DYNAMICS of AUTOMATIC RIFLES (Typical)

® = Center of Gravity

RESULTANT WORKING FORMULA: !

iy e Mia +~ Mab
= . . 2.
(I-I-NhC”)(M;+Mz)+.M1MgQ@‘“&)
o = angular velocity (redians per second) .

1 = moment of inertia (ft.—lb."sec.z)

¥ = Momentum (lb,—SEC-)'
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Consider the follawlng force diagram:

Fp - Propelling Force

Fp =~ Shoulder Ra%;tion (horizontal)
Fg = Shcﬁide: Reaction (vertical)

a = Bore ¢ to c.g.

b = Ecre {to ghoulder

¢ = Cc.g. to shoulder

# - angular acceleration of weapon
w = sngular velccity of weapen

I = momené of inertia about c.g;
Mj - Weszpon mass |
My - Mzss of shooter (equivalent)

M - Momentum of bullet and charge

Dynamica of Automstic Rifles

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

(1) I1Z=F, 8+F, (b=a) = F3 ¢

1
The value of M, varies greatly nni cannot be calcu4rted

but it hee teen chesrved thar a value of 1/4 the shooter's weig“t

is reassonsble. This is an empirical valus for the shooter's

supporting weight plus the force applied by the shooter to resist

recoil, In any event, aipze it is many times the rifle welght,

varlations have little prastical effect,
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The horizontal acceleration of the gun butt is: (F = m a)

(2) ’F_z_ - ¥ =) FL—- -
iz Wt (bea) 3

so that

(3) Fy . My Fy - M1 M2 (b-a) @

-

The vertical acceleration moment is:

.(Q) Eé ~cF = D
My '

so that

(5) F3 = M, CF

Substituting equations (3) and (5) into (1)

Ia = F, a + (b=a)~}iica

M + M
1 2

M a - M, b
Li(z+ M Cz)(Ml - ﬁz} ¥ Mg My (b-a)¢ - By [9 }

@ = F

Since angular velocity is a functicn of acceleration as M is
a function of Fy, :

(/T dt - wand f Fy dt = M)
therefore w = M .-[@] ‘
(w in radiaqs!secj
By inspecting this formula, you.see that if a and b aré'near
zero, (an in-line ccndition), w vanishes. Also note that due to

the M2/M1 ratic the "w'" is more sensitive to the "drop" of the
stock than to the positive of the c.g.
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However, rifles with drop stock configursticnz are designed for
facility in sighting, mzintaining a low profile, A compromise between
profile and automatic burst control is therefere necessary.

Most weapcns sre symmetricel with respact to the vertical plane,
otherwise they would rotate respectively e.g. 1148 gemi-zutcematic
grenade launcher. This weapon had a hozizontal magezine, wnich
ceused the center of impact of rounds to shift laterslly &s the
lzuncher fired suceessive rounds.

Applying the ebove formule to & typical rifie, in which

wa" = 1 inch, '"b" = 4 inches, "c" = 20.5 in., " " e-0,51b.,
nE" - 1000 ft.lb.-sec.®, '"M" = 150 gr., "M " = 50 gr.,
ny" - 2700 fps. Firing &t @ full automatic’rate of 750 spm, what

angulzr deviaticn cen be expected between rounds 1 and 2 by gunners
ranging in weight from 140 to 240 1b.?

‘For the 140 1b. mzn, w = .534 rad/sec., or 534 mils/sec.
For the 240 1b. man, W;: 572 red/sec.,, or 572 mils/zec.

i Applying the cyciiec rate of 750 rpmj results inm the following .
deviations; ' :

For the 140 1b. man: 42.7 mils.
For the 240 1b. mzn: 45.7 mils.

Thus it is obvious that in full sutematic fire, accuracy cannot
be expected; which i nexmal. A4lso, note the small varistion due to
body weight; also, that the heavier bedy czuses grester dispersien.
To understand this, consider the extremes in weight; & body that
approached zero weight woild offer no rezistance to recoil, and
the only deviztion would be the force akout the moment 2rm to the
c.g. At the other extreme, & rigild body, or bilock would cause a
greater turning moment, due td the fazct that the buttstock would
not be free to dvift rescwazd, {as it does agzinst & shoulder)

Thersfore, in summazy, the point of contact of the buttstock
with the shoulder should be in-lirve with, or s1lghtly ebove; the
bore axis., The cyclic rate shonld be high. Short buxsts aze
recommendad .

A rubber butt-pad is useful irn reducing recoll lead effects
for two reasong;

(1) The rubber pad distributes the bearing load cover &
wider ares of the shoulder,

(2) The shooter intultively presses the buttplate hardex
against his shouldez, which is a fzvorable attitude for this
purpase., i
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OUTLINE STUDY OF SMALL-ARMS AUTOMATIC WEAPONS

I Introcduction
Scope and Purpose of CQutline
This outline is a summary of all of the factors that must be
considered in designing a 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. It may be
utilized as a checklist of weapon design parameters and is provided
as a guide to insure thaet no important weapon element is overlocked
when a new concept feasibility study is conducted,
II Basic Weapon Operational Cycles (Blowback, Recoil, and Gas)
A. Simple Blowback '
1. Definition of simple blowback cycle
a. Cycle of cperation
(1) Kinematic and dynamic analysis $£ cyclg
(2) Construction of calculated T-D curve.
b. Ammunigion characteristics requifed for simple blowback cycle
(1) Case and chamber design
(2) Headspace
(b) Ereeching 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 dalayed blowback
a. Cycle of cperation
(1) Kinematic apd dynamic analysis of cycle

(2) Construction of calculated T-D curve
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1L 1. b. Ammunition characteristics required for delayed blowback cycle
(1) P-T curve &t chamber
(2) Case and chember design
() FEeadspace

(b) Ereeching space

T

(3) Casze Materisl
(4) Lubricaticn
2., Strength rEQuireﬁeﬁts of breech mechaﬁiam
3. Advantages and disadvantageé |
C. Modification of Simple Blowback Cycle - Retarded Elowback
2%y 1. Definition of zetarded blo@back -
B Cycie of cpératian
(1) Kinemstic &nd dyngmic analysis of c¢ycle
(2) Construction of calculated T-D curve
b. Ammuniticn characteristics required for retarded blcwback-cycle
(1) P-T curve &t chamber -
(2) Caae and chzmber design
‘(a) Hezdspace
(b) PBreeching space
(3) Case Materlal
(45 Labrication
D. Modificaticon of Simple alpwback Cycle - Advenced Igniticn
1. Definition of blowback with Advanced Ignition
"a, Cycle of oprration
(1) Construstion of szlculated T-D curve
(2) Kinematic end dynamic analysis of cycle
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b. Ammunition characteristics required for advanced
ignition blowback cycle

(1) P-T curve at chamber
(2) case and chamber design
(a) Headspace
_(b) Breeching space
(3) Case Material
(4) Lﬁbrication
E. Gas Operation
" 1. Definition of Gas Operation Cycle'
a., Cyclefof operation |
(1) kinematic 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) Presesure - time curves of chamber and bore at
gas port . '

b; Ammunition characterisfics required for gas Operafion cycle
(1) . Case and chamber design' | -
(2) Headspace
(b) EBreeching 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 Operaticn
1. Definition of recoil cperaticn
a. Cycle of operation
(1) Kinematic and dynamic analysie of cycle
(2; Construction of calculated T-D curves
(34 Recoil systems
(2) Short recoil system
(1) "Browning" cycle
(2) Cerman cycle
(3) Linked action cycle
(t) Long recoll systems
(4) Accelerators
(2) Definition
{(b) Varisble lever
() integ:sl cam
b. Ammunition charecteristics fequiréd for reccil operation
Short recoil Long recoll
(1) P«T curves of interior ballistiés system
(2) Cese and chamber design
(a) Headspace
(b) Ereeching space
(3) Case material
2. Strength requirements of breech mechanism
3. Advantages and di&advantéges

G. Externally Powered Sy:ztems
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IT 6. 1. Revolver and multichamber systems
a. Cycle of operation
b. Kinemztic and dynamic analysis of cycles

c, Ammunition characteristics required for revolver and
multichamber systems.

