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Introducticon

The topics discusszed in this manuscript were included in a geries of
jectures conducted by Mr, John €, Rocha, formerly cof Weapons Development
Branch, Reszearch and Enginecring Division, of the Springfield Armory.

The lecture series was given at Rock Island Arsenal, Rock Talsnd, Illincls
during the pericd Getober 1967 - March 1968, Preparation of these
lectures was directed towazd essisting ordnance engineers of the newly
formed Small Armz Research Branch of Rock Izland Arsenal in becoming
knowledgeable as to crdnance design practicesz ‘commonly known at
Springfield Armoxy.

A number of selected erdnznce design publications and tests were
used as source data, and is noted in the biblicgraphy, &z well as other
recommended reading. 1In additien to the publizhed scurce material,
available in mast ordnance engineering libraries, cbservaticns made
during Mr. Recha'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 interlor and exterior ballistice, systems of weapon operation,
stresses, dynsmics, kinematics of mechanisms, end topics peculiar to ~
ordnance engineering, suck as hesdspace, recoll feorces, links, magazines,
and evaluation of time-displacement curves.

Emphasis 15 plsced upon the c¢oerdinstion required between wanﬁon

. design and emmunition dezign agencies eince the wespon system demands:

thet each group be cognizant of weapon/ammunition interface areds.

In addition, this writer feels that any new weapon design, or weapon

system reflecting @ quantum Increaze in firepower, must depend upon

increased effectiveness of emmunition, Rare exceptions are the externally

povered high rate of fire machine guns that increzee volume of fire

per installiaticn, Advences In fature weapon effectivenese mey well be

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

ammunition design including chemistry, btalilstics, and thermodynsmics,

as well &s cartridge case and projectile design. "Ballistica" includes
interior, exterior, and termingl, or weund, ballistics. Irn an ordnance
organization, only one or two engineere will be therecughly femiliar

with any phases ef theze aliled zciences; and will function as &

cenaultant te the gection en the particulsr toplc in question.

The materisl discussed in these lectures should be of Interest,
and informative to &ll levels of & small arms design section; but
further specialized data on, each topic will be left to the initiative
of the user, since srdnince engineering is a visble science, and
nev discoveries are censtantly eutdeting the ststus quo.



Il

Historical

Ever since the cavemsn used 2 club or rock as the flrst weapons,
man has centinued to improve the design of his wasponz, cften with
the hope that the new weapon developed would end all wars and bring
peace for all menkind. ' '

As an exsmple, in 1704, @ French engincer nsmed Chaumette devised
a new approach to solving the problem of leading & rifle from the
breech quickly end effectively. A presentalion nodel of this weapon
had the fellowing imscription engraved on the Barrel:

"Le Chaumette has made this terrible gun, All its
pstrons will be blessed for it is the means of
ending war and establizhing the Golden Age."

Destor Richard Catling {nterrupted hiz medical practice during
the 1860's to develop his famous multiple barrel wespon, which
principles are still preminent teday. Ee confided to his associates
thet his weapon would put an end to 21l wars and bring pzace to the
world., Unfortunstely, he wag mistaken, because the development of
any new weapon Spurs the development of & councerpart. >

Historically, Past Is Proldgue, and this is& significent in many
weapon designs., A predigious number of weapon mechaniems have been
{ntroduced in the past that falled, but would be adaptable te future’
weapen designs if the principles are correctly applied, This is
becauge of the many advances made in metallurgy, new alloys, new
production techniques, gnd prepellsnts. For exsmple, the hexagonal

bored rifle (Whitworth) of over 100 yeazs ago iz being re~intreduced

- i{n the U.S. in 1968 (commercially) &s zifling "“without lands or

grooves',

-Develapmeut of Military Cartridge Czse

Friar Bacen was ore eof the first Eurcpeans to develop a successful
fermula fer gunpowder., At this time, practitioners of the art were more
concerned with the rnoise and fliash produced, and ebserved that confinement
of the charge accelerated pressure build-up, but it did net eccur to
them that this pressure could be utilized to propel shot. This activity
started about rhe vear 1250, Another mank, Rertheld Schwartz, used
gun powder in the period of 1290 - 1350, He experimented with heating
sulphur, ssltpetexr, mercury, and charcoal, attempting to cenvert
mercury te silver, zund succeedad in filattening himself and the laboratory
in several explesionz befoze he understecod the principles of propulsien.
The Chirese alzs used black pewder, im the 6th te 10th cernturies, -but
enly for ceremonisl and densnstrative purposes.

Mechanical art in virious forms dictated the course of warfare
therezfter, The first weapons were cannoh (from the Lati NMOANNA'")
because of their reed-like comstruction, and the first preojectiles
were, not balls, but arrows.
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For the next few centriesz, igniticn systems vere the principal
design keys. Initially, the gunner had to ignite the powder thraugh a
blow-kole on top of the barrel, zo thit he could not &im at the
same time. Accuracy, then, wis only accidentsl. The teuch-hole was
meved from the top to the right zide of the barzel, A little ledge,
or pan, was added beneath it to hold the priming pawder and thue
meke ignition more certain. A hinged cover was added to protect
it from the weather, Esvrels were lengthened, stocks were shortened
and the general contours cof & msdern gun began to appear. Most
important was the development of & wick, or match, tegether with a
device for holding it. This wee & twisted rope dipped in saltpeter -
and spirits of wine, so that it burned slowly, asz a punk; thus the
gshooter did net have to stay near the ceppfire to ignite his weapon,
Thus mebility was improved. :

The complete gun-leck, stock, and bsrrel, appeared with the
matck lock, which was a spring-lesded device that breught the match
.inte the priming mix when the trigger was pulled,

Bullets develsped:slewly. Hand.cannon fired net only lesd, but
alse stone, iron, steel, brass, copper, &nd tin missiles as well, As -
this was an age of experimentation in ballistics, there were alss
cylindrical, pyramidal} rectangular, and berrel shaped buliets,

Arrows were alss pepulsr, even silver buttens on one histeric cccasicn.
By 1600, the lead ball was universally used. The match lock, despite
its limitations remaired in ussge until the 1700's, About that

time, wheel-locks were devised, which verked as simply as the cigarette
lighter works; that is, frictien between & serrated wheel and pyrite
produced sparks to ignite powder in the pan. :

The first known reference to a csrtridge wes by Leonardo da Vinedl
about 1500, a eimple tube of rolled peper, each holding powder for one
ghet., The gunner eimply bit off one end, poured a little powder in
the pan and the rest down the barrel. The bell folldwed, end the paper
a3 & wad. Rate of fire thus Improved.

Then came & whale group of ignition systems thaet preduced. sparks
by striking flint againet steel, This improved maintensnce, &8 the
wheel-lock mechanienms were complex., The flinmt-leck, or snap havnce,
mechanism was simple. The classlc flint-lock mecheniem was deaigned
in France in the esrly 1600's and cerried on for at least two }
centuries, the mast neted being the Erizieh Exown Bess and the French
Charleville, At this time firing rate wasz abeut & SFM.

The flintleck mechanizm glzo made the pocket plztel really practical.

One big improvement by Henry Nock, was the plenum (or pre-ignition)
chzmber, to speed ignitisn, impreve malntenance, and improve ballistics.



A clergyman, Alexandex Forsyth ushered in the modern era with the
first successful percussicn lock. This was the turning peint in the
history of firearms, as it provided the basic thecry for 211 future
developments in ignition, including the modern metsiliic cartridge.

Forsyth's hobby of hunting led him to his remarkable discoveries.
He noticed that meny of the wild birds escaped his fire by diving the
" instant they saw sparks or flash from his leck. The ensuing hesitaticn
in ignition was all they ceeded., He set ahout to re-develsp the firezrm
{n the late 1700's tc remedy this inefficient ignition system. New -
substances being experimented with at that time were called fulminates,
or salts produced by disscliving metals in acids., When struck, they
expleded violently. After much experimenting, Fersyth susceeded in
1805 in directing the priming charge into the bore. With the help of
Jamee Watt, he patented his 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 origin of rifling dates back to the early 1500'e. Longitud-
inal grooves were cut in the bore te collect powder regidue, When
someone epiralled the grooves to intrease their length, aecuracy improved
to everyone's surprise. When tight=£itting projectiles wexe used, this
led to problems in loading, until greased patches were introduced.

