,
| ' rather than the milled receiver, as well as several other minor

changes.
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géyiiography and Recommended Reading

Much of the material discussed in this manuscript is taken
from data developed at Springfield Armory. All of the material
is unclassified.

\ Many of the chapters are augmented by supporting data taken
from several Ordnance libraries. A bibliography lists the books
used, together with an identifying subscript which correlates the
sources with the corresponding chapters of the manuscript.

For additional data, on any of the topics listed, the volumes
noted should be used for reference, among others.

The designation "SA" indicates topics in which Springfield
Armory data was prominent. Certain chapters, notably on
"Firing Mechanism Design'" and "Feeding'' contain only SA data.
Much of this has not been documented previocusly, and is
knowledge acquired through "on-the-job-training'" at Springfield
Armory.
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BIBLIOGRAPHY

Reference Author
a "Small Arms of the World" Smith & Smith
b "Hatcher's Notebook" J. S. Hatcher
c "The Machine Gun' (4 Vol.) G. M. Chinn
d "Treasury of the Gun" H. L. Peterson
e. "Oerlikon Pocket Book' Oerlikon Works
£ "Principles of Firearms' C. E. Balleisen
g "Elements of Ordnance" Hayes
h Winchester Ammunition Handbook oMcCcC
kj "Béllistics" Cummings
k "Cartridges of the World" F.C. Barnes
1 "Ordnance' published bi-monthly
m "The Bullet's Flight from
Powder to Target' F. W. Mann
n "The Gun and its Development" W. W. Greener
P "World War I" S. L. A, Marshall
q "Handbook of Mech Spring Design' Associated Spring Corp
T "Spring Design & Application" N. Chironis
s ""Cams" H. A. Rothbart
t "Formulas for Sﬁress & Strain" R Js Roa;k
u Speer Reloading Manual '#77 Speer, Inc.
v NRA Fact Book (Firearms & Ammo) NRA
w "Gun Digest" published annually
x "Shooter's Bible" published annually
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Bibliographical TOPIC IN ORDER OF CONTENT

Reference
1. Introduction
2. Historical
|
d,e,n,v Development of the Military Cartridge Case
SA,a U.S. Light Rifle Program
SA, 1 | Caseless and Liquid Propellant Systems
3. Supporting Sciences
SA,b,c,e,f,k,m,u,v Interior Ballistics
SA,b,e,h,u Exterior Ballistics
SA,b,e,g,v,w . Recoil
SA,1,(Jan 1964) Dynamics of Automatic Rifles
4, Systems of Operation
SA fic, Blowback
SA,e Recoil Operation
SA,e Gas Operation and Analysis
5. Weapon Design
SA,b,v, Headspace
SA Factors of Safety
- SA,t Barrel and Bolt Lug Stresses
SA Firing Mechanism Design
SA Feeding
SA,c Link Design
SA Magazine Design
SA,q,r . Spring Desing
$.0:0,E, ¥ Muzzle Devices
6. Weapon Analysis
SA,c Time - Displacement Curves
SA,s,t Analysis of recoil-operated machine gun
a,l Analysis of Soviet AK-47 :

7. Bibliography & Recommended Reading

8. Courses of Study

SA designates "Springfield Armory"
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VIII |Courses of Study

_ In becoming knowledgeable as to Small Arms Ordnance principles
and practice, there are a number of sources of information available
to the design engineer. These include the following:

\ a, Hardware and Literature Survey
b. On-the-job training
c. Extension courses

The "hardware and literature survey" includes both museum
and library facilities and will familiarize the engineer with
many of the facets of ordnance engineering conducted in the
past. Much engineering has been done in the past that was not : ..
successfully concluded because of producticn limitations, metallurgical
limitations, and other requirements that would not pose a barrier tcday.
The physical principles employed are the important elements, rather.
than the outward appearance.

. On-the~-job-training is highly specialized and time-consuming
trainipng process. The more knowlegeable an engineer is about prior
art, the less likely he is vulnerable to making a false start.
However, he should not be limited to prior art, as quite often a
bold new approach will result in marked improvements in performance.
Proper supervision in "on-the-job-training' stabilizes the engineer
. and the program.

LI

Extension courses are most valuable in augmenting both prior
art studies and on-the-job-training. These are available to
engineering personnel and usually are free of charge., The Ordnance
School conducts a2 wide variety of these coursesj the ones of
principle interest are as follows:

Credit Hours

ORD 4 - Fundamentals of Ballistics 16
ORD 411 (61) Machine Guns 19
ORD 413 (63) Hand & Shoulder Weapons 14
ORD 508 (111) Research & Development 10
Z ORD 601 Weapons Familierization 5
: ORD 605 (60) Principles of Small Arms 13
- ORD 606 (69) Armament Principles 12
ORD 713 Aircraft Armament Subsystems 2
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Personnel may apply for these, and other, courses by filing a DA
Form #145, and in block #7 address:

Commanding Officer

Rock Island Arsenal

Rock Island, Illinois 61201
ATTN: SWERI-PTT-2430

or through the training branch of any other appropriate installatiocn.
Other courses of interest include those in an engineering
curriculum such as: Strength of Materials, Kinematics, Dynamics,

Metallurgy, etc. with "Strength of Materials" considered as the
most important one by this writer.
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