(1) Case and chamber design
(2) Dynamic geals
2, Multi-barrel systems
a. Cycle of operation
'b. Kinematic and dynamic ﬁnalysis of cycles
Cis Opératicnal cam éesign
3., ., Drive ;ystema
a, Hydraulic
b, Electric
c. Mechanical
III Weapeon éomponents
A. Breech Locking Systems
1. .Integral locks
a. Rotary locks
b. Tilzing locks
c. Sliding locks
2, Sepsrate locks
a. Rotary
b. Tilting
c. Sliding

3. Strength requirements of locking systems
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I By

Feed Systems

I

Magazines
a. Box type
(1) Single column
(2) Double column
b. Rotary types
(1) Fixed
(2) Removable
Ce Magazine gprings
d., Kinematic snalysis of feeding operation
Strip and clip ?eed systems
Kinematic analy?is of feeding from strips and clips
Eelt Feed System
a., Pull out or "U" type
b. Push;thrcugh
¢. Fundzmentals of link deesign

d. Arematic enzlysis of belt feeding syatemé

Extreation end Biection Systems
3 y

10

2.

Kirematic znd dynamic analysis of extractor and ejection

Functionzl requirements of extractors and ejectors

Fire Controel Mechanisms

1.,

Sezr systems

a, Automatic fire systems

-b. Semi-zutcmatic fire systems

¢. Trigger pull requirements



IFI D. 2. Ignition systems
a. Percusaion firing systems
(1) Single striker
(2) Multiple strikers
(3) Firing pin degign
(&) Tiﬁ configuration
(b) Tip support at time of firim;l
(c) Types
Fixed - Movable - Inertia
b.f‘Elegtrt firing systems
tl); Electrical energy
(29 ‘typical cireuttry
Insulation problems
(3) Firing pin design
Tip configuration
Ei Barrel Design for Small Arms Automatic Weaponé
1. Chamber design
‘Headspacing
(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 ﬂttachmqnts
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III F. 1. Muzzle brakes
Design
2. Muzzle beosters
&. Design
b. Sp;cial considerations
3. Flash hiders and flash Suppressors
G. Chargers
1. Manually operated
2. Externally powered
8, Air
b. Hydrauliic
c. Electric
d. Cartridge aztuated
H. Mounts - Mcunting conditions with respect to weapor functioning
1. WVibretionzl charecteristics of'automatic weapons
2. Mounting conditions
&, Shoulder fired or hand heid
b. 3Bipod and tripcd mounts
c. Vehicular mounts
(1) Armor vehicles
(2) Aizcraft .
() Fixed w%ng
{(b) E=slicopter
3. Receoil ad:zpter design

3

Buffex desd
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Areas of Special Consideration for Small Arms Automatic Weapons
, P Po

‘A. Open and Closed Bolt Cycles

B. Weapon Safety Requirements
C. Economics of Fabricatiocon
1. Sheet metzl construction
2. Die castings; sintered metals
3. BSpecial machining techniques
a. Milling
‘b. Brcaching'
c. Turning
D, Service Life Requirements

Tacticdl end Logistical Requirements Affecting Small Arms Autcmatic
Weapon Design - ' .

A. Human Engineering Factors
1. Handling charscteristics
2. ‘Operating characteristics
B. Environmental Conditicns
i ‘femperature extremes
2, Mud and dust problems

3. Lubrication problems
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) Y TYPES OF WEAPCN SYSTEMS OF OPERATION

{AUTOMATIC WEAPONS)

Classes of wezspon systems may be cutlined, in general, a= followa:

I Rlowback :
A. Pure blowback (Cal. .45 M3) (Cal. 22 1B)
B. Delayed blowbzck (Cal. .45 Reising SMG)

C. Retarded blowback (Gal. .45 Thompson SMGB)
(earlier versions)

D. Advanced primer ignition (Oerlikon)
II Recoil
A. Long recoll (misc. shotguns)
B. Short Reccil -
1. Toggle (msxim)
2. Prcppednlock (Browning)
3. Tiltirg barrel (Cal. .45 M1911)
4. Cammed cross-bolt (M73)
5. Hinged.bﬁlt (M85)
6. Linkazge (proporticned) (R. Robinson)
C. Misc.‘r&vnlﬁer.types

III Gas Operaticn

L1 ]

A. Piston {rearwsrd)

1. Impingement (M1)

2. Cut-off & expansion {Mih)
B. Bleed-off (MI6) (Irench tube)

C. DMuzzle bBlast (Pzang)

i

D. Llever (Colt Erowning)
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III E. Primer actuated (AA1)
F. Piston (forward) (misc. European)
IV Misé. self-powered
A. Floating chamber (win. shotgun)
B. SeL—back (impulse) (garand exp.)
C. Alternating barrelI(Hughes}‘
V External power
A. Electric drive (Vulcan, M75)
B, Hy@raulic or pQEUé;tic (Vigilante)
C. Gear drive off vehicle (ZB-80)

-

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

Ammunition charasteristics are physicaily respongible for

limiting certain types of operation, due to the nature of
pressure development and aveilable power.

SELECTION OF SYSTEM CF' OPERATION

1. Military requirements
2, Weapon environment
a, Mount fiexibility or rigidity
b. Noxious gases and/or muzzle blast
<. Pexmisaiﬁle trunnicn Lload-
d. Spece reguirements for
(1) Installation,
(2) Meintansnce,; and
1(3) Ammunition fecd,-spant case and 1link disposal
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3. Ammunition

a, Cartridge case design

b. Internal 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

{

5.; Cost

Blowback Operation

The mest 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-wschine guns firing the cal. .45 and 9mm pistol cartridges,

Cartridges for blowback weapons are essentially cylindrical;
with no 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 blewback
principle to low-powered weapons with a cartridge design that can
move rezrward in the chamber without danger of case stretch.,

Calculations for this eystem are quite straight=-forward.
The force acting rearwsrl on the bolt equals the chamber pressure .
multiplied by the crozs-sectional area of the mouth of the case,
Ihe bolt impulse is equal to the projectile and gas impulses,

The cartridge case ig 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 uniubricated
cases, while some Furopean systems do lubricate their ammunition.
The force expended in overceming friction betwsen the cartridee
case and the chamber may redusze 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 recofl velocities, the following
formula is uvsually given: .