This also helped clean the bore. '

Bovwever, with improved accuracy, speed of losding was sacrificed,
by the time taken to drive the bullet down the bore in loading. A
French army captain, Claude Mintie, refined the shaps of scme experimental
hollow-tased builets in 1849 so that, via a ircn cup, the projectile
skirt expanded into the rifiing. Hence the "Minie Ball' was born
end proved to be highly effective during the (sc-cslled) Civil Var.

Soon zfterward, in 1855, an American dentist, Edward Maynard,
developed a tape primer, similar to the common children's "caps" in
roll form for toy pistols. EHence, 2 method for speeding the reloiding
of the ignition system was devised. It soon became clear that it

was easier to losd & gun at the breech rather than putting 2 charge

of pewder, ball, and wadding down the bore, perticulsrly when lying’
down, confined or under combal strees.

Breech lcading had been experimented with fer geveral centuries
dating back to the early 1500°s whén shicld-type pistels, of necessity,
were breech lsaders, using sn irez tube similar te the modern cartridge
case, Firing wss by & match-lock. -

The first impartant breech-leading military weapon was French, and
utilized a thresded breesh plug perpendicular to the bore, which did
not fzll free, znd wa: thus easy to load, (1720°8)



A large number of gun enthusilasts proceeded to develop a prodigious
number of breech leading variations, but powder fculing, gss lezakage,
and endurance limited any success for well over a century. Finally,
Pauly, a Swiss inventer, 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, te obturate .the propellant gases,
These cases had paper bedies with brass heads, like ccmmen shotgun
shedls. One of his technicians, Johann von Dreyze, becama 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 ignition. The basic principle was that of a priming compound .
in a hollow at the bace of the bullet. The primer was detonated by a
leng firing pin that pierced the powder charge.

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

Christian Sharps made another important contributicn with his
lever action carbine, He utilized a separate-disc priming mechaniem
that automatically positioned a primer over the nipple for each shot.
This weapon was prominent in the Civil Wer, as well as in pilenesring
and settling the West. It was the last of the importent combustible .
case weaponeg., Cartridges were made of paper, linen, rubber, metal foil,
and gheet 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 functien for 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 low-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-thiz, a primer pellet is crushed by the striker
against a rigid anvil, with vents leading into the mzin charge.

Two important types, by Cel. Berdan, U.S., #nd by Col. FRoxer, U.K.
were develeped and have been essentilally unchanged in 100 years.

The 1873 Springfield .45-70 trap-door model was simply & means
of converting. stock-piles eof muzzle lcaders into breech loaders,
One problem preved te be in tight extraction after prolonged firing
due to thermal expansien of the breech end of the harrel,

During this peried, in the U.S. snd U.K., 120 actions and 50
cartridges were considered in & seaych for most acceptable mechanisnm,
attesting te the variety of inventiens produced in the 1870's, follow-
ing introductien of the modern metallic case,
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In 1889 Alfred Nobel invented "smckeless' powder, Vielle of France
developed the ballistics thecries, and the age of high perfcrmance
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 autcmatic shouldex weapon. This requirement was a natural
follow-on to the semi-automatic (8 round) M1 rifle which gave the U.S.
a significant advantage over other countries that were armed with bolt
action rifles.

Modifications to the M1 system were initiated in 1944 as the
Springfield Armory T20 series and the Remington Arme T2Z series,
These develeopments included use of 20 - round box-type magazines
selective five with semisutomatic fire on "closed bolt" and full
automatic fire on "open bolt". ("Open belt" means that the bolt
{s held in the full recoil position between firing bursts.) (This
is dae to minimize the danger of a cock-off, the inadvertent firing
of a cartridge cauvsed by the cartridge being in centzazt with & hot
chamber. Ingition is by conduction of heat through the brass case
and into the propellant., The primer is not struck!) Evencually
the requirement for the "open bolt" sear was deleted. :

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

The initiation of the formal light rifle program was featured by
a shorter cartridge, the T65 series, which eventually was develecped
intc the 7.62mm NATG stendard carcridge. The Cal, 30-06 cartridge |
(used in the bolt-acticn Springfield '03 as well as the BAR and the Ml
rifle) is 3.33 inches long, while the NATO certridge is 2.80 inches long.

One of the first riflez to take advantage of the shorter cartridge
was the TZ5 rifle, a Springfield Armory design. It featured a tip-up
bolt lock not unlike the RAR icck, an expansion gss system, and an
inline butt-steck to facilitate contrcl in automatic fire, User
preference in styling dictated redevelopment of this model as the
T47, with a conventionzl drop-stock.

Another Springfield Armevy development wes the T28 light rifle,
which featured.a modification of a Cerman corceived breech mechanisn,
extensive use of stampings, and an inline buttstock, also teo assist
in control of autcmatic fire. The lccking rollers lock the bolt
to the barrel extensicn, as typified in the Germen MG42, the Spanish
CETME, aznd the current Cevman &3 rifle. However, these Europesan
models are engineered te utilize a retarded blowback principle of
operation to cyzle the weapen. This does not allow & reserve of



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

The T44 series of weapons was basically a centinuation of the T20
series of ML rifle modifications. Eventuzlly, this model (T44E4) was
standardized as the Mi4 rifle.

The T3l rifle waz en experimental model designed by Jchn Gzrand
which was characterized by an inline stock, "bull pup" configuration,
a pistol grip in front of the 20- round box magazine, and a number of
uncenventional promising features. Theze ircluded, ameng others, &
simple leaf-type driving spring, a 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 cecld well have minimized the necessity for use of the MIEEL rifle.
Of course, this is a speculative statement, but it demonstratez how
"timing" in the intrcduction ¢f & novel weapen is important. The
User must be prepzared to accept @ seemingly unconventionzl item,
User preference in styling "feel" (balence), sighting geometries,
and other intuitive qualities carrnct be technically meagured,

The T35, T36, and T27 mcdels were interim phzses between the
T20 and T44 serics. -

The T48 rifle was the Belglan FN entry In the competition for
selection of a NATC rifle, It was also chembered for the T65E3
cartridge, as was all of thke models in the preceding paragraphs. -
A pilot line of 500 models was menufactured in the U.9. Ly H.&R.,
in order to mazsure adaptability of the design to U.S. production
and inspection techniques. Selecticn of the standard U.S. rifle
was eventually based upon & serles of U.S. User tests.

A series of fezsibility studies for an advanced weapon system
evolved &= the "Saivo'" concept. This was based upon the cbservations
made under combat conditions of the shooters level of ability, ox
inability, tc hit his target. There are many fecets to this problem,
but it can best be summarized as effort to improve "hit prebability".
Weapon developments centered sbcut test fixtures using multiple
barrels, for simultanecus, OF ripple~fire multiple shots pex trigger
pull, The SPIW rifle progrsm Zs one gereration of thie concept study.
The 7.62mm Duplex certridge 1s one result of this program,

The SPIW system is & shculder weapon thet fires & lightweight
flechette projectile ssheted in a smooth-bore 5,56mm barrel, The
firing mechanism is designed to permit single-shot semi-autcmatic,
high-rate three-round-burst semi-automatic, or full autematic fire.
The lecture on "Dynsmics or Autcmitic Fifles" will demonstrzte that
the high-rate three-rsund-burst 1S cptimum commeniurate with control-
lability and hit prebability. '
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gtudies of liquid propellant rifle systems &re discussed in an
ensueing chapter.

An additienal rifie develgpment wag the Springfield Infantry
Rifle, designated as ng.I.R." This wes @ lightveight, compact, cal.
224 autcmatic rifle that was designed ts incerporate 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 M16E1l, This program was aleo derivative of the "Salvo" concept.