MV, = M, VP + M, 4700, where MV iz fmpulse

This impulse iz giver in 1b. see,

The peak velocity to which the bolt will be sccelerated at
the instant of bullet exit is easlly found. However, = correction
factor of approximately .75 should be applied to compensate for inert:
effects, This de, tke 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 areaz
under the prescure time curve, and multiplying by the bore area,

After determining bolt fmpulse, either the bolt weight or
velocity are calculated next, deperding on what system require-
ments are known, such as: rate of fire, geometric linitations of
the bolt, (hence weight), and sllowable recoil travel, ]

The calculation of impulse iz useful in determining free
- recoll velocities of, say, a rifle or other complete weapon at time
of firing eince the weapen mass will be in 2 status of recoil,
just as the bolt mass of the blowback system, '

For example, cince I=mV and F =z ma, then F = I/t = 2.3/.002 =
1150 1b. for an aversge force of a 7.62mm NATO firing weapon,
rigidly mounted. @f Courze,weapon recolling travel and time
reduces this to lozds that are ézsily managed, For example, an
average reactlen of 18 msec. reduzes this load to 1/9, or & little
over 100#. Thus acceleration is very important in the amount of
“punishment" or effective lszd felt by. the shooter,

Advanced Primer Ignition

In this syatem, the bolt i: moving forwsed at & gignificant
velocity st the stzvrt of ignition, Therefore, considerzble reare
waxrd impulse iz ghacrbed in dacelerating the bolt to & gtop prilorx
to recoll. This principle 1s employed in the Qerlikon family of
weapons, the XM140 firirg cycle, 2nd in heavier gun tubes,

The maximum efficilegcy of this system occurs when theé cleoaing
velocity equals the opening velocity, so that the receoil velocity .
is then one half of & cemparable plain blowback system. Since
energy is a funztion of ¥°, then reducing the' velocity by 1/2
reduces the erevrgy to 1/4; thus reduting trunnion” loads by 75%.

The wezpon will be lighter, firing rate can be incressed,
although specizl features must be incorporated into the cartridge
case design for this type of waapon cyele of operation,
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Delayed Blowback System

These systems, of which there are many variations, employ
a loeck to the breechblock for only a pertion of. the peak pressure
time. After unlocking, the remaining breech pressure acts cn
the bolt in "blowback!" fashion, Again, specizl ammunitlion design
features are required, such as & heavy case head, headspace
control during opening to prevent case splitting, fluting chambers,
etc, |

Bolt velocity is a2 result of several vectors, That is, the
initial energy absorbed by the unlocking linkage and bolt carrier,
if any., In addition, effect of residual bore pressure acts to
implement the bolt recoil. This eystem results in higher rates of
fire, particularly if the.bolt weight is light.

Retarded Blowback Systems

In this system, the bolt is not poeitively 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 & wheel and crank
slightly off a dead-center pesition.

A toggle joint mechanism emboedies this principle. It is
important that the retarding mechanism should act against a
mechenism censtantly dec—-42=inn mechanical disadvantage
thzoughout the bolt stzroke., In fact,the retarding element
- should ect so that its delaying force reflects the shape of
the pressure time cuzve; high at the start andlow through most
of its action. The proper location of toggle pivot joints
effectively act to produce this motion. The resultant
mechanism is relatively smooth in acticn, but must be limited
to relatively lecw to medium powered classes of ammunition.

Since the mzss effect of rotating linkages wvary, the bolt
motion cannot be determined in simple terms of impulse and

momantum.

Set~Back (Impulse)

This is a combin2ticn blowback and recoil operation, in which
the bolt is free to blow back agdinst a locking abutment for a
short etrcke, in the order of ,060-,090 inchas, A heavier bolt
cerrier continues to recodll rearward through a dwell travel before
it unlecks the bolit and reciprocates it. This system is limited
by cartridge case design considerations.
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Reccil Operation

There zre many variations of this principle of opera tio1
in which the bolt, bazrrel, and lock recoil together until the
breech can be safely urchhed The erergy generatsd durirg this
motiocn is then ci:trlbu ed throughout the cycle of cperztions, and
the mznner in which this distzibution is made is & measure of
the efficiency of the weapon.

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

The Short Recoil mode 1 popular because of 1ts unlversal
effectiveness, In this system, the reciprocating bolt receives
energy from three vectors: First, the momentum from its basic
recoil motion; Second, an accele*aticn from the barrel, due to
an accelerator mechaniem that in turn helps buff the barrel
stroke, and Third, an &dded impulse from the blowback action
of residusl pressure &t the time of bolt unletking., In addition,
some weapons use 2 muzzle booster, in which the muzzle gaces are.
trapped within en exterior fixed heousing and impinge upon the
barrel as though the barrel muzzle end were a piston, sccelerating
it further,

Some weapong, notsbly the Erowning Machine Gdn Series, 'fire
as the bolt, barvei, and leck exe ending their counter-recoil
(forward) motienm. The initizl reccil thrust is checked, and
the need for counter-recolil buffers to absorb and d*ssipate
the forward kinetic enexgy of the counter-recoiling parts i3
eliminasted. This principle is quite similar to that employed in
the zdvanced primer 1gni'fon type of Flowback operation discussed
earlier.

In the an= 1y iz ¢f & short recoil system, & review of system
forcee is in opdex i

Congldsr the following schematic:

1

diagram represents forces in
weapon &z & fumkticn of bullet
travel,

D—,'{_.‘w—.-

S

WEAPCN BEFCRE FIRING

VW PROJECTIIE AT MUZZIE




For the initial few milliseconds, while the masses are accelerated
to their operating velocities, the following relationships eze
true:

Since F = ma
acceleration of the projectile is

' i
QP = F/Wp g (Wp = projectile wgt. 4+ 1/2 charge wgt)

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

AW F/Wug

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

aplaw = We/Wp

The same 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, :

I : oV
Ip = Wp/g Vp
Iv = Ww/g Vv
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'3'CD of the schematic diagram since the ordinate
represents force and the abscissa is travel, and the preduct
of force and travel represents enérgy.

The energy of recoil of the weapon Ew is indicated by the
small area ABCE'A', Note that the same force acts on the weapon
as on the projectile but the travel (thus veleccity) of the weapon
is much smaller.
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The erergies of the projectile and weapcn &re in the same
ratio as theilr trevels, which is also the inverse ratio of their

weights,

Therefore:
YV _Ep . Sp . Ww

1” Ew Sw “ Wp

In'summat‘on on firing, the muzzle momentum of the projectile
is equal to the reccll momentum (or impulse) of the weapon, but
the kinetic energles cof weapon and projectile are not equal,

The sum of energy of weapon and projectile, is equal to
the whole energy available., The projectile energy is expended
during flight slong the trajectory and at the tarpet, while the
weapon energy goes to work performing the automatic cycle of
operations of the weapon.

For a short-recoil type of weapon, & general study of Enevgy
requirements is &g follcmh. ;

MBBL = Mass of barrel and asscciated componente in motien
MBG = Mass of bolt assembly

N \
I ¢ impulze of projectile at muzzle

Since I = MV and E = 1/2M92 then V2 « 12/M% and E = 12;'2}1

E (EBL + BO) = 13/2 (MEBL + MEO)

Using & mass retio of r = }IBOIHBBlL

E (BBL + BO) = I%/2 MB3L (L + r)

The ensrgy of the Bolt above is;

) e W } o

EBO 5 I°/2MEBL * ¢/(1 + x)“

The energy of the Barrel b@va is: T T C O

E-BBL:z 12/2VERL  * 1/(L + r)

After the pressure in thes bswrel ‘has decressed to' g safe
value ‘(dependent upon cartridge case design) then sepavation of
Bolt and Barrel can etert. e i

1a c#w«nv BOES ia qaibh hesviar tbﬁn the bolt,
3] &i enal energy to perform ite assigned tasks.
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Here an accelerater is used which transfers much of the remaining

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

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

barrel energy)

The maximum ernergy which the bolt can have is then

Max E 30 = 12/ SM BAR + r 4+m
. (1 + 1)

2

This energy must enable the bolt:

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

3., BStore energy in the drive spring for counter-recoil = Es

Also, the bolt will have a certain amount of enexgy which is
partially absorbed by the buffer - E B

Thus
Mex Epg = E w+ E ¢+ Eg + E

For the counter-recoil stroke a similar equation is developed,
so that the bolt energy at the end of C' recoil i&.

(c R) : Es + A\ By - Ef (C'R) - Ew (c'g).

Ew (C'R) is the work done in C' recoil such as stripping the
cartridge from the link, chambering, etc.

D 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 enerpy
requirement can “be derived. That is, the bolt should still
function without &ssistznce of energy from the buffer,

Max E po (OFF Accelerator) « . 50 (C*R?
Where E is all the energy used to perform the cycle of
opexations, Keeping this simple formulz in mind, a relaticnship

between starting belt energy and remaining bolt energy at the
end of the cycle will be develgped.
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Recoil time is determined by the initial veloclty, which is
a function of the square root of the initial energy, and the time
for counter-reccil a function of the remaining counter-recoil
velocity, likewise a function of the square root of the end
energy on counter-reccil.

The time ratio for recoil and counter-recoil TR/IC'R = P
where F is ebout 75 to 80%.

Therefore, since

TR/TC'R = YECR__

T AmEx E BO
Then E C°'R = Fg-(max E po)
Now since Max E BO © E + EC'R,

(That is, 211 energy used on reccil and c'recoil plus energy remaining
at end of c'recoil.) '

Putting the above two equations together,

"Bz):E

$t

g0 (

Max Epg = E/ (1 - B2)

Using B = .80, then

Max E 5o = Efl = .64)= 2.8E
A AP — e

In summery, this mezns 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 mathemstical analysis of a short recoill type
of weapon dezign depends upon the mechanism design selected or
invented for performing the sequence of operational functions.
Therefere it is nct feasible te set up an analytical method which
will apply universaliy to all short recoil weapeons.

Of course, the cartridge muzt be defined as to velocity,
prespure~time decva, and cese strength.
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Vallier's formula for approximating the durztion of the residual
pressure is

TRES = Me P e M:zzle_press;re
AP (9400 = Vvp) Vp= Proj. vel.
Mc = pbarge Mzgs.
A - Bore area

The residual pressure time epan 1s required in order to determipe
. forces that zct on the bolt at the moment of uniczking.

The action on the accelerator shculd nct be too abrupt, as
this will create shock leads, abrasion and wear of parts. At
least & msec. should be given as an acticn time for accelerataor
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 increase in the
bolt, : 2 :

The change in velocity will enable forces on the accelerater
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 indizeted velocity, :

Ir. counter-recoll motion, two separate approaches to the control
of the barrel motion may be used, depending upon the locking system
selected. 1In one, the barrel remazins locked back until the bolt
approsches it while chambering a new czrtridge. Then, as the
bolt is lecked, it meves forwerd with the barrel. The Browning
machine gun family is of thiz type.

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

The K.E. of components coming into battery is usuzlly so great
s to require that the wezpon fire, while the compenents are
still biased with forward momentum. Otherwise a subsztzantizl
btuffer mechanism will be required. Precision in the timing of
the firing mechaniem strike will be required. .

Css Syatem of Opneration

This is usually descriptive of weapons in which a transverse
hole in the barrel, a gas port, is used to draw off gas, in crder
to operate the unlocking and other functional compenents,
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in considering the utilizaticn of gases vs, the effeat upon
muzzle velocity, there is only an irsignificant loss of projectile
velocity, averaging about .5%, The gas operated gun usually hae
an ample supply of available energy for actuating the Weapon
mechanizm,

This is useful, particularly in the early development
phase of & new weapen, if there is e lack of operating power,
the gas port is merely opened up severzl thousandtte of an inch,
However, the most abusad method of deternining gss port size required,
in the initial test wezpon is to begin with an unusuzlly small
hole, approximately .030" in dia. and progrezsively open the
hole, while measuring weapcn function by & time-diszplzcement
curve of the cperating rod or carrier. The many variakles,
from one weapon to éncther, of propellant characteristics
(burning rate), mass ratics, mements of inertia, friction,
geometry of control surfeces in sliding, render initisl
calculatlions vulnerable to errors in assumed values, so that,
in the long run, the traill end error procezs is resorted to,
within limitations, ' -

In a gas operated weeron, the gas port choulid be lacated
at least further then the "point of 211 burnt" of most of the
propelliant, If the gas port iz too clsse to the chamber
particules of unburned propellant will enter the gze cylinder
and either burmn, cauwzing errztic pawer development, or gather
‘in such & menner gs to cause & secendary expleozion during
some subsequent firing. :

Determipation of gas pressure azlone the bore:
P

PRESSURE P MAX

'SHOT TRAVEL = Se

Pm © mean g&3 pressuve, wherve the zrea under pm « the area under
the curve. Relscring the prezcure curve to energy of praojectile:
EREY = < . A )
ENERGY = pm x A X Se ~—. Wp 5 +3 Wz ‘X Ve
8

The ratio of pm t2 p max 12 czlied the preasure ratiog "NU

N = Pn/P max

Fl

This ie a typlcal empirical velue of a veriety of weapons
and prepellant typss, A value of .4 1s typical for an efficiently
ueed small arms propellant. The emeller UNM 1z, the more
efficiency realized.



The length of barrel m2y be expressed 85 a functisn of the
Preéssure ratio with the feormuls given as follows:
' 2

\
SRt

2g N Fmex A

Se = Wp 4+ S We =x ¥

Demonstrating the 7.62mm example:

5 = _150/7000 + 23/7000 &m‘26502 .
64.4 x .4 x 48,000 x 1442 X 7lt 308471442

Se = 1.88 ft., . 22.6"

Characteristics of Fressure, Velocity znd Time curves during
Projectile Trzvel, A '

A serles of empirical curves have been developad from
observaticns of the Prezzure curve form as adapted to the pressure
ratio and projectile travel, These zre all listed in the Cerliikeon
Pocket Book, availsble in maet ordnance engineering libraries,

, : :

i For a sample prezsure ratis of o4, the following values at
the moment of meximum 822 pressure are: :

]
2]
e}
-
(e ]
b |
o=

Short travel: 81 =
Time: t; = 2 8e/V X .358
Velscity: Vi = VX 383

At the puzzle:

Gas preszure: ps « pm X .400

e

p mex X .16

11

¥

Time: te - S2/V X .946

For platting values of ghot travel §, corresponding to the ratio

: 8/8, we can obtain the gas préssure, velcelty, and time of
which typical values are. '
Vi ty3 81 = values &t point of P max
Pepomax X s
V:?fi X5b
t = t. (e
tl .4



ratio }\ & b | (o

1.0 1.0 1.0 1.0

2.0 769 1.46 1.218
5.0 | 397 2,046 1.672
10.0 214 2.453 2,267
15.0 _ 144 2.665 2,794

20.0 .108 2.812 3.286

With these values, as functions of A\ (travel) we can caluclate the
variation of gas pressure, velocity, and time with shot treavel in
the bore. Thers are varizticns dus to changes in projectile and/or
propellant weight, tewperature, lozding dencity, ignition variables,
shot start, rifling dimensicneg, &nd other factors. Gas pressure

is measured elther by piezo-electric gauges or by copper crusher
gauges. The copper. crusher method is quite old, and is baszed
merely on the permanent deformation of & copper cy‘inder due

to a lecad proporticnal to the gas pressure,

Major caliber ‘guns use "1cc"ﬂ” preessuvre gages that &re merely
put into the combusticn chamb er, while small arms systems have
"fixed" pressure gages that are mounted on & test barrel. The
crusher gage is suitable for checking manufecturing of smmunition
lots for comparative mezsuremants. It is limited in that only
relative regults are cbtained, because the evolutfian of gas
pressuie is a dynamic precess, while the gauge can pe calibrated
only stat10a11y.