Designers, Or principal englneers, of the weapons disclosed in
this chapter are as follows:

"T20 series John C. Garand
T25 : E.M. Hervey
T28 C.: A. Moore
T4t . L. S. Cezbett
T3 1 John C. Garand
SPIW R. H. Colby

_8.I.R. A.J. Lizza

An excellent descripticn of U.S, standard machine guns is given in
Smith & Smith'seighth edition of "Smell Arme of the World" as well as
in G.M. Chinn'e Vols I - IV of "ihe Mackine Gun'.

ggseless Ammunition

Now after the 100 year pericd since cartridge cases were intro~
duced, efforts are being made to eliminzte them, taking advantage
of the growth of other technologies, such 2s metallurgy and chemistry.

In chemistry, new forms of caseless smmunition have been develeped,
such as a solid molded propellant containing the projectile and &
combustible percuesion primer. In metellurgy, new and improved
paterials may lead to successful methods of obturation, the reduction
of heat transfer, and elimination of erssicn and cook-0Sf,

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

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

2., WEIGHT - The weight of & brass case {e approximately one half of
the weight of the complete round,

3. BUIK - The molded caseless certridge is approximately 25% shorter
thzn the cazad ammunition,
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4. ELIMINATION of spent cases that clutter the compartment of 2
vehicle, particularly laxger caliber weapons.

5, Possible simplification of gun mechanism, such &s elininsting
close tolerance headspace dimensions.

6. Critical cortridge brass material will not be required.

The weight and bulk facter ave especially attractive from a
logistics and {nstallatiocn 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 290 grains end has a storage volume cf .85 cubic
inches, while the caseless reund weighs 196 grains and has a storage
volume of .64 cubic inches. The effect of this is that an infantzry-
man's ammunition lead (220 rounds) ie reduced from 15 . to 8.7 1lb.,
or, if the same conbat lesd is used, the czzseless ammunition complement
{s increased to 430 rounds.

For armament inmstzllations, the advantages are particularly
attractive. In helicopters, as {n 811 aircraft and most vehicles,
-weight and spzce are at a premium, A typical inetallation, the M6
Armament Subsystem, (Quad 7.62nm M60C machine guns) carries 6000
rounds, with a weighting of 390 1b. end a volume of 3 cubic feet.
Caseless ammunition would welgh 190 1b. and have a volume of 1.95
cubic feet. If the same eystem weight is held, the ammunition
complement could increase frem 6000 rounds to 11,500 rounds.

So much for the prospacts, but ncw what ére the preblema?
This is where the present and future development effert is concentrated,

. apd is generally &s followa:

1. COST - Establish preduction techniques sc that ultimate mags
production at low cost will be realized.

2. CONFIGURATION - The propex size and shape of caseless
gmmunition conmensurate with the following:

@, Production techniqueg and centrol
b. Weapon design (close ceord. req'd)
¢. Eallistic efficicncy |
d. Feeding, storage, and harndling

3. OBTURATION - Chamber, bolt, firing pin



4. COOK~OFF (Certridge case had functioned &= insulator)
5., ERCSION and fouling

6. MISFIRE extraction

7. COATINGS ageinst maisture

8. -SERENGTH,to suppert handling & feeding (durqbility)

0f the zbove precblem &areas, obturstion, or the sealing cf the
high pressure gases frem excessive leakage, 1z expected to be the
post articulate if endurance is expected, That is, 2 gelf-acting
durable geal for an autenatic weapon will not be merely a close-
tolerance fitted cempaneént, pbecause prolenged firing will cause
thermal expansion of components to varying levels.

Some relief from the wide scope of problem areas {nherent in
a caseless system may be realized by using @ partially combustible
cartridge case, This is dene in the 105 mm howitzer and 105 mm gun
erea, In this, a stub brass ghell is used, in cxder to provide
cbturaticn, ease of extractien, etc, etc. A significant reduction
in cartridge brass is realized, being approximately 85%, rathex
than the 100% of completely caseless amnunition.

Liquid Propellant Syztems

Approxinmately 10 - 12 yeers ago & conciderable emount of work was
dene in exploring the feasibility of uvtilizing 1iquid propellants
in small arms. The rénge of programs wae quite extensive, and
enveloped 2 number of applicationz and philesophies. Initially, it
wae held to be promising for ship-buard {nastallation, where the
propellant bulk could be stored in remote aTeas, snd pumped to the
weapons. This concept then was applied to tank gunsa, then interest-
grew in the small arms fileld.

There are two general categories of liiquid propellant systems:
the menopropellants ard the hi-prepellante., 1In the bi-propellants
two separate liquids, a fuel end an oxidizer, are pumped into 2
chamber where hypergolic eotisn ssvses ignition and burning. No
primer or igniter 25 used, Msncpropellants &re gingle fuel systems,
with ignition by separate means, guch as spark, primer, compressien,
glew-plug, €tc.

The advantagez of & liquid propellant system are generally as
follows:

1, Greater impetus per pound of propellanﬁ for liquid (over
solid propellant) syatems.

2. Shapp reduction in pressure peak through control of pressure-
time intezior ballistics.
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3. Hyper-veleccities pozsible (over 5000 fps projectile) .
4. Reduced heat trapsfer to barrel and .chamber.

5. Ccleaner burning (ro feuling) .

6. Reduced erosion.

7. Elimination of cartridge brass.

8. High cazpacity weapon ayetcms-may be realized.

9. Reduced smoke and flash.

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

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

12,. High firing rates poessible in certain weapoen designs. >

Puring the course of development, it wae realized that the high
. impetus propellants weze extremely corrosive and unsteble. Erratic
pressure peaks and erratic ignition & burning ensued, until eventually
~ the bulk of effort was directed toward menoprepellant systems in '
which the propellant was & mixture of hydrazine, hydrazine nitrate,
end water. (epprox 70-25-3) A typical bi-prepellant combinatien
would be Red Fuming Nitric Acid end Hydrogen Percxide, for exanple,
there being a wide range of propallants congidered.

Two philesophies in the iiquid monepropellent field centered
about the contrel of the pumping, Or chamber-filling, process. - One
was A& constant-pressure theory, the other & constantevolume theery.

In the constant-pressure gystem, the chamber was filled until
2 definite 1iquid pressure of the full chamber was attained, Here,
as firing progressed, any change in bullet seat would change
bullet position, increasing the propellant volume, causling & change
in interior ballistics.

In the censtantevelume system, & definite, measured amount of
liquid was pumped inte the chamber., As firing pragressed, any change
in bullet seat would cauze ullage, or an amount of air, in the chamber,
which caused erratic ignitien znd uncentrolled interior ballistics
performance. ' i

11
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In general, the following problem &zcss remzin unsclved and
constituted the principle R & D effort: :

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

2, Igrnition

z. Errstic

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

a. Cavitation

b. Pre-ignit#on

c. leakage ;
5. Erratfc chambér pressures

6. Pcor low temperature characteristics of propellants.

Supperting Sciences

This secticn reviews scme of the fundamentals of interior and
exterior balilistics, cecoll forces, and dynamics of automatic rifles
from a mathematical, rether than hardware, perspective.

it 4s felt thzt design engineers should be knowledgeable of the
sclences that affect thelr product.,

Much of the data indicated here may be corroborated by test
fixture firings, since rhe results are limited to specific calibers,
welghts, velocities, and other characteristics. These fielde are
constantly in need of cevision because the formulse involved are
limited to the specific conditions of the tests cbsezved. This
ie one of the reazous that the science of crdnénce engineering 1is
g fascinzting.

Interior 2alliscics

An understanding of the fundamentale of intexior ballistics is
escential for the weapen design engineer. This is becausze the



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 positive reccnmendations
as to ballistics parameters when a new weapon system is being specified,
or is in a state of develecpument .

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

a. Headspace linits,

b. Timing breech opening,

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

e. BarrEI and chamber erosioen,

f. Gas pressuregat orifice Efor gas operated weapons),.

g Gas pressure:at muzzle (for recoil operated weapons) for
design of muzzle booster,

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

i. Construction ef cartridge case to. prevent case splitting,
j. Reduction of gmoke and flash, as well as various products, and
k. Ballistic stability at temperature extrenes.,

A diagram of a typlcal Cal. .30 pressure travel curve is analysed
end illustrates pressure and veloeity with respect teo bullet travel.

This typilcal cartridge fires a 150 grain projectile at a muzzle
velocity of 2700 feet/second. Quite simply, the formula for projectile
nuzzle energy is: E = WV%i/2g.

2
E = 150 x 2700 n 2420 ft. 1b.
7000 x 64.4

Correlate this with iptegration of the pressure-travel curve: That
is, the area under the curve multiplied by the bore area is equal to
the encrgy develeped. '

Travel scale 1/4" ¢ 1" (typical)

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

13



COMMON POVWDER TYPES for SMALL ARMS

CORD PELLET

FLAKE

STRIP ; | '

MULTIPLE PERFORATION

SINGLE PERFORATIOR

fo=

~ ROSETTE

BALL

FLATTENED BALL

NOTE: The pressure the propellant develops

varies inversely with the thickness of propellant grain.

Sy



pressure scale 1/4" =.5000 psi.

i)
each square = 1/16"“ = 5000 in. lb.fin.2

Count of squares = 78 (use of grid)

78 x 5000 = 390,000 i, 1b./4n.2

Save axba =k 082 » 0785 in
Energy = 390,000 = .0745 = 29000 in. 1b.

E = 2,420 ft. 1b. Therefore, the data correlates.
The identical pfacedure is utilized with a pressure-time curve;
in which the unit is lb.-sec., or & measure of 1mpulse.

Note that if a heavier projectile were used, which would result
in increased muzzle energy, ox & mere powerful charge were used to
{ncrease velecity, then the area undexr the curve would have to increase
proportionately. Since barxel travel is constant, then the pressure
would have to increase. This is ore penalty that is'pald for
packing more propellant into the cartrildge edse,

At times attempts have becen made to alter the shape of the pressure
curve, so that a lower peak, acting for a lenger time, would result
in reduced weight of locking mechanism barrel, etc. but there are
1imits to the effect of such & change. '

The development of pressure in the weapen ie 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 propellant web. Smegeless powders are most commonly
used, being a doubie~based composition of nitrocelluleose (gun cotten)
and nitroglycerine. When cempletely deccmposed, nitrocellulose
yields COp, CO, HyO0, Np. and nitroglycerine yields COp, HaD, N2, and 02.
The expleding temperature of both materials is sbout 180°C.. =200%C¢
Note that the propellant centains its own oxygen. '

A material advantage of snckeless pewder over the old black
powder is the fact that it burne in parallel ' layers. Therefore, by
appropriate shaping, the burning rate, and thus the rate of pressure
increase, may be centroliled.”

Moisture muzt also be controlled in nitrccellulose powders. A
change in moisture content of = 1% changes the muzzle velccity by + 12 fps
ehd the gas pressure by + 750 psi.
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Temperature change algc changes gas pressuie aznd velocity
accordingly. The propellant is ignited by the primer charge, either
fulminate of mercury oF lead azide, so that a large flame is created
by adding a very surface-rich pcwder, so that practically all the
powder grains begin to burn at the eame time, The rate of burning
ic a function of the pressure of confinement. The speed of reaction
{ncreases with increasing pressuré entil a pressure and temperature
maximum 15 reached, -producing &n ex.plosion. oading density, therefore,
is an important value in internal ballistice. Loading density is
the ratio of propellant charge to chamber cavity volume, ip grams per ele{a i

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

in order to guszantee 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 lozding density, therefore affects uniformity
of weapen performance, :

pevelopment of formulae on Internal Ballistice has been
principally through the efforts of vielle (France), Cranz (Germany) ;.
and Charbonuier (France).

The burning temperature of nitrosellulose powder will peak, in
a typlecal weapon, &t 3000°F, with the temperature &t the muzzle exit
of 2000°K.

It hass been proved mattematicelly that the maximum ettainzble.
muzzle velocity of & projectile, using nitroccellulose powder is
9100 fps. This conslder 367 of the charge transformed into muzzle.
energy of the projectile end cherge. Thig figure ie only of
academic interest. because it recuires extremely high charge to mass
ratics. '"Cherge to mags retio' is mezely the propellsant waight/
projectile weight, end for smzll erms varies from .3 t0 4. Highex
propellant loads are inefficient, causing temperature and barrel
erpsion velues to sccelerate.

A typlczl variation of muz le velocity with pewder temperature
change i3 as follows:
Temp . degrees F. . Velezity

0 2631

10 2641
2 2648

30 2657
40 2668

50 2682

16



Temp, degrees F. Velocity

60 : . 2700
70 2722
80 2750
90 2784
100 2827

Five. general equations are commonly used in the development
of interior ballistlcs theoxry. These are:

1. Equation of state of propellant gases

2. Equation of energy

3.. Equation or motion

4. Burning rate equation

5. Form function

The equation of state is uced to develop 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 motlon is the soluticn 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 combuation in the charge.
This rate is & function of tte pressure of burning, and- the area
of the reszcting surface, If this surface is not constant, it is
necessgary to introduce the form function to account for effect of
the charging burning surface on the rate of generatiocn of gas in
the gun. : '

A detailed dizcuzsion 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
hzs not been formulated because the ercsion rate decrsases as the
gun is used due to changes in the interior ballistics resulring from
the erosion., A number of general thecries have been evolved one of
which assumes that, due to roughness, the surface melts only locally,
so that erosion is at "hot spots', that shift about on the surface.

Black Powder

Black powder was commonly used @5 the sole propellant in guns
up to the end of the 19th centry, when they were replaced by the
nitrocellulcze powders.

19



Being the original i unpowaert since the 13th centry, it is
a mixture of 75% sodium nitrate (saltpeter) 157 charcoal, and 10%
sulphur. It has consistently proved Lo be an undesirable propellant
for the following reasons;

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

. 2. 1t creates high temperatures locally when burning, causing
rapid erosion of the bore.

3. It creates large billows of black smoke.

4. It 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 es either a primer or igniter fer 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. Increesing projectile weight causes the projectile
to tend toward being unstable unless the twist is sharp enough.
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 /W

F

Rotating force

d caliber

L1 ]

Ay = Axial moment of inertia (grains-inz)
p = pressure

N = Twist (calibers/turn)

20



W = Bullet weight

.ﬁx e CWdz
nimnrile & 2172
C = .11 for conventional projectile accordingly, F = 4ed™ i p
' N
ed to gradually accelerate the projectile to

The gain twist exit angle is equal to the
tuist reguired for e comparable

Gain twist is employ

the required spin rate.
helical angle of conventional straight

projectile.

The projectile jacket is a composition of 90% copper and 10%
zinc.

. pistribution of Energy

For a tjpical-conventional weapon, the energy develeoped by the
propellant, assuning complete combustion, may be distributed generally

as follows:

Projectile forward motion 32.00%
Projectile rotation 1A
Projectile friction - 2.17'
_ Weapon recoil R
PgPrepallﬁnt gas motion 3.14

Heat loss to gun and prdjectilé 20.17

Latent heat lesses in
propellant gases 42.26

Propellant potential © 100.00

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

Heat to cartridge case % calories
Kinetic Enexgy of Bullet 885.3 gl
Kinetic Energy of Gases < 569.1 "
Heat to Berrel 679.9 b
T L = v ) S et P
Heat in Gases 598.6 o
Total 2863.9 calories
Frictional Heat Loss 212.0 o
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Extericr Ballistics

Exterior ballistics is the study of projectile motion from the
muzzle to the target. An understanding of thisz topic is dmportant to
a weapon designer because he should try to promecte efficiency in project-
ile design and effecitvenese to the limit of his czpzcity. That is,
a .gun designer develops a given weapon to ‘the specificztions of
pinimum weight, maximum reliability and endurance, preducing a givern
velocity to a projectile cf a given weight, size, ernd sghape. 1f
the projectile design is of maximum efficiency, the projectile
remaining velocity will be high (minimum drag or reterdation) and
the effective range will be mzximized. A gun designer thould strive
for the maximum effective milezge and penetration at long range of
each round fired from his weapon. If the projectile design were
lowered  in efficiency, then the effective rénge would be reduced, or
effectiveness at the target lowered. Then, in order to increase
weapon 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 compernents, Therefore,
again, it is most important that close co-ordination be mzlintained
between weapon and ammuniticn design agencies, as their product
is so inter-related, for maximum system effectiveness,