The PieZ@“EIPut;fC method for measur ing pressures is based
on the property of certain crystals of developing electric charges
on certain surfaces if they &re mechenically stressed. Qusxrtz is
the one type mcat sultable for ballistic pressure measurements,
because of its grest compressive strength, independence of tempex-
ature, and high natural frequency. The full curve of gas pressure
in the combustion chamber csn be reflscted by plex o-electric
equipment ..

Measuremants may be determined &t the selected gas port
location (In a test barrel) in order to determine varilastcions,
if any, between lots of émmunitlion. However, the pressure
data after the gases throttie turbulently through the gzs port
and expand in the gas cylinder are only of academic iInterest. They
should be of utmost importiant to the designer, but usually only
the pressure at the gas port i2 messured.
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In selecting & gas port location; power requirements are of
primary concern. ' Gas temperature should not be too high, as this
will czuse gas port erosion and resultant erratic power development,
and it should not be too low, with & port lecation far down the
barrel, or the gas cylinder will foul too quickly, parzticulerly
in a cut-off and expansion gas system. Location of the gas port
aleo effecte the time delay between ignition and start cf operating
rod travel, in turn, affecting dwell travel before the bolt begins
to unlock.,

The following varilables affect cperating characteristics
of a gas operated weapon:

1. Location of gas port

2, Piston diameter

"3y Initlal volume of the gas cylinder

4, Weight of primary éomponcnts (opér&ting rod assembly)
5. Welght of uvcﬁAdery comporents (bolt zzsembly) - HE
6, Dwell txevel bstween primary and secondary compenents

7. Ammunition characteristics, including cartridge case
.design &8 well &3 Interior ballistic data.

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

Of the pistom opersted types of gas systems there are two
basic types, the "impingement" system and the "cut off and expansion",
or White, system. In the former, gas acts directly on the pisten end
of the operating rod after passing through the gas port, while in
the latter, the gez cylinder incorporates a large volume that. the
g2s must fi11 before the hollow pilston begins its motion. After
the piston has moved a short distance, the gas port in the barrel
is blocked by the piston wall, so thet the previously trapped volume
of ges in the plston cavity dses the work of driving the piston
by its expemnsicn. ‘The first type was used on the rifle, Ml,
while the second ig used in the rifle, M14 and machine gun M6O,
The latter type has the sdvantage cr providing a limited measure
of compensating for differences of pressure between different
lots of ammunition, Thet is, a higher bore pressure would cause
the plston to move back quickez, causing the gas port to close
earliex, limitirg the amcunt of gas that entered the gas cylinder.

Some military rifles have been dﬂVﬂlcprd that incorporate
a method of man_eiig edjusting either the gss port of some element
of the gas system, This iz intended to adjust the gas power for
differences in environment K weazr, and/or ammunition, Devicez of
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this type should be avolded if possible, as field experience
indicates thatidf will saly be gecddental 4f the waapon dis
adjusted: properly ... lhet is,oafteria G.1, hes dneresssd powsr ¢o
adjust for sand, dust, fouling, etc., he is not Likely to
decreage power to the proper level after cleaning hiz rifle,

The result will be excessive velocity of moving parts, with
attendant battering, wear, snd possible breskages.

Thé components accelerated directly by the gas are referred
to as the primary mass, and includes the piston, operating rodg
and any other directly connected mass, depending upon the weapon
design, As this primary mase moves.to the rear, it unlocks the
bolt and carries the belt 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 red or bolt carrier develops 2 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 belt. This is reflected in a sudden
drop in operating red velocity. The pature of this velocity shift
determines the degree of inertie loss of the primary mass and
if this is high, function will be erratic. The primary mass =
divided by the secondary mzss is czlled the MASS RATIO, and this.
should be at least 3. As & note, the Sgviet  AK-47 weapon has
a mass ratio of 5.4, a highly impressive figure. :

Residual pressure in the chamber ghould act to help the
secondery mass, in the work of accelerating the bolt to its peak
recoil velocity. For this reason, mere gas port adjustment
dees not efficiently constitute proper gun development, as the
- timing of the moment of bolt unlocking can improve the efficiency

of the weapon cycile, N

In the continuvation of rearward motion, the operaticns of
extraction, ejection, eocking; and feeding are performed., At
buffer contact, 40 to 607 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-recolil slide
velocity provides emergy to strip the cartridge from the: liink,
chamber the cartridge and lock and fire the weapon, At slide
closing, the velecity should not exceed 8 fpz or & condition of
slide rebound may prove to bé a prohlem.

In evaluating & gas system, congider the fact that the operating
piston load of necessity is ecceatric to ths bore, Therefore frie-
tional force betwsen the operating rod, bolt, and receiver, or
frame, wmay be high unless zdequately long besring surfaces are
provided. The frictional drsg is aggravated by merginzsl lubrication
conditicns due to gas fouling on the piston and cylinder after
extensive firing. '
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Attempts have been made to incorporate annular pistons con-
centric to the barrel, but barrel heating limits the effectiveness
‘of thie approach in extended firing.

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

The standard three equations of equilihriumlgi Fy = 03 2Fy = 0
¢§; Moments = 0 sghauld balance,

As a matter of detail, in the gas piston design there must
be 2 minimum clesrance of severzl thousandths between piston and
gas cylinder to permit function with therwal expansion. This will
allow 2 small amount of gas lezkage, which csn be minimized by
incorporating grooves on the pilston. These grooves help block gas
escape by the fact that turbulant fiow in the grooves acts to
keep the piston concentric in the cylinder, and the turbulernce
blocks the flow of gas to & marked degree,

||’ .
, Note that with the formulae K.E. = 1/2m Vz and I = mV then
K.E. = 12/2M _

Therefore, it is seen that K.E. is inversely proportional to
the mase. As a result, the lightsr 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, znd momentum with work.
That isy too Iight zn operating rod will c¢reste frictional forces
due to the high velocity, that will dissipate cperating rod
energy quicker than a slower-moving, heavier operating rod,

The required velocities ¢f moving parts to attain the desired
rate of fire, of couree, is 2 function of all the variables of gas
port location and size, plston diameter and stroke, and mass and
stroke of opevating slide znd bolt. The common pezsk velocities
used ere spproximately 32 feet per second, but may range froem 24 fps
up to 50 fps, depending upon design requirements, The location of
glide guide ways with respsct to center of gravity, pisten and
bore is quite critical with respect to loads on the receiver,
location of return epring and buffer. MNoment arms should be
minimized wherever pezsible,

As for the operating rod energy, after estimates have been
made of the required pesk velocity, this czn be related directly
to the piston size. Using I =z m V, the requized impulse is
determined,. Integrating under the prezsure time curve between
the time the bullet pazaes the gas port and the time that
pressure ia cut-off (or exhausted at the muzzle) determines
available power.



Gas pistoén area isz[Impulse requireg/émpulse avail&bl%l{ 1. in. 8q.