 Two importent elements of exterior ballistics dats sre the
trajectory and the remzining velocity. The trajectory is the curved
path the projectile follows in the gir and is = function of gravity
and (1) angle of departure, (2) air registance, (3) shape of the
projectile, (4) projectile’diameter, and (5) projectile weight.
Remaining velecity, of courze, is a measure of the projectile velocity
at any given range &s 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 functicn of velocity
that effects the lethality of the projectile, as well as other
terminal effects. :

The study of projectile lethality, or etriking energy, is called
terminal ballistics, end is & complex etudy, if a2ll the elements of
wound ballistics ere to be understocod. That is, thexe is a variety
of phenomen2 that occur when & bullet strikes, and this is & function
of projectile velocity, shape, structure, arpgle of impact, etc,;, as
well as target structure, density, etc., etc. Many of the facets of
this subject are not well understood .

The calculation of & trajectery in 4 vacuum is a common practice
in high school physics, but for an accurate.treatment, a series of -
exterior ballistic charts have been prepsred that enzble anyone to
plot trajectories for any cartridge with sufficient accuracy. A
typical chart is "Ingalls Ballistic Tables", prepared by personnel
of E.I. PuPont De Nemcurs &Co., Inc, and enother is the Speex
Ballietic Calculator, slide-rule type of chart. The data is
arranged in a series of logarithmic curves (2s a slide rule) in
order to facilitate the math process.

3
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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 veloeity 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 bettexr, and
vice versa. The value of '"C" for the 7.62mm 150 grain boat-tailed
projectile is in the order of .4 - .387.

other common values of '"C! are:

Projectile g
.22 Long rifle, 40 gr. : S
224-55 gr. SP (flat base) . .209
.223-55 gf. boat-tail | - .,280
270 WIN=130 gr._éxpanding pt. 496
~'30/06 Spfld - 110 gr. ' 237
30/06 Spfld - 150 gr. _ . .323
30/06 Spfld ~ 180 gr. .560
7.62mm - 125 gr - M43 (Soviet)) 3 .
.45/70 W.C;F. - 405 gr. .ﬁ19

In general, a bullet with a long, smooth ogive, minimum point
diameter, boat-tailed, and high in weight, will have & goaod _
ballistic coefficient. The long ogive radius reduces head pressure,
and the boat-tail reduces suction at the base. '

The ballistic coefficient is calculated as C = W/idz, where

projectile weight in Ib.

WS
d = projectile diameter in inches
i - coefficient of form.

The cocfficient of form depends upon the ratio of the bullet
ogive to the bullet diameter and the effect of air resistznce on
the peoint. . Bullets of different calibers that have the same shape
(mere scale-ups) have the scme coefficient of form. The tables
given in the DuPeont charts have been cempiled from firing, as
well as tabular, data, from several sources; being averaged when-
ever there were differences.

23



SAONVA 0 SaIyANAH N/ FINCY

. !_{3_: 1 i

T ]
b8

ADNINT

LfPOTHA -

7

=) A

— L

-
/.

T ] i
EEpCEREEESRSRE R i !
I i _
1 O 1 I 1
0 HZ¥ 7 of
A maasEmmAn A
1 " | i _ T | _*
' _ 1 _ 1 i _ ™11
.—li.. B 1T .Illml [ 0 o e frpetete
i | | A= | 1 i
l i [
L H

1
colf X '&
oo/ X °PTFS,

o L g an B

= i S I S B S
Smpian i
i
s

5

5

24



STdVA 0OZ ,,mww\,\_w\m,\
2 W ] T 1 0 6 O

* - r | T
T 1 =1 | | el 1 o o T —T 1 1]
] ] ) T B I i Jse d _ 1 _ nmﬂu rgs=iE S HER A SRR Nw__. )
11 I 1 | [.o= | ] 117 1 ] £, - Tt . oy s 1 | |0 I I I =
\‘...__ _m_u. i ,._..,\._ By F.A00 \. ._._ _, | ¥ __J_lm__ -J..ﬁ&ﬁ..ﬁTh. __“_
ST i | S : 1 . T i T I 1 i = EEEE L -
L 1 [ i il ] - _ R R I T ¥ I I I || 1
L] T bt M" : EENE SH I __1|.r|..|.|.|7_ s m_._ +HHT | _.ﬁ
S | | [ ] [ 15y i __” 0 B ____.‘l_.J.I__ ettt b s _ Q
RS AR il ] ) - : t ™1 . T 1
Fa| : S REEERERE 12k i3 H HE . L p | - 31 T TER] ! PR Al 2 A !
[ I O ] I 1 _ _ T [ I 507 5 A _ 170 T ) 0 1
R = R | Bl : : : o e T | E ! 15 B R —
32 |10 L 0 8 A Y I : ey 1 _ 4 S B [T ] | ! I — —
e AEamEmEREE SREREmaERES | EEEE e
. | T—— _ | W

i S RIS S 2 2
[
A
T
3
5|
A
]
z
i
T o EHHHE
ry
q‘
M
i
j_.-._
e
Ea
G

11 L __< L) .‘ . ! _ ! u : _ ;_ T I == _ | _‘-. o "._ t _ i
- * — T l ..rl__ E ! | i il o e = | t t i T m [ H : )
I . ! o e i 1] S 0 R L 0 ] ! } ..\Vul- AL
! i W LS B NSNS B R EE S RS Laﬁhwﬂmwu T e e AT <
+ f 5 T 1 i B i SRR = _ 5 0 e B S _ f R 13
. Sl I L T L T ] bl DEmaEs. ——— T T A T Uul_rj
- 11 ] BRI _ FiT= T T T _.lh!n e .&l.h 4._..“.,. il ,,.I.“.. IﬁiH._l”“( I ! ____h\_ _Mluu “ m _ m;.m“/
ey A ez 7l O WAl T O A3 SRRARRAY NNy aus ik
e
e I e i i 1 0 0 i I 2 . : _ i M
SR 561 5 ¢ 5 8 LA B L et T EEESEREY ENSEr EYNEE EREREE ARl
5 1 010 5 T e T B A HREEE 7 Eik T g | o
- _.___ .,___I_u_.1dl1 i I+ I i 1 _ Tt - hp_m_NJ_ht.nluN.w_k.“ﬂ_._ﬂ_. | _"_ ! 8! f—
: e T e e et I 5. I HEE NN RN SRS SN (RS ] J;A
. " 1 _._ d- bt 1 ml T J..T 10 1 ! 11 |_. L1 _ur. —+ 1 " ! - 4
_. 510755 S 00 O O 500 O __H._ . HA T Kl Ku__ﬁhmv =i : N7
- AL ™ _T_IT.!*I&.*I.ITI_IT_JrL_i;.J\ = i i i TN ] Y X Al T\..ﬂ | L o o S SR e O
AR P e e A A Y RS | T of
M R R S 9 G 2 5 P T O < 5 e i 2 N A ! IBERRBREEE. )
 EERESE R TR "l__ul..-_I_T i & 3] 51 b i Sty = A e e iy 3 %ﬁ: ¥ Bl I.Lm.\- [ oo 2P o W a0 e ! T 1 i £ 3
1 | 1§ f g~ " ER= = ol ] ! B 1 T i
L T et ) 2 R HP P P Or M P S OO i AREAERS
;_rﬁ411wﬁﬁ L U8 e Sl £ 25 214 8 L N S M R e T;WW
Tt - e | ) Y 25 i | fudl= I L T —t— ISR IR i e = T i
1 1 L O W L - 1 HH N A T mm . R
dimel i [ 2 o O B S J ey { —— 1 T . 0 Y 4 I Il 1 4 Mg«
it ! ! : EEA I ! W
—

25



T ] TT1 T T1 I 1 | Y]
sEEEE EEE Eu _" _.w_m_ph ...“__N_ : LJ_.M m ““\_ e
T T =rErT | | 4 ] STA L 1 ]
EmE i I _Tkﬁw _q&“. 7 Z4 w7 rimm EERE
_”_ — i . T _ _ i I i = 0 = | T
Y iEREREP BN I ] 4 S o | = T i 1
G T3] " TR TSy T =, T HN SR
|+|».m.| ”__ T m t m f T _ T T T | _n_u 1 Q
7 O T S A W i 0 A ! . _“
EEENEENEEEEENNENEmE N MR Emmmn u 4
T I I I e t ] |
RN EREnNENEE wL_ T o . cH
,_: r“._____ i m.w._l..l.r..m.d p S =S w SR AR I i
e amwsamrAENEEREEESOERE/ dRESRRERERS; L NN |
___.____..___._,..__ i 1 i T I [
‘¢ e Y =orrEEREEESS .
. _ i
! 1 u .n | T T “
ST . i _ 257 B e /] T 010010 0 I i
o f L _ ” _h...__ .__m r,__. ._w\wr‘wlﬂnl._ T J“_ : - _u _. 1 1 mm.
i i }l. :lm.. i __r SR * i1 : " _ 3 : i : cb e S e g o Lo | | 1 il
f e “_ ] : A ] e el b 2% 55 5 A ) 2 B I
BEEREYSEESRIE . : : Fﬁ{MUﬂ\gIl_ ___,_ i BEE I_.,_ ] B i ﬁf
e CEEE 0 {EEEEE IR D o I - =
T e e L P T R | e <
5 A S B Y~ aoa el S o 1M PRV B8 = (=P A m.lX.\ , . BREEERES T
! ._‘\ .J&: T _N.me%m.wh.tu.tht ﬂN,:.n_ o I-q.TL.NN \ﬁ_lib_\ h\snw hun_m{_l T m s
! B 7| B R I i u i | L _I__L i - — : ! VUO
1] \_I_ 1 ! i - | - b FEESEIESE Rl e NN AR R B B 11t B .H.g o
H =] w _ |4I_,\J _.T.l_ ._.lT..-l;J_!Ir-T_ _1: 1 I 1 [ _..“I.r_,.+|+ 4.,;l...,lll.fm__ SE S __ _
A B R e
/1 FEEEEERE ] [ W BT _ ] 5 O _
my A ‘_._Ill;.Lim { ) il +..“L|l __ 1 O A A - __ | T
: " | BEEE ] _ P i uE ! i
T A e T e e e T T e T T AN
i B “ |_u|_| "___“ & _I_I.l =l £ - ! ¢ t i 0 . 0 T | [ _" J.—)
e e D Boe L Y
bt e T D) e | 4 s 7 0 0 I e L & T [ !
w__ﬂ___..ﬂf_r%jnu o AT .%__Zt Eamaummnm 2 e g _ w
— T o EEEE HEEnS] - O e s B = i 1
..Ll_ | 1 ____| 1 =111 _ s g : — = ! 15
! [ ! _ = — - g 4o =
_ N I S o W 4 25y ST
EEEEmEsEEEEmE [ FEEEEEFEEEEE G 3 __L.Iﬂ_whlm,\.__ SERED Hk.
i | I I | [ i 1 {0 220 1 ) O I T LT T Aol N 4 | 1 o

OOf X 2FS/Y

G‘_"(oa::va

26



27



rerfi

oLt

0




PR

+

*:'—.Jlr::'.'_

{

YL
Sy

i

{

A

sl

A
i

4o

29



In using the DuPont chart for bullet form, match the bullet
profile carefully, noting that the sharp points on the disgram are
for drafting reference only. The table makes adjustments for the
didmeter of the hollow point or flat nose. -

The charts use a series of vertical reference planes and scales
for each of the facters 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 remzining energy.

The chartes on the following pages compare the remaining velocities
and energies of a number of commercial and milirtary rounds. . 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 significant 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 projectile. 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 yards are shown for the three
current military cartridges.

In addition, when the remaining velecities ere determined
by the use of ballistic tables, a variety of data may be derived,
as shown in chart #6. Here, two phileosophies of projectile
effectiveness are shown in a comparison of the 7.6Zmm NATO
and the 55 grain 5.56mm cartridge.

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

The coefficlent of air resistance as a function of the Mach
number is shown as follows: (p. 181 Oerlikon handbook)
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spark photogaphic techniquee of a projectile in £light
pernmit measurement of the velocity as a function 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 doess
not travel exactly in the direction of ite axis, but yaws, oscillating
about the tangent of the trajectery. This angle is the angle of
precession, and is caused by the alr resistance and moment with
respect to the center of gravity.

The projectile in flight is stabillzed as a gyroscope is; by
spin. Such a rotating body possesses en angular momentum that tends
to resist forces that act to tilt the spin axis. T

In comparing the behavicr of a.gyroscope, if a force is applied
on the head of the projectile, F, ;

[ 17
b

the projectile will turm, not zbeut the horizontal axis, but will
precess, or turn, about the vertical axis. This motiocn is called
precession, and is due to the spin imparted by the rifling.
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The force causing bullet deflection is not a lateral
force against the side of the bullet, but a force applied at
some other point on the cgive. There, it will tend to tip the
bullet, and gyroscopic precession must result.

With compareble rztes of spin, the angular momentum of 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 bulletz have better
brush - bucking ability than spitzer - point bullets,

Another familiar phencmenon is called bullet drift. It is
well known that bullets tend te 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 cgive 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. ' -

! Likewise, windsge will ‘cause the projectile to strike higher
or lcwer, depending -upon wind direction. Wird blewing from right
to left will cause bullet drift to the left, and at the same time
(2ssuming right hand twist) due to gyroscopic precession, will cause
the bullet to strike low.

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

The following informal dissertation on "Zhe Ballistic
Coefficient", by this author, egain cutlines the significant
charasteristics of the ballistiz coefficlent. Of particular
importance is the comparison of the .264 (6.5nm) and the 7.62mm
NATO remainfng energies, which are equal from 600 yards to 1000
yards. (Chart #2).

Also eignificent is the cemparison between the NATC round
and the Cal. .20 = 172 grain bullet which shows, for exsmple, that
the hesvisr bullet has as much energy at 1000 yerds as the NATO
has &t 650 yards. Thiz is where firepower is improved without
paying a penalty In the weapon.

pellistic Ceefficlent

What is it? Very siwply, it is a measure of the efficiency of
a projestile in £light through the air. If we were firing in a true
vecuum, there would be no need to consider a ballistic coefficient,



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

and the rest of us have to put up with air resistance, which creates
frictional resistences end drzg. Thls causes the projectile to
steadily lose velocity. The rate at which velacity drope iz detsr-
mined by the Balliatic Coefficient, The higher the valuve of Ballistic
Cocfficient, the grezter the efficlency of the projestile in £light.

The practical value of studying the Ballistic Coeffici
be zpparent to those who seek a flatter trajectory; more impa
at longer range, and & longer effective range. Instesd of cramo
more or hotter powder into the chamber to increase energy, which,
by the way, edds dzngercusly higher strains to the barrel, lccking
lugs, and cartridge czse, and shaooter should pay cleser attention
to the bullet weight &nd shape, These &re the factors that
determine Ballistic Coefficient. The most efficient projectile would:
be esszentially heavy (some even consider the use of a depleted
uranium core) for meximum denegity, but retain a long smooth ogilve
(Spitzer point) with minimum flat point, end a boat-tail, to
reduce the aft drag, or turbulence. The ideal bullet tip would be
pointed, but this iz fmpractical for handling in the magazine, there-
fore the flat tip dismeter should be about one tenth of the caliber.,

Other good reaszone for paying attention to bullet design for
{ncreased effectiveness et longer range, rathex then neking the clizmber
hotter, ere that, first with irarezsed load, the recoll impulze is
higher, lcading your shoulder g1l the moze, which also will affect
your accuracy, &nd that higher 1sads reduce the number of timse
you can safely relo:id your certridge. Also, berzel wear is raduced
and the wear and tear on autsmatic meckanlems is also to be -
censidered.