P = Pressure
A =z Ares

M = Ma:s

dt = time diff.

Also, change in velocity of the pigston is a functicn of PA dt
T
Then, after dwell travel, the operating rod mememtun will unloeck
and carry the bolt back. At this instant their combined mementum
will be slightly lower than the single operating rod momentum because
of the work done.

ggpical Analysﬁs of Gas §y tems

A brief resume of facteors affecting gas system design was
given in the previous chapter of this series; however, a number of
particular studies ¢f gas systems enalysis will be reviewed hkere,
in order to provide e comparative basis, or guideline for other
gas system gtudies.’

The studies reviewed are -as follows:

(A) Energy extracted from the bore to cperate a 15.mm Spotting-
Rifle

(B) Effect on weapon functicn of Ammunitian Pwessure variance
' (7.62mm)

(C) Maxfimum Pressure in M14 gas cylinder
(D) Meximum Pressure in MEO gas cylinder
NOTE: These studies are besed upon actual-instumented valuas9 and

therefore are realistic.

15mm Spotting Rifle, XMID Gas System Analyais

The spotting round was develeoped so that through proper selec-
tion of ballistic coefficient (projectile weight, caliber, form
factor) and muzzle velocity the trajectories of spotter and major

weapon would match at long ranges., Much of the preliminary ammu=
nition development was conducted uaing &imple shot Mann barrel
test fixturesz, so the object of this study is to determine how
much variation in velocity 1s caused by tappirg scme of the gas
from the bore and into the gas cylinder
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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 bellisztic
system of the weapon,

Calculated Energy extracted:

Gas piston ares

Impulse = Ft|=: APt A

2
TF/‘F (0765)2 = |459 1,
Gas cylinder Pressure

I 1.59 1b., - gec.

o)
LR L L

E = 12/24 = 12 2800 PST
2%
t = 1.2 mseec,
E z 5.83 ft.-1b. ‘ W=z 7.0 Ib. (Inertia)

Piston velecity at time of bullet exit e 7.2 fps. This
continues to accelerate to a meximum of 11.6 ft,/sec. after bullet
exit) :

E’s mVZ = WVZ w J.ox 7122 s _5_:5(4-nft.'-l.b.

2 2g 64.4

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

s 5.83 = 19.5 ft.=1b.
3 :

Muzzle Erergy of Projectile:

2 1240 grains

Ep = Wp V< Wp =
64.4 Vo = 1750 fps

1240 x 17502
7000 % 64 .4

Em = 8423 ft. - 1b.

Percentzge Energy loss

-

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

This is verifiled by data taken from six different lots of
anmpucition, in which five lots showed no significent difference in
velocity loss, measuvring with and without gas system, In fact, the
velocity variation for the test barrel without the gas system was
grester than the variation going from "no-gas-system" to "gas gystem".
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Therefore, other factors, such as powder measure, rifling
tolerance, and projectile tolerances offer greater deviations in
muzzle veloclty than the energy given to the gas syztem,

Effect on Wezpon Function (2Ml4 Rifle) of Ammunition Gas

Pressure Variasnce at the Gas Port

This 1s a brief study of the effect on weapon function caused
by significent vaziations in gas pressure at the gag port area,

This study should result in a determination ae to what pressure
varilations at the gas port positions are acceptzble for weapon
function,.

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

In the functlion of the ges cut-off and expansion system, as
utilized in the Mi4 rifle system, there ave two different periods.
The first is the movement of the pisten and the operating rod, until
the cut-off, and the second is the ploytropic expension of the gas
in the gas cylinder after cutoff. The etudy deals only with the
first perisd, which wilil give an adequate relationship between the
gae pressure in the cylinder end the velocity of the operating rod
with respect to the pressure in the barrel at the time of cut=off.

The veloclty of the gasz flow "W through the gas port is -
constant beczuse the pressure in the cylinder is under the critical
pressure,

Therefore, equation #i is:

() Wz, A

(1a)A - (pz/P1) /X o (prpyy (RED)/R

(1b) Ba/P1 = () [:':j:ml—l K/R-1

W = Velocity of tke gae )
-Cpz Specific heat of the gas

Pls Pressure in the baprel

Posz Pressure in the gas cylinder .

K = exponent of polytroplc expsnsion
Tj= gas temperature in the barrel
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1t should be noted that Pl ig not the instantansous pressure
vhen the bullet paegscs Over the gas port, but is the average
preesure between bullet passage and time to cut-off. This will not
induce zn error, since it {5 sssumed that Pl is proportional to the
bullet pasmage Pressule, This study will deal with qualitative
proportions, rather than absolute values.

To determine realvalues, the equztions require coefficients
that are found only by experlimental tests. These values were not
avallable gt the time of this study, and will be noted as the
formulze are devaloped. ' ,

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

vz V2 = €0 - Volume
and cen be wzitten thermodynauically as:

(3 M Ao P1 X ¢ (K)

RT1

(3a) where

g =
N

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

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

(4) G=hoPL g (¥) ¢ : o
'Tr§f . note that G =M ¢t

The pressure P2 in the gas cylinder'is:

[}

(5) Fp = Ao P1R

e B (X)) Ty ¢

Vo

Volume of the pilston cavity
(Note relationehip of Vo with P2)

T2 = Temperatuve of gas floving through the orifice

o

Another thermal relationship 1is

t

(58) T2/T; = 2/¥+l
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which produces the final expression:

(5b) Pg s Ao,
‘ Vo PI1FEE; .Vf(ﬁ) o
(5¢) whexe qf (K) = 2/B+1 ° g (K

The maxioum bressure in the gas cylinder, therefore, is at
the time of the cut-off.

This time can be determined by the equations of motion for
the plston and operating rod.

(6) My + Fgo + Kx = Poth

M - mass of piston and operating rod -
Fo - Spring force
K = Spring rate
¢ A = Cas cylinder area

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

(1) X =By 3~ Fot?

22

M 2M

velocity is given by:

V = d}!!dt

(8) V = Py t? _Fot
M
ZM '

The equaticn is iimited, of course, by the diameter of the
gas port in the piston Dp. Therefore, Xmax s Dp

3 2
(7) Py t° = Tot
_.Ziu.._- g =t -"“2 I’?,— D P

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

(9) 34 6 Dp M

= e Py
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As a result of inspecting equaticns (5), (7), (8), and (9)
the relaticnship with bore pressure Pl is as follows:

(10) max. P2 5(91) 2/3 4 CONSTANT COEF,
(11) V= P#) 1/3 » CONSTANT COEE.

The constgnt ccefficlents are a function of temperature,
effective area of orifice, orifice length, propellant, and masgs.

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

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

Maximum Gas Cylinder Pressurc (Mi4 Rifle)

Applying numerical values as follows:

T = 2800 °K
R - 119 fr./degree Kelvin
K = 1.246

Cas poxrt dis. = .073 .

Dia. cylinder = .50 in. -

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

Initial cylinder velume ,291 in3 8

The barrel pressure at 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 &s 15,000 pai for compzrative values.

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 (bore) = 20,000 pei P (cyl) = 2750 psi vV = 17.2 fps

Maximum Preszure in MED Gas Cylinder

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

_M60__ Ml
Diameter of gasport 135 ins 073 in,
Cylindexr dia. .875 in. .50 in
Tnitial cylinder volume 1.879 in. 291 in.>
Weight inertia 1,53 1b. 59 1b,
Piston motion to cut-off .19 in. 075 in.
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The pressure in the barrel for each weapon is approximately

15,000 p=i.
frem equation (52)¢

P2 = ko ' CONSTANT COEF.
Vo

Ao = area of gas port
Vo = jnitial cylinder volume
P, = pressure in gas cylinder

Relating M60 values to Ml4 values ¢

(16) Ao (60) Vo (14)
(60)

(60) B, = (60) Ao . (14) Vo . (14) Py
Ml4
MGO

ye 18

_therefore,
(60) Py = 3.42 g/b.s © (14) B,

Since (14) Py : 2170 psi, then (60) P2 = 1150 psi
M60 ges pressure is then adjusted for the less at the forward
vent hole: -
P =Py (1~ .0555 = 1090 ési
Max force on pistoni
F -7r/eD® . Pz 660 1b.

Definition of terms;:

W = Velocity of gas £low

g = gravity, = 3202
Cp = specific heat of gas

Ty = Temperazture gas in bore

D\ = Pressure ratio coefficient

K = Exponent of polytzopic expansion
Pi= Bore pressure (average at port)
Py= CGas cyiinder pressure

1 = Mass cf ges '
Ac = Area ci gas poxt
V2 = Covolume of g2s

R = Gas constant PV/T

@ = function of g, K, and A

G = Weight of gas

t = time
Vo = Volume of piston cavity

Ty - Temperature of gas through orifice
¥ = Coefficient of X

M = Mass of inertia parts

A = Area of piszton (g&2 cylinder)
te = Time to gas cut=nff

Dp = Diameter of gas Bk



Weapon Design

In this section 3 number of ordnance design practices are
reviewed which should serve to instruct the uninitisted. In this
respect a number of clement2 of "art" are practiced, but
ordnance engineering is predominantly a tgcience" 2z are most
branches of mechanical engineering. ;

Experience, therefoxe, will lead the ordnance engineer toward
utilizing the principles disclesed in theze chzpters, Creativity,
or inventivenezs, cannot be taught, but comes with practice in
gblving problems and "thinking out" new approaches to problems
that are either old or new. This is therefore an individusl
quality which each engineer must cultivate.

Headspace

ligeadspace" ie simply the critical dimension that relates
the chamber size to the cartridge size. In order that prolonged.
bursts of automatic fire may be executed without stretching oz =
splitting the cartridge casze the headspace dimension in the
weapon must be meintzined end 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, inciuding 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 &3 the distance from the bolt face to the surface that
stopz forwzrd movement of the cartridge case in chambering.

The standard necked case will have-a reference diameter near
the middle of the tapersd shoulder area that corresponds with
the same diameter in the barrel., The variaticns between projectile
headspzce and weapon headspzce is the clesrance, and this is usually
the effect of tolerance accumulation., A number of machine guns
have been developad that utilize ant edjustment nut to draw the
barrel cleoser to or further from, the.breechbleck face, thus
compensating for changes in headspsce that may be due to wear,
replécement of components, case stretch indicaticns, etc. Medern .
machine methode pzrmit production of weapcns with 2 "fixed" headspace,
such as the MED machine gun. '

As mentioned above, the headspace in medern chambers is the

digtance from the locked breechface to & reference plane zlong the
cartridge shcoulder. To measure, OF check, this a special set of
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RASIC FORMS OF HE&DSPACIHQ_

RIMLESS CARTRIDGE
(7.62 mm NATO)

KIMMED CARTRIDGE

(30-30 Win.)

= ==

-

.

RIMFIRE CARTRIDGE
(cal..22)

BELTED CARTRIDGE

(.375 H&H Ma.gnum )

I [ —
Il A

®'—"L‘ | @

RIMLESS CARTRIDGE

:

SEMI-RIMMED CARTRIDGE

_ (cal..38 ACP)
(:) indicates HEADSPACE CONTROL DlEEﬁSION

(no shoulder) (cal..45 ACP)
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headspace pages 1s required, A "master ring' is used to check
headspzace gEg&f. .

For exzmple, in the nz2l. .30 M1, the headspace gpecified
is 1.940 MIN, 1.944 MAX., & vordztion of only 004, This iz
mezeured from the breech face to # reference diameter of 4425

on the shoulder tapsz of 34526 inal., An additional 002

headspace is permitted when ingpecting overhauled rifles, with

yet enother .004 edditionz] permitted as a field headspace limit

for serviceatle riflesz, of 1.950. 4hie is a total of ,010 headspace
variation permitted. This is close to the limit for a brass case,
in which .016 stretch would adversely stretch the case body at

the area behind the sheoulder. ;

Another headspace control technique utilizes a “helt" or
ghoulder that functiong &g a secondary rim in front of the base
rim. This short stopping ghoulder stops on & ledge in the
chamber shortening the hesdspace length, thus minimizing deflecticns
in firing. '

Control of headspzce is necessary, because excessive headspace
will cause irregulzr ignitiocn &8 well as overstretched cases.
Excessive headspace may cause case rupture, resulting in a _
stoppage, if not sericus breakage. Excessive plastic deformaticn .
of the cartridge case may be cbeerved as a ehiny circle
approximately 1/4"-3/8" behind the cartridge ghoulder inside the
case. ;i

The following stress-strain diagrems'demcnstrate the conditicns
of either cleawsénce ¢r c&ae interfe:ence}after firing in the '
7
radizl direction: '

The following essumptions sre made:

(1) The chambex recovers completely from the deformaticn
due to propellant gas pressuze, otherwise the chamber would be
most improperly designed. .

(2) The yield strength of querter-hard 70-30 cartridge
case prass iz 40,000 pei. - :
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RADTAL_ EXPANS TON

CARTRIDGE CASE VS, CHAMBER

cartridge cacse radial expansion in chamber

Stress-Strain diagrams of
d excessive barrel expansion.

during firing for conditions of normal an

STRESS
STRESS
Initial
Clearance
Strain Strain
BBL.
Expansion
—_— s Interference
© =
Perm. Case
dﬁet - Relaxation Perm.
oy - e Sp b ———— &=
Case Cace
o E'H.pans ion —_— B - I E}:pansion P Ty

Due to BBL, Heating in
Extended Firing

3¢ = Resulting Clearance
(Case will be free for extraction)
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The cbvious method of preventing jnterferenze iz to increzse the
chamber wall thickness or reduce case/chznber clesrence .

Lengitudinal cleaxéance, of course, can céuse serlous gtoppage, if
excessive.,

iIn =z number of syatems, crunch-up iz intentiorally design
the case and chamber. sufficient residuzl energy must be ava
the moving breecholeck to perform thie work. (M75) weapon; & En
example exhibite this method of cartridge ccntrol in the chamber.
One approach to chamber design is to agsign a metal-to-metal contact
between & minimum certiridge and & maximum chamber. If there is not
‘available energy to chamber a round under conditicns cf interferemnce;
then the chamber must be deepened, et the cost of excezsive hesdspace
when tolerances result in an excessive clesxance.

Chanber' sidewall taper is calculated 80 28 to assist in ready
extraction. A4 slight primary extraction efrort will free the case
fyom the chamber wall, '

A forcing cone at the sta=t of the rifling prepéazes the rotating
band of the bullet fox engraving by the rifling, with 2 ninipum of free
run, or "bullet jump" to minimize impact.

The BErowning Mackine Gun, for exsmple, required headspace adjustment
each time the weapan Was reaszembled or each time gnother barrel wes
inserted, The MEO machine gun has "fixed hezdspsce' and does not require
field adjustments. This iz due to ccordination between gun design and
production techniques. : ' ' .