There zre thres factors in the standaxd formuls for computing
the Ballistic Ccefficient &nd these ave weight, bullet dismeter; and
form fzetor. The bullet weight divided by the bullat dizmeter
equared is & messure of sectional density, and the higher this is,
the better your Bzllistic Coefficlent. The form factor is a value
based on the shzpe of the projectile. The longer the ogive radius
and the smaller the tip flat dismeter, the better ths form factoer,
Bost-tailing the projectile also lmproves form fzcter.

Now let's lesk at eome practical results of this Ballistic
Coefficient in gsction. For example, stuly the curves shown in
Chart #1, which plot velgelty and energy of two different bullets
out to 1000 yards. Each npliet is & stendzrd 105 grzin Emm
(cal..243) sample with & mezale velocity of 2964 feet per second.
The differenca is thst one is & round nose bullet with a Ezllistic
Cozfficient of .256, while the other is a spitzer polnt bullet with
a Ballistis Ceefficlent of .395. Of course, since bullet weights,
diemeters and muzzle velosities are fdentical, there is no
difference in travel in the bore, since the enmergy frem the
expanding gazes Ig Identical in
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lesve the muzzle znd are free in the air, then the difference in
Ballistic Coefficient shows up markedly. Immediztely the respective
velocity and energy curves begin to separate from thelr common
starting point at the bore, so that eventually, the spitzer point
has the game energy &t 1000 yards that the xound point bullet has

at 650 yards, Thus, by picking the spitzer point, you gain 350
yards in range effectivenezs. Likewise, with veleccity, for example
at 600 - 700 yards, the spitzer bullet velocity is 409 greater than
the round nose bullet, :

Thiz is not a condemration of round ncsed. byllets, however.
They have their place. The principle adventage 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, uge round nose bullets, If your hunting range is
open country and the target is likely to pop up &t longer ranges,
then the Spitzer point bullet is reccmmended.

The criteria for effectiveress shown here is energy., Effects
in tumbling and other wound ballistic phenomenon depend upon the pertion »
of the game hit, whether boney, fluid, effectiveness against vital
organs, etc., and arve so varisble that many arguments on this subject
have burned the midnight oil, each hunter having a different opinicn
which naturslly is based on his experience and cbservations. The
subiect therefore need not be exhausted further in this discussion.

Another intercsting effect of an improved ballistic ccefficient
for a number of projectilez is that their performance is upgraded
to the level of higher caliber cartridges at longer ranges. For
example, note Chert #2, which cempares a (.264) 6.5mm 140 grain
bullet hsving a muzzle velacity of 2500 £ps and Ballistic Coefficient
of .482 with a (.308) 7.62mm 150 grzin bullet having a muzzle velocity of
2740 fps and Ballistic Coefficient 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 ie one rezeon why lead cores are used.

Locking &t the curves, you will see that the 6.5mm muzzle energy
is 2000 ft.-1b,, while the 7.62 muzzle energy is 2600 ft.-1lb. However,
becsuze of improved sectisral density, or Ballistis Coefficient of the
6.5mm, the energies are eguel at ahdut 600 yerds. That ig, the 6.5mm
caught up to the 7.€2mm &t that rapge, and equalied it on cut to
1100 yards, at leaat. In fact, at tkaze longer rangss, the 6.5mm
remaining velocity is higher than the 7.62mm.

Meny of you may recsgriza the 7,62mm example as the U.S, standard
NATO military cartridge, This 12 true, 2nd points out how the NATO
Cartridge may be improved Sy increasing 1ts Ballistic Coefficient.

In fact, this can be done guite simply by substituting another standard
7.62mm prajectile, the 172 grain boat-tziled National Match bullet,

(s}
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bcasting an impressive Ballistic Coefficient of .56. 0f course,

a slight adjustment in powdex charge is made in crder to maintain
peak pressure at the same level. That is, increasing bullet weight
(without changing powdez chsxge) causes the pesgk pregsure tv rise in
the chamber. This is because the expanding gases are pushing
against a heavier bullet, causing & slightly slower acceleration,

or teke-off, of the bullet; therefcre, if you can imagine you are
keeping the 1id tighter on & boiling pot, the gas pressure will be
higher, therefore either & slower burning powder is used, or 2 few
grains of propellant azre lopped off.

Chart #3 chows the vast difference in remaining energies for
the two 7.62mm projectiles. For exzmple, 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. This is particularly advantageous when
shooting in open country. ' :

As a curiocus sidelight, compare the Eallistic Cosfficlent of the
NATO (150 gr.) bullet with the old-time lead ball. The ball, being
a sphere, will have & poor form factor, about 1.4 (the Nato 1s.6),
and & correaponding Ballistic Ceefficlent of 152 times the ball
diameter (which mzkes it easy to compute for all slze lead balls).

- For a'.30 cal, ball, the Ballistic Coafficient 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 resuit ie that the lead bail, while potent at the ‘
muzzle, will lose energy very quickly. This iz the main reason that
shot pellets have such a short effective range of cnly 60-80 yards.

In summary, then,selection of a more efficiertly streamlined
bullet, (better surface finish, too, when casting bullets) will
pay off more handaomely in etriking energy than lczding the case with
a hotter powder charge., The benefits will alao include a sherter
time to target,a flatter trajectory, and, therefore, improved
8CCUrECY. ‘
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Rececil

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

each round fired.

The value of "free recoil" is usually ccensidered in calculations
of recoil encrgy. That is, not considering additicnal masses or
resistances such as the shoulder or forearm that, in reality,
make recoil "effect' less violent than the "free recoil" calculated.
The celculation of free recoil is useful for purposes of comparison
of one weapon, or charge, against another .

In fact, and as bourne out by experience, receil effect or
nkick" is lessened by holding the butt £irmly against the shoulder,
This affects the zccelerarion of the skeletal freme. Thus the
resulting recoil encrgy is more "enjoyable" if it is a "push"
rather than a2 "blow".

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

Typical recoil energies of several standesrd weapons sre
calculated as follows: - ' :

a. Recoil energy of Cal. .30 Ml xifle:
Projectile Impulse =z 2.3 1b.-sec,

Rifie impulse then = 2.3 = WV/g

[ £

V=2.3x 32,2/9 = 8.25 ft./sec.

E - wwl/2g ~ 9 x 68/64.4 x 9.5 fr. 1b,

Le

b. QCrenzde launcher M79:

375 x 240/32,2
2.8 1b|°59¢:7

Projectile impulse

&t

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

Rzcoil Velcolty

wwll2g = 6.5 % 194/64.4
19:6 ftr’lb-

Recoll Ensxgy

L |

L1}
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Nften the question is bro ched as to the amount of rifle
metion prior to bullet exit., Taking the common 30°06 rifle &z an
example, firing & 180 grain match bullet, popular in competitive
target shooting in a 24 inch barrel, the solution iz easlly found,
Simply consider the distance the bullet travels as being inversely
proportional to the rifie recoll travel as the weights of bullet
and rifle,

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

T
2

I

9p
Wr

L7 ]
b

s _ (180 _+ 23/7000
24 9

Sf

+,078 inch

Various methods of measuring receil 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 atteched to the buttplate
and the indentation made in a lead bleck is measured. (Ala rockwell
hardness testing.) This methed is good for comparative measurements
only.

To calculate recoll data, the basic law of course, is F = m a.
Since a = v/t then F t = mv. The term "m v" is referxed to as the
"momentun', or the property of a given mass at a given velocity, X
while "F t" is the "impulse", or the effect of a-given force
acting for a glven tiwe,

For recoil forces, impulse is equivalent to the average force
that weuld bring the moving body to rest in one second.