For example, in the ENG tco tight hesdepace would cause: -
(1) Failure of lock to entex receas in bolt.
(2) Feilure to fire, the bolt not regching the firing position
(3) Failure to razch end extract ca:iridge from the belt.

(4) Sluggish action dus to excegsive 1ocking fricticn. JThis
{s the meet frequent conequence ~f tight headapace.

Laose headepsce would tend to cauges
(1) Exceasive tattering of the leck, locking recess, and
lock cam. )

2

reted c&

i
v
£

€5

"

(2) Ruptured or aep

(3) Poor shot patterns due to pressure leakage at the breech.
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Amexican hrzss 18 &
allow grezster ¢ variatlon
1007 inte: 'h-ﬁgﬁ-n’i_*y of compone
for grezfer Lse CF ol
assembly, For £ el
given to € woeasiv

Front lockirg ‘ug?

reduce excészsive TE58 8L

locking surfaces 1""*el T
stretching of the receiver or f:
body, both sccording to the for

alss ogeurs through temperstur
reason, Mozt modern WeApons &I
fixed hesdspzce, resulting
in extended firing,

e
=

fr
tn leza d

17 nnd compression of
& I?[ s PRILE.
,*rge aver this length.
czking
15Lortian of the cartridge case

ont-1lc

#or thop the Furcpezsn

brass, to
~ednirce practice is for
sz Eurupean practice is

dzzigrs that tend to
R=ar 1losking lugs, or
fram the caze seab cause

the bolt
Bezdspace change
For this

~otsry bolts with

Symptoma of excessive aadapace eve cbvisug in visual inspection.
A case stretch 18 iniZcated by & bright zone extending all around the
case about a haif inch from the baﬂa. Ae headspace increases a fine
crack wiil begin to ghow Up On the cartridge body. i
=
Ansther danger of excess heedspace iz In the free run 3¢
permits the cevtridge czze ard boit in setting bzck sgainst the
. locking ebutment.. This impact intensiiles tte ghock 1lzading factor,
and is dergsreus for recelusrs rempered to ¢ high tewdness. The
rimless uu_-;Jdgc cor. chavzcteristically be driven forwird an
exness emount by the boit slzom ming into battery, particularly if
chere is exceszive frvwand clezrence tetween the bult &nd the barrel
face,
Here & practisal exexclze e given in studying di imensions and
assumulating EglE?Z?SEE in a typical WEEFOR.

400 DATUM Dl /

As an example, study 160 haaﬂep':é
e
40 ASKZ

%:

\_—

P ——

MAX., BOLT

HEADSPACE
€

I

Ed

{ *—C)C}x
,420-ww~;%ww-163ﬁg—ww— SSS—

—




Compare this with cartx

idge case dimensions of;

I

|

chambey 1.6345 ¥ 1.6315 N
case 1,628 N 1.634 X

00E5 X .0025 INT
CLEARANCE

< - 1.634 =

- 006

g indicates maximum dil
" indicates mwinimum ai

ERFERENCE, OR CRUSH.

% 1,6315 + .003 AFIER PROCF FIRING

Looking further into th
study the ability of the cas
the rear of the case shoulde
to .030 in & length of 1.310
alloweble stretch Is:

sl :

e development of this headspace data,

e to stretch:; The section’just to

¢ tepers from a thickness of .010 inches
‘inches. The formula for determining

d :NE where & = yield stress of 40,000 pai

E =
1 = 1331 1'.!‘!..
A04 % 1,310 '
d = SEE
d = ,003 "

Therefore, eny stretchi
which illustrates why handlo

18,000,000 psi

ng over .003" permanently deforms the case,
aders resize their cartridge cases.

87



A look at the individual dimensions in the MGD Machine Gun
to demonstrate how tolerances can accumulate:

SEATING S}IGL)LIDEFQ——%)

|

v —————

.~ 5495 BAS!

FACE

BREECH ¥.ﬂ_

2

etz <

REF
PoINT\ /LL

|

+.0015

BBL.
SOCKET

B

L0006
1903 gBL., DIN.—

—— 420 ROLT DIM.
| - DO _ |

ACCUMUIATION OF TOLERANCES:

1.909%  1.903 N 420 X . 418 N
.6895%  .6865N 5495 (5495
.9695X - "9675N
2.5085X 2.5895N :
- L9675  .9695X
1.6310X 1.6200N

Thexefore,

in. production,

after the closest tolerances, reasonably maintained
the final headpsace dimension, reamed at assembly,

compares as follows:

1.,6335X
1.6200H8

—L0135%

1.6315N
1.6310

~.0005N_ METAL REMOVED
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For machine guns, the bagxel chamber area may increase in
temperature by as much as 850~ F.

The temperzture expansicn, then is:

Se = EMBDL a

d

( .0000065) (850) (1.63)

.009"

it 4is obviocus that for prolonged firing excessive stretching
will ensue, which m2y be compensated for im the cartridge case
physicel properties, which are generally as follows:

Properties of cartridge brases:

?0‘?9 Cu
30% ZN
| 2 HARD SOPE
Tensile Strength kpsi 76 417
¢ elongation in 2 in. 8 62.
yield strength (3% extemslon ‘ 63 15
under lead) kpsil
Rockwell Hardness B62 - F64
Melting Point - 1750°F
Density _{Hft’3 532
Coeffihien* of expansion per " X 156 11.1
Thermal conductivity ! 70
(BTU/hx/£t%/EL/FC)

U.S. cartridge brass is approximately quarter hard in order
to teke advantage of the high percentage of permissible elongation
(ductility) '

In clesing this topic it may be recalled that during days
of adjustzble headspace machine guns, & guNnEry instructor could
adjust the weapon sO that, after firing briefly, cases would begin
to split, end the students would have to quickly correct headspace,
in the dark, in order to cemplete the course.
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Typical Factors of Safety in Small Arms Design

the determinstion of allowable stresses for small arms compenents
is quite importént in thet small arms design demsnds 2 ninimun of
weight and volume commensurate with the work being done by the weapon
mechaniem., The factor of gsafety is generally an educated guess and is
baged upon the endurance 1ife of the subject weapon. It should take
{nto account the non-unifermity of the meterial and its beat treatment,
ineide corners of various degrees &s strese raisers, tool mexks,
grain direction, and a myriad cof othexr factors.

1f the allowable stresses selected in design are too high, the
service 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 used for study purposes
{8 the bolt locking lug design, This erea is usually highly strezsed,
since the bolt lug size s preferably kept to a minimum,.. %his ie
because, for rotary and tilting bolts, if the rotation to lock/unlock
is pininized, the cam profilé will be reduced, and bolt carrier A5
bulk minimized, The-locking lug height is minimized, as this deter-
mines the size of the recelver or locking ring. As a result,
allowable stresses are as high as any ather cempenent. in a weapon;
with the possible exception of the barrel, which has edditionzl
gtregeer due to tempernature, vibration, externzl loads, etc.
Therefore, locking lug design practice is more representative of a
emall arms design structure than barrel desigr.

~ Accordingly, max imum stresses end resultant factors of safety
for three bolt ivg designs &axe compared.

Thece include:

(g) 7.62om MEO Mzchine Gun
(b) 7.62om M14 Rifle
(¢) Cel. .30 M1 Carbine

The moximun firing force is assumed to be the maximum service
pressure, pultiplied 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, pressute, and bending.

The ehear and bending stresses are ¢hen combined into a comparable
molfi-axial atress, according to the Hencke=-Von Mises theory.
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