There are three vectors contributing to recoil: and ﬁhey axe;
(1) Reaction to projectiie 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, and while the impulse
of .the prejectile equals the weapon impulse, the energy is a functicon
of velocity squared, therefore, the weapecn energy is usually cnly
about 1/200 cf the projectile energy.

he effect of the muzzle blast is & function of muzzle preéssuie.
Therefore, shortening +he berrel does not reduce recoil, 25 one
may think, since the muzzle velocity is lowered. Rzther, recoil
will be intensified because of the much higher muzzie pressuxe,
usually quite noticesble. This is equivalent to a rocket thrust,
end is determined by the equation:

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

An spproximation that compensates for the unknown in muzzle
blast equations is the prezctice of assigning a velocity of 4700
for gas exit velocity. This agrees with dynamometer tests for
military small arme.

Thus the formuls for recoil velocity of the weapon is
approximately Vv o (Wp7p + 4700C)/Ww
The energy then; E = HEE
2g

The value of weapen impulse in firing is best determined by
test firings in Ballistic-pendulums or by using a Velocimeter to
determire velecity of muzzle gases. It is this variable that
limits the zccuracy cof conventional analysis. For example, the
steted fornule uvsing e charge velonity of 4700 fps st the exit, ie
restricted to emall ezxzms with a projectile velecity in the range
of 2400 - 2800 fps class, Further, the weapon impulse formula
may be divided into two phises: First, impulse during projectile
travel to the muzzle, and Secord, impulse at muzzle ‘exit.

For the first phece, the weapon impulse equéls the projectile
impulse plus the powder impulse a2t one hzlf the projectile muzzle
velocity, since the powdex expands at one hzif the rate of the
projectile velocity. '

This formuls, then, is;

I = Ww Vw/g » Wpip/g + 1/2 Wcvp/g

or, Vw =z Vp (Wp + .5We) [Ww

After muzzie exit, zdditlianzl impulse is rezlized due to the
gas blast, ¢

Extensive experiments irdicate that this can be compenszsated
for by dncreasing the effertive magcs of the powder charge as follows:

38



(1) For Shotguns and Eevolvers with long barrels:
Vw Ww = Vp (Wp + 1.25 We)

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

(3) M1903 Rifle & M1 Rifle:
Vw Ww = Vp (Wp + 1.75 Wc)

(Thie is comparable to assigning a charge velecity of
4700 at full charpge weight, rather than 1/2 charge)

pendulum data taken at Springfleld Axmory show an impulse of
2.51 1b.-sec. for the M4 rifle. This resulted in & constant of
1.05 (Ve 2860) . (Impulse veried from 2.45 - 2.55)

The mount, or gun suppért,_must react to the recoll energy,
and the value of this force depends con the elasticity of the mounting.

The conditions of leading for resilient 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 recoll travel ‘is required. The weapon
rate of fire requirements determine epring rates.

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

vp /-//-/I/ e o ///YR /\ /\ E
==Y
e =

FOREE % R
PRELOAD
S = TRAVEL
E=FSsS 57:\\\\ - —

Ordinarily recoil systems will have secondary leading diagrams,
which may be due to buffers, resilient pads, or the frame work itself.
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The diagrem wculd appear thusiy:

/F-s

=5
MOUNT RATE

\
b

ggemblad and minimum
rams should represent

| EUFFER RATE

|. |
Therefore, in lsying cut spring lozd: for &
heights the area under the trapezoidal disag
the ener *8y of the recoiling mass.

tudy of the reccil effects of shoulder fired small arms
weapons was conducted &t ERL, Aberdeen, Mz=yland, and the following
observaticns were made: .
z. The free vecoll momentum and erergy 2% T eg ring AP
ammunition were greszter than those firing bell ammunitd

b. The sverage escape velocity {ﬁt rte mﬁzsle) of the powder
gas was less for AP ammunition than it wes for ball amm.utt;on.
A greater par of the powder energy was apparently transmi tted to
the AP projec

e
W
S
g

¢. Experimentsal muzz gkes produced & considerable decrease
in the gas esgcspe velosiry, while a cone-Cype fizelh hider produced
an Increase. 5 : :

d, The recoll momentum of the Vl vifle ie sifghtly less than
thet of a Springfleld rifie, most likely due to LHE esczpe of gas
&t the breech on opening.

In another zeries of tests, a variety of shoot
rifle from a standing puvifiﬁng without use of a sl
of force vs, time end displacement vs. time were ms
indicate:

<
de.. Reeults

a. The aversge maximam force and veloeity on 10 out of 11 men
was greater when firing AP ammunition (over bzll zmxunition).

b. The veriztion of force and velocity from min to man was
relatively large, ;

¢. The mzeimum velozl are lower than the free recoll

velozities in every czse. ‘s due to the shoster's arm and
shoulder welght, a3 well &s mee. The effective
ghculder weight varies from , #nd neglects the
raaisaﬁng forces,



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

Quantitative values were found as followe:

a. Free recoil measurements (£ive wire pendulum) of Ml
Rifle (weight rifle = 9,72 1b.) f

© (1) Ball ammuniticn:

(Projectile) Wp.Vp 58.63 ft. 1lb./sec.

(Charge) We Ve = 30.77 ft. lb./sec.
(Rifle) Wr Vr = 89.40 {t. 1b./ecec.
Ve = 4270 fps
vr = 9.2 fps
Rifle KE = 12.8 ft.-1b.
Average Maximum force (11 shooters) = 69.3 ib.
: " Standard deviation’ . = 3.6 lb.

(2) AP am@unition:

Wp Vp = 64.71 ft. 1b./cec.
We Ve = 30.07 ££. 1b./sec.
Wr Vr = 94.78 ft. lb./sec.
Ve = 4170 fps
Vr = 9.75 fps

KEr = 14 .4 ft.a"lbi
Average maximum recoil force = 73.7 1b.

Stzndard deviation = 3.2 lb.
(liote that WpVp 4 WcVc = Wrvr)

Dynamics of Autcmatic Rifles

The tactical requirements of & full automatic weapon are quite
different thsen those of a gemi-zutomatic rifle, so & weapon design
that seeks to satisfy both functions can only be compromise, at best.
(M-14 vs BAR) . The BAR, being & heavy automatic rifle, can be held
on the target ares, whereas the lighter M4, with a dropstock, climbe
badly in automatic fire.

When a round is fired, an impulse develaps both translational
and rotaticnal velecities in the gun. Thies is not a sigrificant
problem in semi-automatic fire, but in full-auto, riflemen have
difficulty holding the weapon on the target.

 The induced rotational velocity, multipled by the time lapse
between shots represents the angular deviation between successive
ghots. This widens for each round because of the initial 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,
el the rate of fire, "n' the number of rounds in a given burst
and "0 n" the accumulated deviation for the burst, the following
formula is epplied: :

@n = 1/2

Therefore, the deviztion varies as the qngu1ar velocity
increment and inversely 23 the rate of fire. Therefove, fivin
rzte should be higher for this applicatien. buﬁever, if the
geometry &nd weight of the weapon i¢ such that the shooter can
be treined to "hold" the riflie on target between rounds, then
a lower rate mzy be desired, as in the BAR.

_The "salvo" concept iz concerned with the '"number of rounds"
that ere fired into & tezrget erea before a significant devistion
occurs. This 1s in line yith the "shotgun" concept. Note that
the formule contains an e factor; therefore, the deviation is
accelersting with burst length. As an example, with a2 firing
rate of 600 epm end a "w" per shot of 20 mils per zecond; the
deviation as & function of burst length is es follows:

Shot Nao, - Deviation (mils)
1 0 (assumed)
- 2 2 .
3 6
4 12
5 20
6 - 30
ete.
Therefore, a three round burst, utillized in the SPIW
system, would offe; stort bureta of 2ximum effeetiveneas and pravent

needless waste of ammunition.

One critical user test is the "quickfire" course, in which
the sheoster fires at shorcevangs random targets from the hip.
Here, zifle profile is importsnt, &z noted in tests with the M16
rifle. With the shooter's €ve approximately 18 inchss above the
weapeon, the shooter's projected sight line runs from the top of
the cszrrying handle to the muzzle. This crezstes en optical
11lusfon that cauvse the beore to be projected &t 3 sharp upward
angle, ceueing the shooster to hit high,



